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The compound [L1(H2O)Fe(µ-O)Fe(OH2)L1](ClO4)4·2H2O
[1(ClO4)4·2H2O] [L1 = N,N9-bis(1-methylimidazolyl-2-
methyl)-N,N9-bismethyl-1,2-ethanediamine] was synthe-
sized. It is characterized by a linear Fe−(µ-O)−Fe motif with
an Fe···Fe distance of 3.584(1) Å. The measurement of the
magnetic susceptibility as a function of temperature indic-
ated a strong antiferromagnetic coupling between the two
high-spin FeIII ions (J = −223 cm−1 with H = −J·S1·S2). In the
solid state, the symmetric stretching vibration mode of the
Fe−(µ-O)−Fe core unit was detected at 347 cm−1, in agree-

Introduction

The oxidation of methane to methanol with dioxygen cat-
alyzed by soluble methane monooxygenase (MMO) has eli-
cited much interest during recent years. This reaction takes
place in the hydroxylase component of MMO
(MMOH),[1,2] the structure of which has been determined
by X-ray diffraction studies in the native (MMOHox) and
reduced (MMOHred) forms for Methylococcus capsul-
atus,[3,4] and in the native form only for Methylosinus tricos-
porium.[5] The catalytic site determined in the two forms is
constituted by two iron atoms bridged by the carboxylato
group of a glutamate residue (E144). Both iron sites are in
the 1III oxidation state in MMOHox and connected by two
extra bridges: one water molecule and one hydroxide
group.[4,5] In the reduced state, both metallic centers have
the 1II oxidation degree, a single oxygen atom of the carb-
oxylate side function of the glutamate residue E243 being
present as a second bridge.[4] The only exogeneous ligand is
a water molecule that is coordinated to one FeII site and
that recent investigations in the catalytic cycle of the en-
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ment with a straight Fe−(µ-O)−Fe angle. Upon addition of up
to one equivalent of triethylamine to an acetonitrile solution
of 1, conversion to the [L1(H2O)Fe(µ-O)Fe(OH)L1]3+ complex
2 was observed. This last species was isolated as a perchlor-
ate salt [2(ClO4)3·H2O]. Susceptibility measurements and
Raman and UV/Vis investigations on the powder and/or an
acetonitrile solution confirmed the presence of an intramole-
cular hydrogen bond between the coordinated water molec-
ule and the hydroxide group leading to a bent [Fe(µ-O)Fe]4+

core structure.

zyme have brought to the fore. It has been suggested that
one of its protons is transferred to one oxygen atom of the
O2O bridge in the peroxo form of MMOH (compound
P)[6,7] formed by reaction of MMOHred with dioxygen.[8211]

This would leave a hydroxo group ligated to one FeIII site
or bridging the two metallic centers.[6,7] Compound P spon-
taneously converts to compound Q, which has been shown
by Mössbauer and X-ray absorption studies to present a di-
FeIII-di-µ-oxo core unit.[12] It has been proposed that upon
this evolution, a second proton is transferred from the hy-
droxide molecule to the hydrogenated peroxo bridge, al-
lowing the release of a water molecule.[6,7] The two bridging
oxygen atoms of the [Fe2(µ-O)2]41 unit would thus have dif-
ferent origins, one coming from the dioxygen molecule and
the other one being the doubly deprotonated coordinated
water molecule present in MMOHred. Compound Q is the
active catalytic species that interacts with the alkane sub-
strate.[6,8,9,13]

Many efforts have been made to synthesize dinuclear iron
complexes presenting the diamond core structure. For this
purpose, tetradentate ligands are used.[14218] Starting with
a [(H2O)Fe(µ-O)Fe(OH)]31 core unit, we have shown re-
cently the possibility to obtain the double-bridged structure
[Fe(µ-O)(µ-OH)Fe]31.[14] The protonated form of the dia-
mond core structure is thus formed in the same way as
would be the di-iron-di-µ-oxo unit of compound Q, an oxy-
genated group converting from a η1- to a µ-type coordina-
tion. This behavior seems to be common to several sys-
tems.[14,16,19] In our effort to model the active site of
MMOH, the synthesis of two new iron-oxo complexes with
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the tetradentate ligand containing imidazole groups N,N9-
bis(1-methylimidazolyl-2-methyl)-N,N9-bismethyl-1,2-
ethanediamine (L1, see Scheme 1) are presented. Complex
1(ClO4)4·2H2O has a [(H2O)Fe(µ-O)Fe(OH2)]41 core unit
and we show here the possibility to abstract one proton
from one water molecule and to isolate the [(H2O)Fe(µ-
O)Fe(OH)]31 system (2). This second complex is shown to
be stable in solution and insensitive to further depro-
tonation.

Scheme 1

Results and Discussion

X-ray Crystal Structure of [L1(H2O)Fe(µ-O)Fe(OH2)L1]
(ClO4)4·2H2O

The structure consists of one [L1(H2O)Fe(µ-O)-
Fe(OH2)L1]41 complex cation, four perchlorate anions and
two water molecules. An ORTEP view of the cation is pre-
sented in Figure 1, and selected bond lengths and angles
are listed in Table 1.

The cation possesses a crystallographicaly imposed sym-
metry, with the two iron atoms bridged by an oxygen atom
which lies on an inversion center. The iron atom shows a
pseudo-octahedral coordination with the two nonmethyl-
ated nitrogen atoms of the imidazole rings in axial positions
and the two nitrogen amine atoms in equatorial positions

Figure 1. ORTEP view of the [L1(H2O)Fe(µ-O)Fe(OH2)L1]41 cat-
ion in the crystal of compound 1(ClO4)4·2H2O, showing the 50%
probability thermal ellipsoids
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Table 1. Selected bond lengths (Å) and angles (deg) for
[L1(H2O)Fe(µ-O)Fe(OH2)L1]41

1.7918(5) Fe2N(21) 2.084(2)Fe2O
Fe2Ow1 2.052(2) Fe2N(17) 2.210(2)
Fe2N(11) 2.125(2) Fe2N(27) 2.337(2)

O2Fe2Ow1 100.54(7) N(21)2Fe2N(17) 97.94(9)
O2Fe2N(21) 97.34(7) N(11)2Fe2N(17) 76.77(8)
Ow12Fe2N(21) 90.3(1) Ow12Fe2N(27) 86.4(1)
O2Fe2N(11) 98.29(7) N(21)2Fe2N(27) 74.04(9)
Ow12Fe2N(11) 90.5(1) N(11)2Fe2N(27) 90.01(9)
N(21)2Fe2N(11) 163.95(9) N(17)2Fe2N(27) 78.89(9)
O2Fe2N(17) 96.03(7) Fe#2O2Fe[a] 180.0
Ow12Fe2N(17) 160.42(9) O2Fe2N(27) 169.08(6)

[a] Symmetry transformations used to generate equivalent atoms:
#12x,2y,2z11.

providing the cis-α conformation. This conformation is also
adopted by tetradentate ligands derived from the N,N9-
bis(2-pyridylmethyl)ethane-1,2-diamine (bispicen)[14,16220]

or the very similar ligand to L1 N,N9-bis(imidazol-4-ylme-
thyl)ethane-1,2-diamine in a di-Mn-di-µ-oxo complex.[21] A
water molecule occupies the sixth coordination site of each
iron. The two coordinated water molecules are in trans posi-
tions with respect to one another due to the inversion center
at the bridging oxygen atom.

The coordination at the Fe atom indicates an important
deviation from octahedral geometry. The Fe atom and the
four equatorial atoms form an approximate plane with a
mean deviation from the respective least-squares planes of
0.2 Å. The axial nitrogen atoms N17 and N27 lie above and
below the equatorial plane by 2.082(2) and 22.054(2) Å,
respectively. The imidazole moieties are oriented nearly per-
pendicularly relative to the equatorial plane with dihedral
angles 87.91(9)° and 84.7(1)°. The dihedral angle between
the imidazole ring planes of 62.8(1)° indicates a significant
rotation of the five-membered rings around the coordina-
tion bonds.

The two Fe2Namine distances as well as the two
Fe2Nimidazole distances in the [L1(H2O)Fe(µ-
O)Fe(OH2)L1]41 cation are not identical. Thus, Fe2N11
[2.125(2) Å] is longer than Fe2N21 [2.084(2) Å] and
Fe2N27 [2.337(2) Å] is longer than Fe2N17 [2.210(2) Å].
Such an important difference between the chemically ident-
ical bonds, especially for the pair of Fe2Namine bond
lengths (δ 5 0.23 Å) can be attributed to a trans effect. In-
deed, the disposition of the atoms N27, the metallic centre
and bridging oxygen is nearly linear with a bond angle of
169.08(6)°.

The [(H2O)Fe(µ-O)Fe(OH2)]41 core structure has been
previously obtained using the bidentate 1,10-phenanthro-
line (phen) ligand[22] or tetradentate ones like
2,29:69,299:699,2999-quaterpyridine (qpy),[23] tris(2-pyridylme-
thyl)amine (tpa),[24,25] tris[(1-methylimidazol-2-yl)methyl]a-
mine (tmima),[26] 3-[bis(2-pyridylmethyl)amino]propionate
(bpp2),[27] or nitrilotriacetate (nta32).[28] The Fe2(µ-O) dis-
tance [1.7918(5) Å] observed here is very similar to the ones
observed in the other complexes [from 1.771(5) to
1.83(1) Å]. The complex with the ligand qpy has a linear
Fe2(µ-O)2Fe core structure as observed in 1, the other
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cores having a bent geometry with bridging angles ranging
from 153.2(6) to 177.5(5)°. The Fe···Fe separation [3.584(1)
Å] in 1 is the longest among the seven complexes men-
tioned here.

The bond length Fe2Ow of 2.052(2) Å is in the range of
those previously reported value for FeIII complexes coord-
inated by water [2.021(5)22.19(1) Å]. The main difference
lies in the torsion angle Ow2Fe···Fe2Ow which is equal,
in increasing order, to 7.7° in [(nta)(H2O)Fe(µ-O)-
Fe(H2O)(nta)]22, 8.8° in [(bpp)(H2O)Fe(µ-O)Fe(H2O)-
(bpp)]21, 81.9° in [(phen)2(H2O)Fe(µ-O)Fe(OH2)-
(phen)2]41, 123.0° in [(tpa)(H2O)Fe(µ-O)Fe(OH2)-
(tpa)]41, 131.7° in [(tmima)(H2O)Fe(µ-O)Fe(OH2)-
(tmima)]41 and 180° in 1 (not defined for [(qpy)(H2O)-
Fe(µ-O)Fe(OH2)(qpy)]41 since the four atoms are aligned).
The intramolecular π-π stacking of the phenanthroline
rings in [(phen)2(H2O)Fe(µ-O)Fe(OH2)(phen)2]41 may im-
pose such a disposition. In the mentioned complexes, the
coordinated water molecules are involved in the hydrogen
bond network that may be at the origin of the variety of
torsion angles observed.

As mentioned above, the studied complex crystallizes as
a hydrate salt. The water molecule coordinated to the iron
is involved in a strong hydrogen bond Ow12H2w1···Ow2
with one solvent molecule [the distances Ow1···Ow2 and
H2w1···Ow2 are 2.594(4) and 1.81(2) Å, respectively, and
the angle at H is 174(4)°]. The other hydrogen atoms of
both water molecules participate in hydrogen bonding with
the perchlorate anions.

Magnetic Susceptibility Measurements

The molar magnetic susceptibilities χM of a powder
sample of 1(ClO4)4·2H2O and 2(ClO4)3·H2O were measured
as functions of the temperature. For 1, χMT decreases from
0.74 cm3·mol21·K at 300 K to a plateau at 0 below 55 K,
indicating a strong antiferromagnetic coupling interaction
between the two high spin FeIII ions (S1 5 S2 5 5/2).

The same behavior was detected for 2: at 300 K, χMT
equals 1.40 cm3·mol21·K and diminishes to reach a plateau
at 0 below 35 K. The decrease of χMT is again characteristic
of an antiferromagnetic exchange interaction between the
two high spin FeIII sites, but the higher value of χMT de-
tected at 300 K for 2 reveals a weaker coupling than in 1.

The best fits were obtained by setting the g factor to 2:
J 5 2223 cm21 for 1 and J 5 2133 cm21 for 2. The J
value calculated for 1 is of the same magnitude as the one
measured for the other di-aquo-di-iron-µ-oxo complexes:
2210 cm21 in [(tpa)(H2O)Fe(µ-O)Fe(H2O)(tpa)]41,[24]

2220 cm21 in [(phen)2(H2O)Fe(µ-O)Fe(OH2)(phen)2]41 [22]

and 2228 cm21 in [(bpp)(H2O)Fe(µ-O)Fe(OH2)(bpp)]21.[27]

However, the value determined for 2 is significantly less
negative than the ones measured for [(H2O)Fe(µ-
O)Fe(OH)]31 core complexes: 2194 cm21 with TPA,[24]

2196 cm21 with 5-Et3-TPA[15] and 2184 cm21 with bispic-
Me2en.[14] This weaker coupling interaction reveals a less
efficient superexchange pathway. As previously mentioned
in the literature, the latter is essentially governed by the
Fe2(µ-O) distances for bridging angles ranging from 120
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to 180°.[29,30] It has been established that the coupling con-
stant J is correlated to half of the shortest superexchange
pathway between the two FeIII ions, designated as P accord-
ing to Equation (1):

J 5 A·exp[B(P - 2)] (1)

with A 5 217.52 cm21 and B 5 212.663 Å21 if P is
expressed in Å and J in cm21.[29,31,32] For 1, P equals
1.791 Å, which gives a coupling constant of 2247 cm21, in
agreement with the value of 2223 cm21 observed experi-
mentally. For compound 2 it is possible to evaluate from
the J value an average Fe2(µ-O) distance of 1.84 Å, a value
slightly greater than the ones measured by X-ray diffraction
studies on the three [(H2O)Fe(µ-O)Fe(OH)]31 core struc-
tures for which the P parameter ranges from 1.80 to
1.82 Å.[14,15,24]

One can argue that the exchange coupling constant calcu-
lated here for compound 2 is closer to the values deter-
mined for the double-bridged [LFe(µ-O)(µ-OH)FeL]31 sys-
tems {2113 cm21 for L 5 6-Me3-TPA,[19] 2106 cm21 for
L 5 bispicEt2en,[19] 284 cm21 for L 5 bispicMe2en[16] (see
also remark 42 in ref. [19])}, a formulation that cannot be
rejected on the basis of the elementary analysis alone.
Nevertheless, as will be shown in the next section, the Ra-
man studies support the hypothesis of a single µ-oxo bridge.

Raman Spectra

We will focus on the frequency domain (330 to 650 cm21)
where the symmetric stretching vibration mode of the
Fe2(µ-O)2Fe core unit is expected to be detected. This vi-
bration mode has been shown to be strongly dependent on
the bridging angle,[33] and is thus indicative of the core unit
geometry. In the solid state, the Raman spectrum of com-
pound 1(ClO4)4·2H2O exhibits a band centered at 347
cm21, while it is detected at 455 cm21 for complex
2(ClO4)3·H2O. Only the acetonitrile solution of 2 was in-
vestigated and the recorded spectrum is very similar to that
obtained in the solid state. The band detected at 455 cm21

in the solid state is shifted to 458 cm21 in solution. From
the published correlation of the νs frequency as a function
of the Fe2(µ-O)2Fe angle, 347 cm21 would correspond to
a straight angle and is in good agreement with the X-ray
diffraction results.

The higher frequency observed for 2 indicates a bent core
structure. The double-bridged [Fe(µ-O)(µ-OH)Fe]31 cores
are characterized by an even higher frequency for the sym-
metric vibration, around 600 cm21.[14,16,19] The µ-oxo-µ-hy-
droxo core can thus be dismissed since no signature is de-
tected at such a high frequency. The approximate 150°
bridging angle value deduced from the correlation men-
tioned above is slightly too high to be compatible with the
presence of H3O2

2 as a second bridge, since the X-ray dif-
fraction studies performed on such complexes lead to the
determination of Fe2(µ-O)2Fe angles in the range
1362139°.[14,15,24] The likelihood of the presence of a
H3O2

2 bridge is enforced, however, by the fact that the cor-
relation we are referring to has been established for clusters
presenting shorter Fe2(µ-O) distances than the one ex-
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pected from the magnetic measurements. As the separation
between the iron and the oxygen atoms increases, one can
expect the νs frequency to decrease.[34] The bridging angle
value of 150° may hence be an overestimation.

Both the magnetic and the Raman studies performed in
the solid state support the existence in 2 of an intramolecu-
lar hydrogen bond between the coordinated water and hy-
droxide molecules, this interaction persisting in solution
(Scheme 2).

Scheme 2

UV/Vis Absorption Spectra

The spectra of 1 [spectrum (a)] and 2 [spectrum (e)] re-
corded on acetonitrile solutions are shown in Figure 2.

Figure 2. UV/Vis spectra of complexes 1(ClO4)4·2H2O [spectrum
(a)] and 2(ClO4)3·H2O [spectrum (e)] dissolved in dry acetonitrile;
spectra (b) to (e) correspond respectively to the addition of 0.3, 0.5,
0.8 and 1 equivalent of Et3N to a solution of 1; the inset shows an
amplification of the 500 to 800 nm region

Similar features between those two spectra may be noted.
The bands at 245 nm (ε 5 12300 21·cm21 for 1 and ε 5
14100 21·cm21 for 2) can be assigned to πRπ* transitions
in the aromatic groups of the ligand. Other bands are ob-
served at 287 nm (ε 5 12500 21·cm21 for 1, ε 5 9800
21·cm21 sh for 2), 323 nm (ε 5 14250 21·cm21 for 1 and
ε 5 11750 21·cm21 for 2), 365 nm (ε 5 8900 21·cm21

for 1 and 2) and 472 nm (ε 5 1300 21·cm21 for 1 and ε 5
830 21·cm21 for 2). The last two originate from weak oxo-
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to-iron LMCT transitions and, more specifically, the trans-
ition at 472 nm is assigned to the 6A1 R (4A1, 4E) transition
and is the signature of the Fe2(µ-O)2Fe motif, independ-
ent of the bridging angle value.[16,35] Another important
characteristic of the µ-oxo core is expected in the
5502700 nm region, the response being strongly dependent
on the Fe2(µ-O)2Fe angle: the more bent, the less ener-
getic and/or the more intense.[36] Magnifying the
5502800 nm region reveals the existence of a low-intensity
band centered around 600 nm with a molar extinction coef-
ficient larger for 2 (ε 5 205 21·cm21) than for 1 (ε 5 175
21·cm21). A similar increase in the intensity of the absorp-
tion has been observed for the tpa complexes[16]: the band
at 572 nm (ε 5 125 21·cm21) for [tpa(H2O)Fe(µ-
O)Fe(OH2)tpa]41 is shifted to 608 nm (ε 5 165 21·cm21)
in [tpa(H2O)Fe(µ-O)Fe(OH)tpa]31. Such a behavior indic-
ates that 2 presents a bent structure in contrast to the linear
arrangement in 1. The molar extinction coefficient value
measured for 2 is in agreement with a mono-µ-oxo core
unit, the protonated diamond core [Fe(µ-O)(µ-OH)Fe]31

being characterized by an epsilon value greater by at least
a factor of three. Results from UV/Vis absorption spectro-
scopy thus corroborate the conclusion formulated from Ra-
man analysis, i.e. the persistence in solution of the internal
hydrogen bond in 2.

The conversion between 1 and 2 may be achieved in solu-
tion by addition of one equivalent of triethylamine to a so-
lution of 1, or by addition of one equivalent of perchloric
acid to a solution of 2. Figure 2 reproduces the changes in
the UV/Vis spectrum of 1 upon the addition of Et3N. Three
isosbestic points are detected at 260, 555 and 680 nm, sup-
porting the existence in solution of two chromophores.
Spectra (b) to (d) can indeed be reproduced by assuming a
linear combination of spectra (a) and (e), the coefficient for
(e) being the number x of equivalents of base added and the
one for (a) being (1 2 x). This indicates that the reaction is
quantitative. The same holds if HClO4 is added to 2 (see
Scheme 3). A parallel control of the acido-basic conversions
have been performed by X-band EPR and no signal has
been detected, supporting the persistence in solution of di-
nuclear complexes.

Scheme 3

It was not possible to further deprotonate compound 1
with Et3N contrary to what has been reported for the ana-
logous phenanthroline complex.[37] This suggests that even
in acetonitrile solution, the coordinated water molecule in
2 is engaged in a hydrogen bond interaction, which is in
agreement with the postulated H3O2

2 bridge.

Conclusion

We have studied here the [L1(H2O)Fe(µ-O)-
Fe(OH2)L1](ClO4)4·2H2O [1(ClO4)4·2H2O] species and the



Synthesis, Structure and Characterization of the New Complex [L1(H2O)Fe(µ-O)Fe(OH2)L1]41 FULL PAPER
associated monodeprotonated form [L1(H2O)Fe(µ-
O)Fe(OH)L1](ClO4)3·H2O [2(ClO4)3·H2O]. The two com-
plexes have been characterized by different spectroscopic
techniques such as UV/Vis and Raman. Compound
1(ClO4)4·2H2O has, moreover, been characterized by an X-
ray diffraction study. The interconversion between 1 and 2
by addition of one equivalent of base or acid has been fol-
lowed by UV/Vis absorption spectroscopy. No evolution to-
wards a di-bridged system in a dry acetonitrile solution has
been noted for 2 contrary to what has been observed for
other [(H2O)Fe(µ-O)Fe(OH)]31 systems containing coord-
inated pyridine groups.[14,15] The generation of the diamond
core structure seems to be related to the lability of the co-
ordinated water molecule and the nature of the polydentate
ligand. Imidazole is a stronger σ-donor and weaker π-ac-
ceptor ligand than pyridine. This could be the origin of the
elongation of the Fe2(µ-O) bond that is suggested from
magnetic susceptibility and Raman data. The FeIII ions
could thus be less electrophilic when coordinated to imida-
zoles instead of pyridines, and less sensitive to a nucleo-
philic attack of the coordinated hydroxide ion, preventing
the formation of the protonated diamond core structure.

Experimental Section

General Remarks: Reagents and solvents were purchased commer-
cially and used as received. Acetonitrile used for solution studies
was distilled before use and dried on an alumina column. The syn-
thesis of N,N9-dimethyl-N,N9-bis(1-methylimidazol-2-ylmethyl)-
ethane-1,2-diamine (L1) has been described previously.[38]

Caution! Perchlorate salts of metal complexes with organic ligands
are potentially explosive. Only small quantities of these compounds
should be prepared and handle behind suitable protective shields.

[L1(H2O)Fe(µ-O)Fe(OH2)L1](ClO4)4·X [X 5 2H2O, 1(ClO4)4·
2H2O; X 5 C2H5OH, 3(ClO4)4·C2H5OH·H2O]: An ethanol/water
solution (1:1, 5 mL) containing L1 (138 mg, 0.5 mmol) was mixed
with one equivalent of sodium hydroxide (0.1 mL of a 5  solu-
tion). Fe(ClO4)3·6H2O (232 mg, 0.5 mmol) dissolved in 2 mL of
water was then added. An orange precipitate appeared that was
then filtered and washed with water to give138 mg of product
(48% yield versus Fe). When Fe(ClO4)3·6H2O was added as an
ethanolic solution, an orange precipitate was also formed. In both
cases orange crystals were obtained by slow evaporation of an
acetonitrile solution differing only in the nature of the solvation
molecules. 2 [L1(H2O)Fe(µ-O)Fe(OH2)L1](ClO4)4·C2H5OH·H2O
(C30H60Cl4Fe2N12O21, 1178.38): calcd. C 30.58, H 5.13, N 14.26,
Cl 12.03; found C 30.47, H 5.05, N 14.06, Cl 12.00.

[L1(H2O)Fe(µ-O)Fe(OH)L1](ClO4)3·H2O (2(ClO4)3·H2O): To 10
mL of a methanolic degassed solution containing L1 (138 mg,
0.5 mmol) and triethylamine (0.139 mL, 1.0 mmol) was added, un-
der an argon atmosphere, 5 mL of a degassed methanolic solution
of Fe(ClO4)3·6H2O (232 mg, 0.5 mmol). A small argon gas current
was maintained overnight and tiny brownish green crystals were
obtained (95 mg, 37% yield versus Fe). They were too small to
allow an X-ray diffraction measurement. 2 [L1(H2O)Fe(µ-
O)Fe(OH)L1](ClO4)3·H2O (C28H53Cl3Fe2N12O16, 1031.85): calcd.
C 32.59, H 5.17, N 16.29; Cl, 10.31; found C 32.64, H 5.11, N
16.01; Cl, 10.62.
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Raman Spectroscopy: Raman spectra were recorded on a Jobin-
Yvon double monochromator U1000 equipped with an As/Ga
photomultiplier and photocounting detection. The excitation wave-
length line was the 413.1 nm line of a Kr1 laser at 10215 mW
incident power level. Solid samples of compounds 1(ClO4)4·2H2O
and 2(ClO4)3·H2O were mounted on a disk rotating at about
1000 rpm. The spectral width was 4 cm21. The solution sample of
2 was transferred in a degassed rotating cell. The spectral resolution
was 6 cm21.

Magnetic Susceptibility Measurements: Magnetic susceptibility data
were recorded on a MPMS5 magnetometer (Quantum Design
Inc.). The calibration was made at 298 K using a palladium refer-
ence sample furnished by Quantum Design Inc. The data were col-
lected over a temperature range of 102300 K at a magnetic field
of 1.0 T and were corrected for diamagnetism. The χMT vs. T
curves were fitted using the van Vleck formula where the same g
factor was assumed for each spin state S. The energies appearing
in the exponential arguments are derived from the Heisenberg-van
Vleck-Dirac Hamiltonian 2JS1·S2. The total spin S runs from |S1

2 S2| to S1 1 S2 by unit steps.

EPR Spectroscopy: EPR spectra were recorded on Bruker ER 200
D and 300 spectrometers at X-band. For low temperature studies,
an Oxford Instrument continuous-flow liquid helium cryostat and
a temperature control system were used.

UV/Vis Spectroscopy: UV/Vis spectra were recorded on a Varian
Cary 5E spectrophotometer.

X-ray Crystallographic Study: 1(ClO4)4·2H2O (C28H56Cl4Fe2-
N12O21; M 5 1150.33 g·mol21) crystallizes in the orthorhombic
space group Pbca with a 5 17.101(2) Å, b 5 13.824(3) Å, c 5

20.922(6) Å and α 5 β 5 γ 5 90°, Z 5 8, d 5 1.545 g·cm23. The
unit-cell and intensity data were measured with an Enraf2Nonius
CAD-4 diffractometer with graphite monochromated Mo-Kα radi-
ation (λ 5 0.71073 Å). A prismatic orange crystal of [L1(H2O)Fe(µ-
O)Fe(OH2)L1](ClO4)4·2H2O with the dimensions 0.53 3 0.33 3

0.25 mm was chosen for the X-ray diffraction measurement. The
cell constants were obtained by least-squares procedures based
upon the 2Θ values of 25 reflections measured in the range 22.0 ,

2Θ , 23.7° at ambient temperature. During data collection, three
control reflections were measured every three hours. The crystal
was stable and the check reflections showed a negligible decay in
intensity of 0.45% during all the X-ray data collection. A total of
8682 reflections were collected in the range 4.26 , 2Θ , 50.0°
within [220 # h #20, 0 # k # 16, 0 # l # 24]. From 4348 inde-
pendent reflections, 2867 were considered as observed [I . 2σ(I)].
The structure was solved by direct methods with the program
SHELXS-86[39] and refined by using the SHELXL-93[40] program.
The molecular cation was located in a special crystallographic posi-
tion with the oxygen atom at an inversion center (0,0,0.5). The
perchlorate anions were located in a general crystallographic posi-
tion. The observed disorder in the structure involved the anions;
both perchlorates were disordered over two sites with nonidentical
occupations (0.74 and 0.26; 0.70 and 0.30). The structure was re-
fined anisotropically (non-hydrogen atoms) by full-matrix least-
squares approximation based on F2. The hydrogen atoms at the
oxygen atoms of water molecules were localized in a difference
Fourier synthesis and refined isotropically. Other hydrogen atom
positions were calculated by assuming geometrical positions
and were included in the structural model. The final weighting
scheme was w 5 1/[σ2(Fo

2) 1 (0.0568 P)2 1 0.001 P], where P 5

(Fo
2 1 2Fc

2)/3. The final refinement of this model was continued
until convergence when R1 5 0.0360 for F2 . 2σ(F2) and Rw 5
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0.0840 were reached. The final difference map showed the largest
residual peaks of 0.398 and 20.169 e·Å23. The two largest peaks
were found at the Fe atoms.
Crystallographic data (excluding structure factors) for the struc-
ture(s) included in this paper have been deposited with the Cam-
bridge Crystallographic Data Centre as supplementary publication
no. CCDC-143394. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK [Fax: (internat.) 1 44-1223/336-033; E-mail:
deposit@ccdc.cam.ac.uk].
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lart, M. Delroisse, J.-B. Verlhac, G. Blondin, J.-J. Girerd, J. Gu-
ilhem, M. Césario, A. W. Rutherford, D. Lexa, J. Am. Chem.
Soc. 1996, 118, 266922678.

[22] J. E. Plowman, T. M. Loehr, C. K. Schauer, O. P. Anderson,
Inorg. Chem. 1984, 23, 355323559.

[23] F. Calderazzo, L. Labella, F. Marchetti, J. Chem. Soc., Dalton
Trans. 1998, 148521489.

[24] A. Hazell, K. B. Jensen, C. J. McKenzie, H. Toftlund, Inorg.
Chem. 1994, 33, 312723134.

[25] B. R. Whittlesey, Z. Pang, R. A. Holwerda, Inorg. Chim. Acta
1999, 1242126.

[26] R. M. Buchanan, S. Chen, J. F. Richardson, M. Bressan, L.
Forti, A. Morvillo, R. H. Fish, Inorg. Chem. 1994, 33,
320823209.

[27] A. Hazell, K. B. Jensen, C. J. McKenzie, H. Toftlund, J. Chem.
Soc., Dalton Trans. 1993, 324923257.

[28] S. L. Heath, A. K. Powell, H. L. Utting, M. Helliwell, J. Chem.
Soc., Dalton Trans. 1992, 3052307.

[29] S. M. Gorun, S. J. Lippard, Inorg. Chem. 1991, 30, 162521630.
[30] R. Hotzelmann, K. Wieghardt, U. Flörke, H.-J. Haupt, D. C.

Weatherburn, J. Bonvoisin, G. Blondin, J.-J. Girerd, J. Am.
Chem. Soc. 1992, 114, 168121696.

[31] The equation given in ref 19 in erroneous in the exponential ar-
gument.

[32] H. Weihe, H. U. Güdel, J. Am. Chem. Soc. 1997, 119,
653926543.

[33] J. Sanders-Loehr, W. D. Wheeler, A. K. Shiemke, B. A. Averill,
T. M. Loehr, J. Am. Chem. Soc. 1989, 111, 808428093.

[34] R. M. Wing, K. P. Callahan, Inorg. Chem. 1969, 8, 8712874.
[35] R. C. Reem, J. M. McCormick, D. E. Richardson, F. J. Devlin,

P. J. Stephens, R. L. Musselman, E. I. Solomon, J. Am. Chem.
Soc. 1989, 111, 468824704.

[36] R. E. Norman, R. C. Holz, S. Ménage, C. J. O9Connor, J. H.
Zhang, L. Que, Jr., Inorg. Chem. 1990, 29, 462924637.

[37] C. Duboc-Toia, S. Ménage, J.-M. Vincent, M. T. Averbuch-
Pouchot, M. Fontecave, Inorg. Chem. 1997, 36, 614826149.

[38] D. Tétard, J.-B. Verlhac, Journal of Molecular Catalysis A:
Chemical 1996, 113, 2232230.

[39] G. M. Sheldrick, Acta Crystallogr., Sect. A 1990, 46, 467.
[40] G. M. Sheldrick, Program for the refinement of crystal struc-

tures, University of Göttingen, Germany.
Received September 8, 2000

[I00338]


