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The peroxodiiron(III) complexes [Fe2(O)(O2)(OAc)(hexpy)](CF3SO3) (2) and [Fe2(O)(O2)(OAc)(tripy)2](ClO4)
(4) (hexpy = 1,2-di[6-bis(2-pyridyl)methyl-2-pyridyl]ethane and tripy = 2-di(2-pyridyl)methyl-6-methylpyridine) were
prepared by addition of H2O2 to the di(�-acetato)-�-oxodiiron(III) complexes [Fe2(O)(OAc)2(hexpy)](CF3SO3)2 (1c)
and [Fe2(O)(OAc)2(tripy)2](ClO4)2 (3) in MeCN, respectively. The peroxo complex 2 was isolated as a purple solid, but
4 could not be due to its instability. Detailed spectral studies of 2 and 4 revealed the unique triply bridged �-acetato-�-
oxo-�-1,2-peroxodiiron(III) core structures. The spontaneous decomposition of 2 and 4 in various solvent systems was
kinetically investigated. The half-life of 2 and 4 in dry MeCN was 8.7 h at 300K and 10min at 263K, respectively,
clearly showing that the thermal stability of 2 is markedly enhanced by the hexpy ligand.

The diiron–dioxygen chemistry of non-heme diiron pro-
teins1,2 such as hemerythrin3–10 and soluble methane monooxy-
genase (sMMO)11–25 has attracted the interest of chemists and
biochemists given the unique mechanisms of reversible O2-
binding3–6 and O2-activation.

11–16 Structural and spectroscopic
studies concerning non-heme diiron proteins8–11,17–24 and their
excellent model systems has contributed towards our under-
standing of the mechanisms of diiron–dioxygen chemistry26–47

and facilitated the development of efficient biomimetic oxida-
tion catalysts.48–53 However, mechanistic studies employing
native proteins remain problematic due to the instability of the
peroxodiiron intermediates and the active species. Thus, ther-
mally stable peroxodiiron(III) complexes have been employed
as useful functional models.26–33 A variety of peroxodiiron(III)
complexes have been synthesized containing sterically hin-
dered ligands.27–33 Examples of sterically hindered ligands
are shown in Chart 1. To date, investigations concerning O2-
activation with peroxodiiron(III) complexes have been sparse.

We previously developed a series of polypyridine ligands54

consisting of the tripyridine tridentate ligand 2-di(2-pyridyl)-
methyl-6-methylpyridine (tripy), and the hexapyridine dinu-
cleating hexadentate ligand 1,2-bis[6-di(2-pyridyl)methyl-2-
pyridyl]ethane (hexpy).55 The chemical structure of the tripy
and hexpy ligands are shown in Scheme 1. The hexpy ligand
is an excellent dinucleating ligand, which possesses two tris(2-
pyridyl)methane moieties connected by a –CH2CH2– tether,
that can specifically stabilize the dinuclear structure of various
metal complexes in the solid state and in solution.26,52,54–57

We reported that diiron(III) complexes of the hexpy ligand
[Fe2(O)(OAc)2(hexpy)](X)2 [X ¼ ClO4 (1a), PF6 (1b), and
CF3SO3 (1c)] and a diiron(III) complex of the tripy ligand
[Fe2(O)(OAc)2(tripy)2](ClO4)2 (3) are useful as functional
models of non-heme diiron proteins.55 The diiron complexes
of the hexpy ligand are stable in solution, though the diiron
complex of the tripy ligand is gradually converted to a mono-

nuclear bis-ligand complex in polar solvents.55 The hexpy li-
gand does not possess a large steric hindrance. This leads to
the efficient catalysis by 1 of the hydroxylation of alkanes with
m-chloroperbenzoic acid where the catalytic turnover number
was shown to exceed one thousand.52

We recently found that the hexpy ligand could form the
thermally stable peroxodiiron(III) complex [Fe2(O)(O2)(OAc)-
(hexpy)](CF3SO3) (2).

26 Here, we report on the syntheses and
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physicochemical properties of the peroxodiiron(III) complexes
of hexpy and tripy, [Fe2(O)(O2)(OAc)(hexpy)](CF3SO3) (2)
and [Fe2(O)(O2)(OAc)(tripy)2](ClO4) (4), and show that 2 is
much more stable than 4, although the�-acetato-�-oxo-�-per-
oxodiiron(III) core structures of 2 and 4 resemble one another.
The marked thermal stability of 2might be due to the dinucleat-
ing effect of the hexpy ligand.

Experimental

Materials. All ordinary reagents and solvents were purchased
and used as received unless otherwise noted. MeCN was dried over
P2O5 and distilled. CH2Cl2 was dried over anhydrous CaO and dis-
tilled. H2

18O2 was prepared according to a previously described
procedure.58 The polypyridine ligands 2-di(2-pyridyl)methyl-6-
methylpyridine (tripy) and 1,2-bis[6-di(2-pyridyl)methyl-2-pyri-
dyl]ethane (hexpy), and the diiron(III) complex of the tripy ligand
[Fe2(O)(OAc)2(tripy)2](ClO4)2 (3) were prepared according to
previously described procedures.55

Measurements. Elemental analyses (C, H, and N) were car-
ried out at the Elemental Analysis Service Center of Kyoto Univer-
sity. The amount of iron was determined using a Shimadzu AA-
610 atomic absorption/flame emission spectrophotometer. UV–
vis absorption spectra were recorded on a Hitachi U-3210 spectro-
photometer and an Oothuka Photal MCPD-7000MM. Infrared (IR)
spectra were taken on a Shimadzu FT-IR-8400 spectrometer using
KBr disks or NaCl plates. Fast atom bombardment (FAB) mass
spectra were obtained on a JEOL JMS-DX 300 spectrometer using
m-nitrobenzylalcohol (NBA) as a matrix. A cold spray ionization
(CSI) mass spectrum was obtained on a JEOL JMS-T100CS spec-
trometer in MeCN at �30 �C. 1HNMR spectra of the diiron com-
plexes in CD3CN were recorded on a JEOL JMN-A 400 spectrom-
eter using Me4Si as an internal standard. ESR spectra were record-
ed on a JEOL JES-TE200 spectrometer in MeCN or MeCN–
CH2Cl2 at 77K. Magnetic susceptibilities were measured on a
Quantum Design MPMS2 XL SQUID susceptometer in the tem-
perature range 2–300K. Mössbauer spectra were measured at
the National Institute of Bioscience and Human-Technology at
Tsukuba. The radioactive source was 57Co(Rh). Isomer shifts were
reported relative to metallic iron foil. Resonance Raman (RR)
scattering was excited at 592.7 and 647.1 nm using an Ar-dye-
laser and detected with a CCD detector (Princeton Instruments)
attached to a single polychromator. All measurements were car-
ried out at �30 �C using a spinning cell. Raman shifts were cali-
brated with acetone, and the accuracy of the peak positions of the
Raman bands was �1 cm�1.

Preparations. [Fe2(O)(OAc)2(hexpy)](CF3SO3)2 (1c): 250
mg (0.48mmol) of hexpy was added to a suspension of 331mg
(0.55mmol) of Fe3Cl(O)(OAc)6�3H2O in 10mL of EtOH, and the
mixture was stirred at room temperature for 12 h. To the resultant
solution was added 412mg of CF3SO3Na, and 1c precipitated as a
brown solid. After 4 h of stirring, the brown solid was collected
by filtration, washed with EtOH and dried in vacuo. 1c was puri-

fied by recrystallization from CH2Cl2/MeCN/Et2O. The yield
of 1c was 322mg (yield 63%). Anal. Calcd for 1c�1/2CH2Cl2
(C40:5H35N6Fe2F6O11S2Cl): C, 43.94; H, 3.19; N, 7.59; Fe,
10.09%. Found: C, 44.03; H, 3.16; N, 7.79; Fe, 10.27%. IR (KBr
disk) (�max/cm

�1): 3050 (aromatic C–H), 1600, 1560, 1530,
1470, 1440 (py ring), 1440 (acetato), 1275, 1250, 1220, 1030
(CF3SO3), 740 (Fe–O–Fe). 1HNMR [CD3CN, 25 �C, �, ppm
(TMS)]: 7.74, 8.03, 8.50, 11.39, 12.90, and 15.08. FAB mass data:
m=z 915 [M]þ and 856 ½M� OAc�þ.

[Fe2(O)(O2)(OAc)(hexpy)](CF3SO3) (2): To a solution of 1c
(38mg, 0.033mmol) in MeCN (10mL) was added 10mL of Et3N
(0.072mmol) and 100mL of 20% H2O2/MeCN (0.50mmol of
H2O2) at 0

�C. The mixture was stirred at 0 �C and gradually turned
dark purple. The reaction was monitored by inspection of the elec-
tronic absorption spectra measured using an aliquot taken from the
reaction mixture. Following completion of the reaction, the reac-
tion mixture was concentrated to 2mL under reduced pressure at
low temperature. To the residue was added 10mL of dry Et2O at
low temperature and 2 precipitated as a purple solid. The superna-
tant was decanted and the purple solid was washed with dry Et2O.
After the washing/decantation cycle was repeated several times,
the purple solid was collected by filtration and dried in vacuo.
36mg of 2 was isolated (yield 95%). Anal. Calcd for C37H41F3-
Fe2N6O13S: C, 45.42; H, 4.22; N, 8.59; Fe, 11.41%. Found: C,
46.59; H, 3.80; N, 8.48; Fe, 12.14%. 1HNMR [CD3CN, �30 �C,
�, ppm (TMS)]: 1.10, 4.09, 7.38, 7.59, 8.12, 8.73, 10.12, 10.61,
11.13, 11.24, 12.91, and 14.75. ESR: silent in MeCN at 77K.

[Fe2(O)(O2)(OAc)(tripy)2](ClO4) (4): To a solution of 3
(9.4mg, 0.01mmol) in MeCN (10mL) was added 10mL of 20%
H2O2/MeCN (0.05mmol of H2O2) at �30 �C. The mixture was
stirred for several minutes and turned dark purple. Complete for-
mation of the peroxodiiron(III) complex 4 was confirmed by mon-
itoring the change in the electronic absorption spectrum. 4 could
not be isolated due to thermal instability and was used for the
spectral measurements as prepared without purification. ESR:
silent in MeCN at 77K.

Kinetic Measurements for the Spontaneous Decomposition
of 2 and 4. For the kinetic measurements, solutions of 2
(3� 10�4 M) were freshly prepared by dissolving the isolated sol-
id in various solvent systems including dry MeCN, dry MeCN/
CH2Cl2 (1:3, v/v), or MeCN in the presence of H2O (0.28, 1.11,
1.67, and 2.22M), and then quickly degassing the mixture by
employing several cycles of evacuation and refilling using Ar. A
typical method used for the kinetic measurements was as follows.
A solution (2mL) of 2 was placed in a quartz-cell under anaerobic
conditions and the temperature maintained at 300� 0:2K during
the measurements. The decrease in 2 was monitored at 605 nm.
The first-order rate constants (kobs) were obtained from fits of
�lnð1� At=A1Þ vs time. Plots of the kinetic data gave straight
lines for each kinetic measurement. The kinetic measurements
were also carried out using different concentrations of 2 (2:0{
10:0� 10�4 M).

4was prepared upon addition of 5 equiv of 10%H2O2/MeCN to
a solution of 3 (3� 10�4 M) in MeCN at 243K under Ar, and used
for the kinetic studies without purification. The kinetic measure-
ments of 4 were carried out at 263K using almost the same method
as described above for 2. The kinetic measurements were also car-
ried out at different concentrations of 4 (2:0{13:0� 10�4 M).

Product Analysis for the Spontaneous Decomposition of 2.
After the solution of 2 in MeCN was allowed to stand for 12 h
at room temperature, the solution was concentrated to dryness.
The electronic absorption, 1HNMR, and FAB-MS spectra of the
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resultant products were measured. Moreover, to investigate the
ligand structure, the metal-free ligand was obtained as follows. To
the residue was added CH2Cl2 and an aqueous solution of EDTA.
The mixture was stirred for 12 h, the CH2Cl2 layer was separated
and the aqueous layer was extracted with CH2Cl2. The CH2Cl2
layers were combined and concentrated to dryness to yield the
metal-free ligand mixture. The metal-free ligand mixtures were
examined by 1HNMR, which showed that 96% of hexpy was
recovered from the spontaneous decomposition of 2 under Ar,
while 77% of hexpy was recovered from that under O2. The
FAB-MS spectrum of the metal-free ligand mixture shows a main
peak at m=z 521, corresponding to ½Lþ H�þ and only a minor
peak at m=z 537, corresponding to ½Lþ Oþ H�þ.

Determination of H2O Contained in Dry MeCN. The titra-
tion using a Karl Fischer reagent was carried out in a glove box
under a N2 atmosphere. As a color standard, a solution of I2
(25.4 mg) in dry MeOH (10mL) was prepared. The Karl Fischer
reagent was place in a volumetric dropping funnel and added to
100mL of dry MeOH until the solution turned the same brown
color as the color standard. To the mixture was added 10mL of
dry MeCN and the solution turned yellow. The yellow solution
was titrated with the Karl Fischer reagent until the solution turned
brown. The concentration of H2O contained in the dry MeCN used
for the various measurements as a solvent was determined to be
4� 10�3 M.

Crystal Structure Analysis. Crystals of 3 suitable for X-ray
analysis were obtained by slow diffusion of Et2O to a solution of 3
in CH2Cl2–MeCN at room temperature. A crystal with approxi-
mate dimensions of 0:1� 0:2� 0:5mm3 was sealed in a glass
capillary and used for the X-ray diffraction analysis. Measure-
ments were performed on a Rigaku AFC7R/CCD diffractometer
with graphite monochromated MoK� radiation (� ¼ 0:71069)
and a 12 kW rotating anode generator. The data were collected
at 293� 1K to a maximum 2� value of 55.0�. The crystal-to-
detector distance was 35.12mm, and the detector swing angle was
10.04�. A total of 23807 reflections were collected of which 5288
were unique (Rint ¼ 0:096).

The structure was solved by a direct method (SIR 2002) and ex-
panded using Fourier techniques. Some non-hydrogen atoms were
refined anisotropically, while the rest were refined isotropically.
Hydrogen atoms were refined using the riding model. The final
cycle of full-matrix least-squares refinement was based on 1893
observed reflections (I > 3:00�ðIÞ) and 270 variable parameters.
The neutral atom scattering factors were taken from Cromer and
Waber.59 Anomalous dispersion effects were included in Fc,

60

the values for � f 0 and � f 00 being taken from the reference61

and those of Creagh and McAuley.61 Calculations were performed
using the Crystal Structure Crystallographic software package.62

Crystal parameters and important data collection for 3 are sum-
marized in Table 1. Crystallographic data has been deposited
with Cambridge Crystallographic Data Centre: Deposition num-
ber CCDC-274092 for 3. 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, Cambridge, CB2 1EZ, UK; Fax: +44 1223 336033; E-mail:
deposit@ccdc.cam.ac.uk).

Results and Discussion

Comparison of the Crystal Structure of [Fe2(O)(OAc)2-
(hexpy)](ClO4)2 (1a) and [Fe2(O)(OAc)2(tripy)2](ClO4)2 (3).
The crystal structure of 1a was previously reported.55 The

ORTEP view of the cation of 3, [Fe2(O)(OAc)2(tripy)2]
2þ, is

shown in Fig. 1 together with the numbering scheme. The cat-
ion lies on a crystallographic 2-fold axis and, accordingly, has
exact 2-fold symmetry. The �-oxo O-atom lies on the 2-fold
axis. Each iron atom is coordinated by one O-atom of the �-
oxo bridge, two O-atoms of the �-acetato bridges and three
N-atoms of the tripy ligand in a distorted octahedral geometry.
The selected bond distances and angles of 3 are summarized in

Table 1. Crystallograpic Data for 3

3

Empirical formula C19H18Cl1Fe1N3O6:5

Formula weight 483.67
Crystal system monoclinic
Space group C2=c (No. 15)
a/ �A 21.154(8)
b/ �A 12.388(4)
c/ �A 20.573(8)
�/deg 120.040(7)
V/ �A3 4667.3(29)
Z 8
T/�C 20.0
Dcalcd/g cm

�1 1.377
Radiation/ �A MoK� (� ¼ 0:71070)
�/cm�1 7.99
R,a) Rwb) 0.088, 0.131
Goodness of fit indicator 0.924

a) R ¼ �jjFoj � jFcjj=�jFoj. b) Rw ¼ ½�wðjFoj � jFcjÞ2=
�wðFoÞ2�1=2, w ¼ 1=½0:0178ðFoÞ2 þ 1:00�ðFo

2Þ�.

Fe

O1

O2

O3

N1

N3

N2

Fig. 1. ORTEP diagram the cationic portion of 3.

Table 2. Selected Bond Distances ( �A) and Angles (deg) for 3

3

Bond Distances
Fe���Fe0 3.162(2)
Fe–O(1) 1.810(6) Fe–O(2) 2.019(9) Fe–O(3) 2.01(1)
Fe–N(1) 2.17(1) Fe–N(2) 2.159(9) Fe–N(3) 2.32(1)

Bond Angles
O(1)–Fe–O(2) 95.3(3) O(1)–Fe–O(3) 95.2(3)
O(1)–Fe–N(1) 103.8(3) O(1)–Fe–N(2) 94.6(4)
O(1)–Fe–N(3) 175.4(3) O(2)–Fe–O(3) 99.4(4)
O(2)–Fe–N(1) 86.9(4) O(2)–Fe–N(2) 167.2(4)
O(2)–Fe–N(3) 86.0(3) O(3)–Fe–N(1) 159.4(3)
O(3)–Fe–N(2) 87.8(4) O(3)–Fe–N(3) 80.3(4)
N(1)–Fe–N(2) 82.8(4) N(1)–Fe–N(3) 80.6(4)
N(2)–Fe–N(3) 84.8(4) Fe–O(1)–Fe0 121.7(6)
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Table 2 together with comparable data for 1a.55 The structural
features of the diiron cores of 1a and 3 are summarized in
Table 3 together with comparable data for the diiron(III) com-
plexes of the general formula [Fe2(O)(OAc)2(L)2]

2þ (L ¼
HB(pz)3 and Me3tacn).

63,64

The clear structural difference between 1a and 3 is reflected
in the position of the –CH2CH2– tether group of the hexpy
ligand and the 6-Me groups of the tripy ligands. The N-atoms
of the 6-Mepy groups coordinate to the Fe atoms at the trans
positions of the �-O bridge in 3. Thus, the 6-Me groups are
located at the narrow side of the Fe2(�-OAc)2 core, opposite
against the �-O bridge, where the steric repulsion of the 6-Me
groups may be minimized. The Fe–N(3) bond length of 2.32(1)
�A is larger than the average value, 2.165(9) �A, of the Fe–N(1)
and Fe–N(2) bond lengths in 3, and also larger than the Fe–
N(3) bond length, 2.209(9) �A, in 1a. These data clearly show
that the Fe–N(3) bond length of 3 is elongated by the steric
repulsion of the 6-Me group. The tether group lies on the Fe2-
(�-O)(�-OAc) moiety in 1a. The position of the tether group
might be due to the length of the –CH2CH2– chain. In contrast
to 3, the Fe–N bond lengths, 2.196(9), 2.188(9), and 2.209(9)
�A, in 1a are similar to each other. Thus, steric repulsion by the
tether group has less of an influence on the bond lengths than
that induced by the 6-Me groups.

Although the overall structure of the di(�-acetato)-�-oxo-
diiron(III) core of 1a and 3 are similar, differences arising
from the 6-Me and tether groups cause the distinguishable dif-
ferences in the diiron cores. The Fe���Fe distance of 3.142(3) �A,
the Fe–O(1) bond length of 1.782(5) �A, and the O(1)–Fe–N(1)
angle of 93.9(3)� in 1a are smaller than those in 3, being
3.162(2) �A, 1.810(6) �A, and 103.8(3)�, respectively. The edge-
to-edge distances between two tri(2-pyridyl)methane moieties
in 1a and 3 are 3.947 and 4.103 �A, respectively. Although the
diiron core of 1a apparently shrinks compared with that of 3,
the overall structural features of the diiron core of 1a, as shown
in Table 3, are closer to those of the di(�-acetato)-�-oxo-
diiron(III) complexes of HB(pz)3 and Me3tacn than those of
3.63,64 This indicates that the diiron core of 3 is more distorted
than that of 1a. Thus, unlike the tether group, the 6-Me groups
induce distortion of the diiron core structure. Therefore, it
can be said that the structure of the hexpy ligand, where the
–CH2CH2– tether connects two tri(2-pyridyl)methane moie-
ties at the 6-position of the py groups, is most suitable for
encapsulating the di(�-acetato)-�-oxodiiron(III) core.

Syntheses and Physicochemical Properties of Peroxodi-
iron(III) Complexes [Fe2(O)(O2)(OAc)(hexpy)](CF3SO3)
(2) and [Fe2(O)(O2)(OAc)(tripy)2](ClO4) (4). The peroxo-
diiron(III) complex 2 was synthesized by reaction of 1c with
H2O2 in the presence of 2.2 equiv of Et3N in MeCN, and
was isolated as a purple solid given that it is stable at room
temperature in the solid state. The elemental analysis using
the isolated solid of 2 agreed with the formula [Fe2(O)(O2)-
(OAc)(hexpy)](CF3SO3)�5H2O. The peroxodiiron(III) com-
plex 4 was generated by addition of 5 equiv of H2O2 to a solu-
tion of 3 in MeCN at �30 �C just before use in various spectral
studies. For the preparation of 4, use of Et3N was unnecessary.

The CSI-MS spectra of 2 and 4 in MeCN are shown in Fig. 2.
2 exhibits a major peak at m=z 739, corresponding to [Fe2(O)-
(O2)(OAc)(hexpy)]

þ, consistent with the molecular formula.
The isotope intensity pattern of the major peak matches the
calculated one. The major peak shifted to m=z 743 following
18O-labelling with H2

18O2, demonstrating that the bound per-
oxide is involved in 2. The CSI-MS spectrum of 4 shows a
positive ion peak at m=z 741, corresponding to [Fe2(O)(O2)-
(OAc)(tripy)2]

þ, and the ion exhibited an isotope intensity
pattern that matches the calculated one, suggesting that the
molecular formula of 4 is [Fe2(O)(O2)(OAc)(tripy)2](ClO4).

The UV–vis spectra of 2 and 4 in MeCN are shown
in Fig. 3. 2 shows two absorption bands at 510 (" ¼ 1300

M�1 cm�1) and 605 nm (" ¼ 1310M�1 cm�1). 4 shows two
absorption bands at 510 (" ¼ 1270M�1 cm�1) and 660 nm
(" ¼ 1370M�1 cm�1). These spectra are similar to that of the
�-oxo-�-1,2-peroxodiiron(III) complex [Fe2(O2)(O)(6-Me3-
tpa)2](ClO4)2 (5), which shows absorption bands at 494 (" ¼
1100M�1 cm�1) and 648 nm (" ¼ 1200M�1 cm�1).33 The
higher energy bands at around 500 nm were tentatively assign-
ed to �-oxo to Fe3þ charge-transfer transitions since similar
�-oxo to Fe3þ charge-transfer bands were observed at 507 nm
(" ¼ 710M�1 cm�1), 500 nm (" ¼ 830M�1 cm�1), 492 nm
(" ¼ 460M�1 cm�1), and 519 nm (" ¼ 600M�1 cm�1) for
1c, 3, and the di(�-acetato)-�-oxodiiron(III) complexes of
HB(pz)3 and Me3tacn, respectively.

62,63 It is noteworthy that
the �-oxo to Fe3þ charge-transfer bands were not strongly
influenced by the different ligands. The lower energy bands
at 605 and 660 nm may be assigned to the �-peroxo to Fe3þ

charge-transfer transitions. The �-peroxo to Fe3þ charge-
transfer band of 2 appeared at the higher energy side by 55
nm compared with that of 4. This suggested that the Fe–
Operoxo bond is specifically stabilized by the hexpy ligand.

The resonance Raman spectrum of 2 is shown in Fig. 4. The
spectrum shows two bands at 816 and 472 cm�1, which shifted
to 771 and 455 cm�1, respectively, when 2 was labeled with
H2

18O2. These two 18O-sensitive bands are respectively as-
signed to the �O{O and �Fe{O of the bound peroxide. The reso-
nance Raman spectrum of 4 shows a band at 856 cm�1, being
in the range of 848–900 cm�1 reported for (�-1,2-peroxo)di-
iron(III) complexes,27–45 and assignable to the �O{O of the
bound peroxide. The �O{O value of 2 is notably below the
range of the reported �O{O bands, 848–900 cm�1. It was report-
ed that the �O{O value is mainly dependent on the Fe–O–O
angle of the peroxodiiron(III) complex.34 The reason why 2
may have smaller Fe–O–O angles than the known complexes
is that the hexpy dinucleating ligand encapsulates the diiron

Table 3. Structural Data of Diiron(III) Cores of 1a, 3, and the
Related Compounds

1a 3 HB(pz)3
aÞ Me3tacn

bÞ

Fe���Fe0/ �A 3.142(3) 3.162(2) 3.146(1) 3.12(4)
Fe–Ooxo/ �A 1.782(5) 1.810(6) 1.788(2) 1.800(3)

1.780(2)
Fe–OAcO(av)/ �A 2.051(8) 2.015(9) 2.042(9) 2.034(3)
Fe–Ncis to �-oxo(av)/ �A 2.192(9) 2.165(9) 2.153(3) 2.198(4)
Fe–Ntrans to �-oxo/ �A 2.209(9) 2.32(1) 2.188(3) 2.268(6)

Fe–O–Fe0/deg 123.6(6) 121.7(6) 123.6(1) 119.7(1)

a) HB(pz)3 = [Fe2(O)(OAc)2(HB(pz)3)2], b) Me3tacn = [Fe2-
(O)(OAc)2(Me3tacn)2]

2þ.
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core to decrease the Fe���Fe distance. This is consistent with the
structural features of 1a, where the hexpy ligand decreases the
Fe���Fe distance by encapsulating the diiron core.

The Mössbauer spectrum of 2 at 4.2K is shown in Fig. 5
and shows only a quadrupole doublet with �EQ ¼ 1:67ð8Þ
mm/s and � ¼ 0:53ð8Þmm/s, indicating that the high-spin di-
iron(III) unit is symmetrically bridged by the peroxide. These
values are close to the �EQ ¼ 1:68mm/s and � ¼ 0:54mm/s
of the peroxodiiron(III) complex 5,33 and �EQ ¼ 1:79mm/s
and � ¼ 0:52mm/s of [Fe2(O2)(OBz)2{HB(pz

0)3}2] (6).
29,34,65

The cryomagnetic properties of 2 are represented in Fig. 6
by a plot of 	M vs T in the temperature range 4–300K. The
magnetic susceptibility decreases with decreasing temperature.
The exchange-coupling constant (J) of 2 was determined from
the temperature dependent magnetic susceptibility data. An
excellent fit of the 	M–T data to a dinuclear model is obtained
when J ¼ �55 cm�1, g ¼ 2:00, and paramagnetic impurity
(%) = 0.007 are assumed for 2. The result indicates strong

antiferromagnetic spin-coupling between a pair of Fe(III) ions.
The magnetic interaction in 2 is much stronger than that in 6
(J ¼ �33 cm�1).34 The �-oxo bridge in 2 strengthens the
magnetic interaction between the Fe(III) ions.

All these data show that the diiron center of 2 and 4 is
triply bridged by the acetate, oxide, and peroxide anions to
form the �-acetato-�-oxo-�-1,2-peroxodiiron core. The pro-
posed structure of 2 is shown in Fig. 7. The bridging modes
known for triply bridged peroxodiiron(III) complexes are (1)
�-alkoxo-�-carboxylato-�-1,2-peroxo, (2) �-carboxylato-�-
1,2-peroxo-�-phenolato, and (3) di(�-carboxylato)-�-1,2-
peroxo. Thus, the bridging mode of 2 and 4 represents the first
type. Moreover, it is noted that the �-oxo bridge was found
in the triply bridged peroxodiiron(III) complexes 2 and 4,
although the bridging groups of the doubly bridged peroxodi-
iron(III) complexes are almost �-oxo and �-peroxo. There-
fore, the net charge of the diiron core of 2 and 4 is 1+. This is
quite unique because the net charge of the diiron cores of per-

Fig. 2. CSI-MS spectra of 2 a) and 4 b) in MeCN at room temperature. The isotope patterns of [Fe2(O)(O2)(OAc)(hexpy)]
þ and

[Fe2(O)(O2)(OAc)(tripy)2]
þ shown in the spectra.
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oxodiiron(III) complexes known to date is 2+ or 3+. It is
known that the tri(2-pyridyl)methane ligand, being the triden-
tate donor in the tripy and hexpy ligands, can stabilize the low-
valence state of metal complexes. Thus, use of the polypyri-
dine ligands tripy and hexpy might be suitable to lower the
net charge of the diiron core due to the electronic character
of the ligands in stabilizing the low-valence state.

Thermal Stability of 2 and 4. Excess H2O2 was not pres-
ent in the solution of 2 because the solution was freshly pre-
pared by dissolving the isolated solid. The decrease in 2 was
monitored at 605 nm. The decay data obeyed good first-order
kinetics as shown in Fig. 8. The first-order rate constant, k ¼
2:2� 10�5 s�1 (half-life 
1=2 ¼ 8:7 h), was obtained for the
spontaneous decomposition of 2 in dry MeCN at 300K. The
kinetic measurements were also carried out using various
concentrations of 2 (2:0{10:0� 10�4 M) in dry MeCN. The
results are shown in Fig. 8. The first-order rate constants are
independent of the concentration of 2, demonstrating that 2
decomposes unimolecularly in the concentration range em-
ployed (2:0{10:0� 10�4 M).

The spontaneous decomposition of 2 was monitored by
examination of the FAB-MS spectra, where the peak at m=z
707, corresponding to [Fe2(O)(OAc)(hexpy)]

þ, increased with
the decrease in the peak at m=z 739, corresponding to [Fe2(O)-
(O2)(OAc)(hexpy)]

þ. The decomposed products were also an-
alyzed by examination of the 1HNMR and electronic absorp-

tion spectra. The 1HNMR and electronic absorption spectra of
the decomposed product were similar to those of 1c, indicating
that the decomposed products mainly consisted of diiron(III)
complexes similar to 1c. Following demetallation of the de-
composed products, the hexpy ligand was recovered almost
quantitatively. Thus, oxygenation of the ligand did not occur
during spontaneous decomposition. Even in the presence of
an excess amount of cyclohexane as a substrate, oxygenated
products of cyclohexane were not detected at all. Furthermore,
we measured the spontaneous decomposition rate of 2 using
MeCN-d3 as a solvent, and the value of the kinetic isotope
effect was 0.9. This value is close to 1 and is not reflective
of a first-order kinetic isotope effect. These results suggested
that O–O bond scission of the peroxo moiety of 2, which must
lead to oxygenation of the ligand, substrate or solvent, does not
occur during spontaneous decomposition. Therefore, it might
be suggested that the mechanism of spontaneous decomposi-
tion involves substitution of the peroxo ligand by a solvent
molecule, so that O2

2� and the decomposed diiron complexes
would be generated, and O2

2� would be protonated to H2O2.
However, we were unable to detect any H2O2. The H2O2

might have decomposed via disproportionation catalyzed by
the diiron complexes generated during spontaneous decompo-
sition. The rate of disproportionation of H2O2 in such a reac-
tion mixture must be much faster than the spontaneous decom-
position of 2, therefore, H2O2 does not accumulate to detect-
able levels.

The mixed solvent systems H2O/MeCN ([H2O] ¼ 0:28{
2:22M) and CH2Cl2/MeCN (3:1, v/v) were used to investi-
gate the solvent effect on the spontaneous decomposition of
2. The concentration of remaining H2O (4� 10�3 M) in dry
MeCN was determined by the Karl-Fischer method. This value
is negligibly small compared with the concentration of H2O in
the mixed solvent system H2O/MeCN. The dependence of the
concentration of H2O on the decomposition rate of 2 is shown
in Fig. 9. The rate constants increased with increasing concen-
tration of H2O, with a y-axis intercept of 2:2� 10�5 s�1. The
results show that the decomposition of 2 proceeds in the ab-
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Fig. 7. Proposed structure of the cation portion of the per-
oxodiiron complex 2.
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sence of H2O and is accelerated by the addition of H2O. Thus,
both MeCN and H2O solvent molecules cause the decomposi-
tion of 2 independently. The rate constant, 8:0� 10�5 s�1, in
H2O/MeCN (1:9, v/v) is nearly four-fold larger than that in
MeCN. Since the nucleophilicity of H2O is stronger than that
of MeCN, acceleration of the spontaneous decomposition of 2
in H2O/MeCN (1:9, v/v) is mainly due to nucleophilic substi-
tution of the peroxide by H2O. The rate dependence of H2O is
not linear and seems to reflect a second-order dependence (see
Fig. 9). The hydrogen bond of another H2O molecule bound to
peroxide may be involved in the acceleration. Although the ef-
fect of H2O on the acceleration may be more complicated, the
spontaneous decomposition of 2 might proceed via substitution
of the peroxo moiety of 2 by MeCN or H2O solvent molecules.

The half-life of 2 in more non-polar solvent systems such as

CH2Cl2/MeCN (3:1, v/v) at 300K increased to 20.3 h. This
value is 2.3-fold larger than the 8.7 h half-life observed in
dry MeCN. Nucleophilic substitution of bound peroxide by
the solvent molecule must be retarded in such a non-polar sol-
vent system. Thus, the stabilization of 2 in the non-polar sol-
vent can be reasonably explained by the proposed decomposi-
tion mechanism: substitution of the bound peroxide by nucleo-
philic attack of the polar solvent. Therefore, it is concluded
that spontaneous decomposition of 2 in various solvent sys-
tems proceeds via the substitution of bound peroxide by the
polar solvent molecule to generate O2

2� and diiron(III) com-
plexes, and the H2O2 generated by protonation might be de-
composed via disproportionation.

The spontaneous decomposition of 4 was monitored at 660
nm, and obeyed good first-order kinetics with k ¼ 1:1� 10�3

s�1 at 263K in dry MeCN (half-life 
1=2 ¼ 10min) (see
Fig. 10). The half-life of 2 is much larger than that of 4.
Interestingly, 4 is slightly more stable than the doubly bridged
�-oxo-�-1,2-peroxodiiron(III) complex [Fe2(O)(O2)(6-Me3-
tpa)2](ClO4)2 (half-life 7.2min at 243K in MeCN).33 The tri-
ply bridged structure of 4 might enhance the thermal stability.
The concentration dependence on the decomposition rate of 4
is shown in Fig. 10. The rate constants are independent of the
concentration of 4. The bimolecular reaction of 4 is negligible
in the spontaneous decomposition. The mechanism of the
spontaneous decomposition of 4 might be similar to that of
2, but more detailed kinetic studies and product analysis are
necessary to clarify the decomposition mechanism of 4.

As described above, 2 is thermally much more stable than 4,
although the triply bridged peroxodiiron core structure of 2
and 4 resemble one another. Thus, it can be said that the ther-
mal stability of 2 is specifically enhanced by the hexpy ligand.
As reflected in the crystal structure of 1a and 3, the structure of
the hexpy ligand is most suitable for encapsulating the triply
bridged diiron core. The diiron core of 1a and 2 is Fe2(�-O)-
(�-OAc)2 and Fe2(�-O)(�-O2)(�-OAc), respectively, which
are similar except for the �-OAc and �-O2 bridges. The �-O2

bridge, being composed of two atoms, may require a smaller
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Fe���Fe distance than the �-OAc one, being composed of three
atoms. Thus, the diiron core of 2 might shrink compared with
that of 1a. The structure of the hexpy ligand might be suitable
for the structural features of the diiron core in 2. The tight
encapsulation by the hexpy ligand is reflected in the smallest
�O{O value of 2 as described above. The relatively higher
energy �-peroxo to Fe3þ charge-transfer band of 2 suggested
that the Fe–Operoxo bond is strengthened by the hexpy ligand.
The thermal stability of 2 might be enhanced by tight encapsu-
lation induced by the hexpy ligand.

To date, four peroxodiiron(III) complexes have been struc-
turally characterized by X-ray analyses.27–30 Suzuki et al.
reported the most thermally stable peroxodiiron complex with
a sterically hindered dinucleating ligand.27 The diiron core is
protected from attack by polar molecules such as water and
solvents, and by steric hindrance of the many phenyl groups
substituted at the imidazole donors of the dinucleating ligand.
The hydrophobic pocket also assists reversible O2-binding of
the peroxodiiron complex. Que et al. reported the crystal struc-
ture of the thermally stable peroxodiiron(III) complex with a
sterically hindered dinucleating ligand.30 Lippard et al. report-
ed the crystal structure of the peroxodiiron(III) complex orig-
inally studied by Kitajima et al.29 This complex is not very sta-
ble at higher temperatures, although the ligand induces a large
steric hindrance. It is likely that the steric hindrance of the
ligand is essential for stabilization of the peroxodiiron com-
plex as shown in Chart 1. 2 is very stable at room temperature
although the hexpy ligand is markedly less sterically hindered
than the ligands shown in Chart 1. Therefore, it is concluded
that 2 is unique not only in terms of the triply bridged peroxo-
diiron core structure, but also in terms of the high thermal sta-
bility without steric hindrance of the ligand. Given its less ster-
ically hindered structure, 2 might prove useful as a promising
functional model of sMMO to investigate O2-activation and
oxygenation of external substrates.

Conclusion

Diiron complexes of the polypyridine ligands tripy and
hexpy, [Fe2(O)(OAc)2(hexpy)](CF3SO3)2 (1c) and [Fe2(O)-
(OAc)2(tripy)2](ClO4)2 (3), were prepared and converted
to the peroxodiiron complexes [Fe2(O)(O2)(OAc)(hexpy)]-
(CF3SO3) (2) and [Fe2(O)(O2)(OAc)(tripy)2](ClO4) (4). The
structural features of 2 and 4 were fully characterized by means
of various spectroscopic studies. Both 2 and 4 possess a unique
triply bridged�-acetato-�-oxo-�-1,2-peroxodiiron core struc-
ture. The thermal stability of the peroxodiiron complexes and
the spontaneous decomposition mechanism of 2 were investi-
gated by kinetic methods and product analysis. The thermal sta-
bility of 2 is greatly enhanced by the hexpy ligand, which might
act by tightly encapsulating the diiron core.
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