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Three new complexes with FeIII2(�-O)(�-OH) core surrounded with one, two, and three amino groups, that is, (6-
amino-2-pyridylmethyl)bis(pyridylmethyl)amine (MAPA), bis(6-amino-2-pyridylmethyl)(pyridylmethyl)amine (BAPA),
and tris(6-amino-2-pyridylmethyl)amine (TAPA), which act as hydrogen-bonding sites, were synthesized and character-
ized by electronic absorption spectroscopy and X-ray diffraction analysis. Their structural bond parameters, Fe–N(pyri-
dine), Fe–N(amine), and Fe–�-O(H) bonds, Fe���Fe distance, and Fe–O–Fe angle, could be explained in terms of a com-
bination of two conflicting interactions between NH2 and �-O(H) groups, that is, a steric repulsion and a hydrogen-
bonding interactions. The LMCT bands of �-O to iron(III) may be affected by hydrogen-bonding interactions between
NH and �-O(H) groups, which are discussed in connection with the formation processes of compound Q and com-
pound X in sMMO and RNR-R2, respectively.

Introduction

Non-heme diiron complexes with diamond cores, such as
FeIII2(�-O)(�-OH) and FeIII2(�-O)2, have been found in solu-
ble methane monooxygenase (sMMO),1 ribonucleotide reduc-
taese (RNR),2 and fatty acid desaturases,3 which are an impor-
tant structural motif for stabilizing high oxidation states in
these non-heme enzymes. The oxygenation of methane by
sMMO has been proposed to occur through various intermedi-
ates, such as compound P and compound Q,4 in which the
most labile intermediate compound Q has been supposed to
contain two high-spin FeIV ions based on Mössbauer spectro-
scopic study.5 In model systems, although some diiron com-
plexes, of which the ligands have consisted of carboxylate
groups as an active site model in sMMO,6–13 have been synthe-
sized to understand the structure of compound Q, such a high
valent FeIV complex has not been obtained. Recently, Que
et al. have prepared of a mixed-valent FeIIIFeIV(�-O)2
species from the reaction of [Fe2(5-Et3tpa)(�-O)(�-H3O2)]

3þ

(5-Et3tpa = tris(5-ethyl-2-pyridylmethyl)amine) with hydro-
gen peroxide in acetonitrile at �40 �C.14 The donor atom set
of 5-Et3TPA the donor atoms are not carboxylate groups but
N4 atoms set, and they have suggested that the structure
of compound Q contains a FeIV2(�-O)2 core. The FeIIIFeIV-
(�-O)2 species has also been generated from the O–O bond
cleavage of peroxo species in the diiron–peroxo adduct FeIII2-
(�-O)(�-O2).

15,16 The peroxo adduct compound P in the

enzymatic cycle of sMMO is of importance to form compound
Q. Recently, Suzuki et al. have reported that the diiron(III)–
peroxo complexes with FeIII2(�-O)(�-O2) and FeIII2(�-OH)-
(�-O2) cores have been investigated using structural analysis
and spectroscopic measurements.17 The construction of high-
valent M2(�-O)2 components is important as one of the motifs
to construct a homogeneous catalyst, which activates oxygen
molecule to oxidize the substrates.18–24

In metalloproteins, hydrogen-bonding interaction some-
times occurs between an external molecule and the active site.
For example, in myoglobin (Mb), which stores oxygen mole-
cules in muscles, the distal histidine imidazole interacts to
the dioxygen molecule bound to heme iron via hydrogen bond-
ing. Watanabe et al. have also previously reported that the mu-
tant of Mb, Mb(F43H/H64L), in which the distal histidine has
been replaced by other amino acids, shows a peroxidase-like
activity,25 indicating that hydrogen-bonding interactions sup-
ports functions of metalloproteins. So, the chemical properties
of peroxo complexes may be affected by the second coordina-
tion sphere, such as a hydrophobic pocket, as well as the sup-
porting ligand.

In order to understand the contribution of the hydrogen bond
to the diamond core of FeIII2(�-O)(�-O(H)), we designed and
synthesized diiron(III) complexes of tris(2-pyridylmethyl)-
amine (TPA) derivatives with one, two, and three NH2 groups
at the pyridine 6-positions (Chart 1), and their structural and
electronic spectroscopic characterizations are reported.
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Experimental

General Procedure. All reagents used were of the highest
grade available and were used without further purification. The li-
gands mapa26 was synthesized according to the literature and other
ligands, bapa and tapa, were prepared according to the below
method. Caution: Perchlorate salts are potentially explosive and
should be carefully treated!

Syntheses of Ligands, BAPA and TAPA. Bis(6-amino-2-
pyridylmethyl)(2-pyridylmethyl)amine (BAPA): To an ethanol
solution (500mL) of bis(6-pivalamido-2-pyridylmethyl)(2-pyri-
dylmethyl)amine (4.89 g, 0.01mol) was added KOH 28.06 g
(0.5mol) dissolved to a small amount of water. The resulting solu-
tion was stirred for four days at 60 �C. The reaction products were
confirmed by thin-layer chromatography (CHCl3/MeOH = 7/1,
Rf ¼ 0:05). The solvent was evaporated under reduced pressure,
and the residue was dissolved in water and extracted with CH2Cl2
at least five times. The CH2Cl2 was evaporated under reduced pres-
sure. To a methanol solution of the residue was added active char-
coal to remove an impurity. The filtrate, which was removed from
the active charcoal by filtration, was evaporated to obtain a light-
yellow powder. Yield: 1.60 g (50%). Calcd for BAPA�0.5H2O
(C18H21N6O0:5): C, 65.63; H, 6.43; N, 25.51%. Found: C, 65.68;
H, 6.15; N, 25.81%. 1HNMR (DMSO-d6, 300MHz): � 3.50 (4H,
s, NCH2py), 3.73 (2H, s, NCH2py), 5.81 (4H, s, NH2), 6.29 (2H,
d, py), 6.75 (2H, d, py), 7.24 (1H, t, py), 7.35 (2H, t, py), 7.62
(1H, d, py), 7.77 (1H, t, py), 8.48 (1H, d, py).

Tris(6-amino-2-pyridylmethyl)amine (TAPA): To an etha-
nol solution (500mL) of tris(6-pivalamido-2-pyridylmethyl)amine
(5.88 g, 0.01mol) was added KOH 28.06 g (0.5mol) dissolved in a
small amount of water. The resulting solution was stirred for a
week at 60 �C. The reaction product was detected by thin-layer
chromatography (CHCl3/MeOH = 7/1, Rf ¼ 0:05). The solvent
was evaporated under reduced pressure, and to the residue dis-
solved in methanol (20mL) was added water (300mL) to precip-
itate a white powder. The powder was collected by filtration and
washed with water. The powder was recrystallized from MeOH/
H2O to obtain a light-yellow powder. Yield: 2.35 g (70%). Calcd
for TAPA�0.5MeOH (C18:5H23N7O0:5): C, 63.23; H, 6.60; N,
27.90%. Found: C, 63.50; H, 6.37; N, 27.90%. 1HNMR (DMSO-
d6, 90MHz): � 3.48 (6H, s, NCH2py), 5.76 (6H, s, NH2), 6.28
(3H, d, py), 6.74 (3H, d, py), 7.33 (3H, t, py).

Syntheses of Diiron(III) Complexes. [FeIII2(mapa)2(�-O)-
(�-OH)](ClO4)3 (1a): To an acetonitrile solution (3mL) of
Fe(ClO4)2�6H2O (72.6mg, 0.200mmol) was added ligand MAPA
(61.0mg, 0.200mmol) in acetonitrile (3mL) under an Ar atmo-
sphere, and then the solution was exposed to air. The solvent

was carefully evaporated under reduced pressure to obtain a
brown powder. The powder was recrystallized over a few days
from acetonitrile/diethyl ether gave red-brown crystals. Yield:
73.8mg (70%). Calcd for 1a�H2O (C36H41Cl3Fe2N10O15): C,
40.34; H, 3.86; N, 13.07%. Found: C, 40.62; H, 3.70; N, 13.40%.

[FeIII2(bapa)2(�-O)(�-OH)](ClO4)3 (2a): Complex 2a was
prepared by the same method as that of 1a using BAPA in the
place of MAPA. Yield: 75.9mg (70%). Calcd for 2a (C36H41Cl3-
Fe2N12O14): C, 39.89; H, 3.81; N, 15.50%. Found: C, 39.65; H,
3.76; N, 15.36%.

[FeIII2(tapa)2(�-O)(�-OH)](ClO4)3 (3a): Complex 3a was
prepared by the same method as that of 1a using TAPA in the
place of MAPA. Yield: 78.0mg (70%). Calcd for 3a (C36H43Cl3-
Fe2N14O14): C, 38.81; H, 3.89; N, 17.60%. Found: C, 38.60; H,
3.91; N, 17.32%.

[FeIII2(tapa)2(�-O)2](ClO4)2 (3b): To an acetonitrile solu-
tion (3mL) of complex 3a (55.7mg, 0.05mmol) was added Et3N
(5.03mg, 0.05mmol), of which the color changed from reddish
purple to dark yellow. The solvent was evaporated under reduced
pressure to obtain a reddish brown powder. Recrystallization of
the powder in acetonitrile/acetone/H2O gave single crystals.
Yield: 45.2mg (80%). Calcd for 3b�acetone�2H2O (C38H42-
Cl2Fe2N14O10�(CH3)2CO�2H2O): C, 42.29; H, 4.73; N, 17.70%.
Found: C, 42.38; H, 4.61; N, 17.53%.

Measurements. Electronic absorption spectra were recorded
on a JASCO V-570 spectrophotometer. 1HNMR spectral mea-
surements were performed on a Varian Gemini 300MHz or a
Hitachi CR-90 NMR spectrometer in DMSO-d6 with TMS as an
internal standard. ESR spectral data were obtained on a JEOL
RX-1 spectrometer at 77K. Elemental analysis was carried out
on a RECO CHN-900 corrected by acetoanilide.

X-ray Crystallography. Single crystals of 1a, 2a, 3a, and 3b
suitable for X-ray diffraction analyses were obtained from metha-
nol solutions after standing for a few days. Each crystal was
mounted in a 0.7mm� glass capillary, and the diffraction data
were collected on a Rigaku AFC7R for 1a and 3b and a Rigaku
RAXIS II for 2a and 3a using graphite monochromated MoK�
(� ¼ 0:71070 Å) radiation at room temperature. Crystal data
and experimental details are listed in Table 1.

All of the structures were solved by a combination of direct
methods and Fourier techniques, and all of the non-hydrogen atoms
were anisotropically refined by full-matrix least-squares calcula-
tions. Atomic scattering factors and anomalous dispersion terms
were taken from the International Tables for X-ray Crystallogra-
phy IV.27 For all the crystals, since the numbers of reflection data
were not enough to refine all the parameters of the hydrogen atoms,
they were not included in further refinement; their positions were
obtained from difference Fourier maps, except for some of the hy-
drogen atoms of water molecules. All the calculations were carried
out on a Silicon Graphic workstation using the program teXsan.28

Crystallographic data have been deposited with Cambridge
Crsyatallographic Data Centre: Deposition numbers CCDC-
630397, -630398, -630399, and -630400 for compounds 1a, 2a,
3a, and 3b. Copies of the data can be obtained free of charge
via http://www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12, Union Road, Cam-
bridge, CB2 1EZ, UK; FAX: +44 1223 336033; e-mail: deposit@
ccdc.cam.ac.uk).

Results and Discussion

Preparations and Crystal Structures of 1a, 2a, 3a, and
3b. Complexes 1a, 2a, and 3a were prepared according to the

N

N

R3

NR1 N

R2

MAPA: R1 = NH2, R2 = R3 = H
BAPA: R1 = R2 = NH2, R3 = H
TAPA: R1 = R2 = R3 = NH2

Chart 1.
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method described in the experimental section. Reaction of
Fe(ClO4)2�6H2O with tripodal ligands (L ¼ mapa, bapa, and
tapa) afforded the corresponding mononuclear iron(II) com-
plexes [FeL(MeCN)2](ClO4)2, and three iron(II) complexes
were oxidized by exposure to O2 in acetonitrile to afford dimer
complexes 1a, 2a, and 3a. Complexes 1a, 2a, and 3a were ob-
tained as reddish-purple single crystals suitable for X-ray anal-
ysis. Crystal structures, selected bond lengths and angles and
intramolecular interatomic distances for 1a, 2a, and 3a are
shown and summarized in Fig. 1 and Table 2, respectively.
The addition of 1 equiv of Et3N to a MeCN solution containing
3a afforded 3b, which was also been obtained as a single crys-
tal suitable for X-ray analysis, and its crystal structure and
selected bond lengths and angles and hydrogen-bonding
distances are given in Fig. 2 and Table 2, respectively.

Complexes 1a, 2a, and 3a were structurally similar to each
other and have a ‘‘diamond core’’ consisting of two FeIII(mapa,
bapa, or tapa) units bridged by hydroxo and oxo ligands, each
of which had an inversion center located at the center of the
Fe2O2 core. Consequently, the �-hydroxo proton was disor-
dered between the two oxo bridges. The presence of the proton
in the formulation is supported by the presence of three per-
chlorate anions associated with each dinuclear unit. Each
iron(III) ion had an octahedral structure coordinated with the
N4O2 donor set, consisting of one amino and one pyridine ni-
trogens and two oxygens in the equatorial plane and two pyri-
dine nitrogen atoms in the axial positions. These structures are
very similar to that of [Fe2(6-Me3tpa)2(�-O)(�-OH)](ClO4)3
(4a) reported previously.29 The bond parameters and structures
for complexes 1a, 2a, and 3a were compared with those of 4a
as below (Table 3).

The average Fe–N(pyridine) bond lengths for 1a, 2a, and 3a
increased with an increase in the number of amino groups and
are shorter than that of 4a: 1a (2.14 Å) < 2a (2.16 Å) < 3a
(2.17 Å) < 4a (2.21 Å). The Fe–N(amine) bond lengths for
1a (2.18(1) Å), 2a (2.172(3) Å), and 3a (2.169(7) Å) are slight-

ly longer than those for 4a (2.161(7) and 2.158(11) Å). These
Fe–N bond lengths lie in the range of those of the iron(III)
complexes in a high-spin state,30,31 indicating that 1a, 2a,
and 3a have high-spin iron(III) ions. Interestingly, the Fe–�-
O(H) bonds for 1a, 2a, and 3a were distinguished by two dif-
ferent lengths, shorter (1.902(1), 1.899(3), and 1.911(6) Å) and
longer Fe–�-O(H) bonds (1.980(8), 2.010(3), and 2.002(7) Å),
respectively, although the Fe–O bonds are likely an average
between Fe–O and Fe–OH bond lengths. The respective short-
er and longer bonds are trans to the amine and pyridine nitro-
gens of tripodal ligands. The average Fe–O bond lengths for
complexes 1a, 2a, and 3a were slightly longer with an increase
in the number of amino groups, but they were longer than 4a:
4a (1.932 Å) < 1a (1.941 Å) < 2a (1.950 Å) < 3a (1.956 Å).
The Fe���Fe distances were also elongated with an increase in
the number of amino groups (1a (2.839(4)) < 2a (2.905(1)) <
3a (2.940(2)), and the Fe–O–Fe bond angles also increased
with an increase in the number of amino groups [1a
(94.0(4)) < 2a (95.9(1)) < 3a (97.4(1)]. For 1a, 2a, and 3a,
the distances of nitrogen atom of amino groups to oxygen atom
of �-O(H) (2.96–3.10 Å), and the bond angles of N–H–O
(137–154�), strongly suggested the existence of hydrogen bond
between NH2 and �-O(H) (Table 2).

These behaviors may be explained in terms of a combina-
tion of two conflicting interactions between NH2 and �-O(H)
groups, that is, steric repulsion and hydrogen-bonding inter-
actions. The amino group serves not only as an electrostatical-
ly attractive interaction for �-O(H) but also as a sterically re-
pulsive interaction. The lengthening appeared in distances be-
tween the pyridine nitrogen atoms and iron ions can be ex-
plained by the repulsion between them. In other words, the
average Fe–N(pyridine) bond lengths were elongated with an
increase of the number of amino groups in the order of 1a <
2a < 3a and are the longest in 4a with three methyl groups.
The lengthening in average Fe–O(H) bond lengths (1a <
2a < 3a) is attributed to the hydrogen-bonding interaction

Table 1. Crystal Data and Experimental Details for [FeIII2L2(�-O)(�-OH)](ClO4)3 (L ¼ mapa (1a), bapa (2a), and tapa
(3a)) and [FeIII2(tapa)2(�-O)2](ClO4)2 (3b) Complexes

1a�H2O 2a 3a 3b�2(CH3)2CO

Formula C36H41Cl3Fe2N10O15 C36H41Cl3Fe2N12O14 C36H43Cl3Fe2N14O14 C42H54Cl2Fe2N14O12

fw 1071.83 1083.84 1113.87 1125.54
Crystal system Monoclinic Monoclinic Monoclinic Monoclinic
Space group C2=c (#15) C2=c (#15) C2=c (#15) P21=n (#14)
a/Å 18.43(1) 18.846(4) 19.221(5) 11.428(3)
b/Å 10.898(7) 10.849(1) 11.178(2) 16.496(5)
c/Å 22.27(1) 22.168(2) 21.820(3) 14.075(3)
�/� 102.83(5) 104.63(1) 106.51(2) 109.30(2)
V/Å3 4362(4) 4385(1) 4494(1) 2504(1)
Z 4 4 4 2
T/K 293 293 293 293
�calcd/g cm

�3 1.632 1.641 1.646 1.493
�(MoK�)/cm�1 9.28 9.24 9.05 7.56
Total no. of refls. 4205 3835 3821 5478
No. of unique refls. 4058 3835 3821 5478
No. of refls. observedaÞ 1243 3386 2320 1651
No. of params 303 304 321 325
R1=Rw

bÞ 0.063/0.068 0.072/0.117 0.090/0.144 0.065/0.083

a) I > 3�ðIÞ. b) R1 ¼ �jjFoj � jFcjj=�jFoj. Rw ¼ f�ðwðjFoj � jFcjÞ2Þ=�wF2
og

1=2.
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between N–H hydrogen and �-O(H) oxygen. That is, the
attractive interaction between the amino and �-O(H) groups
cause a reduction in the basicity of the �-O(H) oxygen atoms,
which decreases the coordination ability of �-O(H) to
iron(III), which results in lengthening of the Fe–�-O(H)
bonds. As a result, the lengthening in the Fe–�-O(H) bond
and increase in the Fe–O(H)–Fe angle induced a larger Fe���Fe
distance: 1a < 2a < 3a < 4a.

The crystal structure of complex 3b (Fig. 2) is essentially

the same as those of complexes 1a, 2a, and 3a, which is also
very similar to that of [Fe2(6-Me3tpa)2(�-O)2](ClO4)2 (4b)
reported previously.29 The changes in the bond parameters
around the diamond cores observed between 1a, 2a, and 3a
and 3b showed the same trends as seen between 4a and 4b: 1a,
2a, 3a > 3b (1.874(6) and 1.923(6) Å) for av. Fe–�-O, 1a, 2a,
3a > 3b (2.706(3) Å) for Fe���Fe, 1a, 2a, 3a < 3b (2.195(9) Å)
for av. Fe–N(pyridine), 1a, 2a, 3a < 3b (2.208(9) Å) for Fe–

(a)

(b)

(c)

Fig. 1. ORTEP drawings of cation parts of complexes 1a
(a), 2a (b), and 3a (c); thermal ellipsoids are set at the
30% probability level. The atoms with and without an as-
terisk are related to a crystallographic inversion center
each other.

Table 2. Selected Interatomic Distances and Angles for
[FeIII2L2(�-O)(�-OH)](ClO4)3 (L ¼ mapa (1a), bapa
(2a), and tapa (3a)) and [FeIII2(tapa)2(�-O)2](ClO4)2
(3b) Complexes

1a 2a 3a 3b

Bond lengths/Å

Fe(1)���Fe(2) 2.839(4) 2.905(1) 2.940(2) 2.706(3)
Fe(1)–O(1) 1.902(9) 1.899(3) 1.911(6) 1.874(6)
Fe(1)–O(1�) 1.980(8) 2.010(3) 2.002(7) 1.923(6)
Fe(1)–N(1) 2.18(1) 2.172(3) 2.169(7) 2.208(9)
Fe(1)–N(2) 2.15(1) 2.156(3) 2.172(7) 2.222(8)
Fe(1)–N(3) 2.17(1) 2.164(4) 2.210(8) 2.204(7)
Fe(1)–N(4) 2.11(1) 2.164(3) 2.131(7) 2.159(9)

Bond angles/�

Fe(1)–O(1)–Fe(1�) 94.0(4) 95.9(1) 97.4(1) 90.8(3)
O(1)–Fe(1)–O(1�) 86.0(4) 84.1(1) 82.6(3) 89.1(3)
O(1)–Fe(1)–N(1) 176.7(4) 178.4(1) 175.8(3) 177.5(3)
O(1)–Fe(1)–N(2) 99.9(4) 103.8(1) 103.1(3) 104.9(3)
O(1)–Fe(1)–N(3) 99.9(4) 101.4(1) 104.7(3) 98.4(3)
O(1)–Fe(1)–N(4) 105.5(4) 101.6(1) 101.7(3) 103.9(3)
O(1�)–Fe(1)–N(1) 94.2(4) 94.4(1) 93.3(3) 93.4(3)
O(1�)–Fe(1)–N(2) 92.2(4) 94.8(1) 91.1(3) 95.8(3)
O(1�)–Fe(1)–N(3) 173.1(5) 173.8(1) 171.7(3) 172.4(3)
O(1�)–Fe(1)–N(4) 94.9(4) 92.0(1) 94.0(3) 93.9(3)
N(1)–Fe(1)–N(2) 76.8(4) 77.0(1) 77.7(3) 75.3(3)
N(1)–Fe(1)–N(3) 79.7(5) 80.1(1) 79.5(3) 79.1(3)
N(1)–Fe(1)–N(4) 77.8(4) 77.7(1) 77.7(3) 75.6(3)
N(2)–Fe(1)–N(3) 83.3(4) 86.9(1) 83.5(3) 82.6(3)
N(2)–Fe(1)–N(4) 154.1(4) 154.2(1) 155.1(3) 149.7(3)
N(3)–Fe(1)–N(4) 87.0(4) 84.0(4) 88.4(3) 84.0(3)

Fig. 2. ORTEP drawing of cation part of complex 3b; ther-
mal ellipsoids are set at the 30% probability level. The
atoms with and without an asterisk are related to a crystal-
lographic inversion center each other.
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N(amine), 1a, 2a, 3a > 3b (90.9(3)�) for angle Fe–O–Fe. The
longer Fe–�-O bonds and larger Fe–O–Fe angle of 3b com-
pared to those for 4b (1.844(3), 1.916(4) Å and 92.5(2)�) can
be explained by a electron-withdrawing effect due to hydrogen
bonding (NH����-O = 2.79, 3,03, and 3.04 Å) (Scheme 1).

Electronic Absorption Spectra of 1a, 2a, and 3a. The
electronic absorption spectra of the complexes with a diamond
core Fe2(�-O)(�-OH) moiety have previously been reported
to show an intense band at ca. 550 nm and weak broad band at
ca. 800 nm.29 Those of [Fe2(�-O)(�-OH)(tpa)2]

3þ complexes
give features assignable to LMCT band of�-oxo to iron(III) in

the 600–700 nm region,32 and those of multiply bridged (�-
oxo)diiron(III) complexes exhibit a band in the 400–530 nm
region, which shifted to a lower energy region with an increase
in intensity as the Fe–O–Fe angle decreases.32 Complexes 1a,
2a, and 3a studied here had characteristic LMCT bands in
acetonitrile solution (Table 3 and Fig. 3), although there were
no clear bands in the �800 nm region: 476 nm (sh, " ¼ 1500

M�1 cm�1), 504 nm (" ¼ 1500M�1 cm�1), and 556 nm (" ¼
1500M�1 cm�1) for 1a, 470 nm (sh, " ¼ 1300M�1 cm�1)
and 520 nm (" ¼ 1200M�1 cm�1) for 2a, 539 nm (" ¼ 1100

M�1 cm�1) for 3a. The apparent red-shift in the LMCT band,
as described above, was not observed as the Fe–O–Fe angles
decreased, although the intensities increased in the order of

Table 3. Comparison of Selected Interatomic Distances and Angles and �max for [Fe
III

2L2(�-O)(�-OH)](ClO4)3 (L ¼ mapa

(1a), bapa (2a), tapa (3a), and 6Me3tpa (4a)) and [FeIII2L2(�-O)2](ClO4)2 (L ¼ tapa (3b) and 6Me3tpa (4b)) Complexes

1a 2a 3a 3b 4aa) 4baÞ

Fe���Fe/Å 2.839(4) 2.905(1) 2.940(2) 2.948(3) 2.948(3) 2.716(2)
2.936(3) 2.936(3)

Fe–O/Å 1.902(9) 1.899(3) 1.911(6) 1.890(7) 1.890(7) 1.844(3)
1.895(10) 1.895(10)

1.980(8) 2.010(3) 2.002(7) 1.975(7) 1.975(7) 1.916(4)
1.968(8) 1.968(8)

Fe–Nam(in-plane, N(1)) 2.18(1) 2.172(3) 2.169(7) 2.158(11) 2.161(7) 2.194(4)
/Å 2.161(7) 2.158(11)
Fe–Npy(in-plane, N(3)) 2.17(1) 2.164(4) 2.210(8) 2.204(7) 2.204(7) 2.244(4)
/Å 2.254(9) 2.254(9)
Fe–Npy(out-plane, N(2)) 2.15(1) 2.156(3) 2.172(7) 2.194(7) 2.194(7) 2.279(4)
/Å 2.197(10) 2.197(10)
Fe–Npy(out-plane, N(4)) 2.11(1) 2.164(3) 2.131(7) 2.247(7) 2.247(7) 2.255(4)
/Å 2.179(8) 2.179(8)
N(H)���O(H)/Å 3.10 3.042 3.07 3.04 — —

2.964 2.97 2.79
3.00 3.03

Fe–O–Fe/deg 94.0(4) 95.9(1) 97.4(1) 90.9(3) 99.4(3) 92.5(2)
99.2(5)

�max (") in MeCN 556(1500) 520(1200) 539(1100) 620(130) 550(780) 760(80)
/nm (M�1 cm�1) 504(1500) 470(1300) 415(320) 470(560)

476(1500)

a) Ref. 29.

1a

2a
3a

Fig. 3. Electronic absorption spectra of complexes 1a, 2a,
and 3a in acetonitrile solution.
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Scheme 1. Schematic views of complexes 1a, 2a, and 3a
showing hydrogen-bonding interaction modes.
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3a < 2a < 1a. The LMCT bands of complexes 1a and 2a
were multiply split, and 3a, which has the largest Fe–O–Fe an-
gle among these three complexes, gave a single absorption
band in the lowest energy region. The split bands may reflect
the number of hydrogen-bonding interactions between NH2

and �-O(H) groups; 1a and 2a with one and two interaction
sites, respectively, form hydrogen-bonded structures in the so-
lution, although 3a with three interaction sites has only one
structure.

Previously, it has been reported that the addition of 1 equiv
of Et3N to acetonitrile solutions of Fe2(�-O)(�-OH) com-
plexes converts them to complexes with Fe2(�-O)2 cores, as
revealed by the disappearance of the ca. �550 nm band and ap-
pearance of a band at ca. 470 nm band which is characteristic
of the Fe2(�-O)2 core.29 The disappearance of the LMCT
bands was also observed in our systems, but a band at ca.
470 nm was not detected because of the existence of intense
bands in the region.

Biological Implication. Previously, Que et al. have report-
ed that [Fe2L2(�-O)(�-OH)]3þ,29 where L is tpa, tris(5-ethyl-
2-pyridylmethyl)amine (5-Et3tpa), N,N0-diethyl-N,N0-bis(2-
pyridylmethyl)ethane-1,2-diamine (bpeen), or N,N0-dimethyl-
N,N0-bis(2-pyridylmethyl)ethane-1,2-diamine (bpmen), react-
ed with H2O in a large amount of water to afford to [Fe2L2-
(�-O)(�-H3O2)]

3þ. It has been interpreted that the hydration
of the iron ion occurs in the case of the iron complexes
with an obtuse Fe–O–Fe angle (>100�), because the obtuse
Fe–O–Fe angle may make it easy for water to coordinate to
iron. However, complexes 1a, 2a, and 3a described here did
not react with water at room temperature, which agrees with
the presence of acute angles.

In the resonance Raman spectroscopic study for active
mouse RNR-R2, the Fe–O–Fe symmetric vibration shifted
by 5 cm�1 to a lower frequency upon substitution of H2O with
D2O,

33 indicating the existence of hydrogen bonding with the
�-oxo of Fe–O–Fe. Such a hydrogen bond was not detected in
sMMO. In this study, using model diiron(III) complexes with
hydrogen-bonding NH2 groups, we demonstrated that the hy-
drogen bond between N–H and �-O(H) reduces the donation
of �-O(H) to iron(III), causing a longer Fe–O bond and a larg-
er Fe���Fe separation. From the crystal structure analysis and
EXAFS study on a protein and its model complexes,34 it has
been reported that both the Fe–O bond length and Fe���Fe sep-
aration in Fe2(�-O)2 diamond core for RNR-R2 and sMMO
shorten when the iron ion is in high-valent oxidation states,
such as FeIIIFeIV and FeIV2. It has also been described that the
active intermediates for RNR-R2 and sMMO are FeIII–FeIV

and FeIV–FeIV as compound X and compound Q, respectively,
and their differences are closely related to those in their func-
tions.35 The results obtained here suggest that the hydrogen
bond involving Fe–O–Fe detected in RNR-R2 contributes to
the induction of not FeIV–FeIV but FeIII–FeIV species in the ac-
tive intermediate state.

This work was supported partly by a Grant-in-Aid for Sci-
entific Research from the Ministry of Education, Culture,
Sports, Science and Technology of Japan (H.M.) and support-
ed in part by a grant from the NITECH 21st Century COE
Program (H.M.), to which our thanks are due.
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