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Abstract

The synthesis and characterization of two new bis(l-alkoxo)-bridged dinuclear iron(III) complexes with the ligands 1-(2-

hydroxyethyl)-pyrazole (Hnhep) and 1-(2-hydroxyethyl)-3,5-dimethylpyrazole (Hnhed), [Fe(nhep)Cl2(EtOH)]2 (1) and [Fe(n-

hed)Cl2]2 (2) are reported. The crystal structures of both complexes reveal the presence of centrosymmetric dinuclear units. In

compound 1, the iron(III) center has a coordination number of six, with a slightly distorted octahedral geometry. In compound

2, the bulkier nhed ligand, with methyl groups at the 3- and 5-positions of the pyrazole ring, leads to a coordination number of five

at the iron(III) center in a distorted square pyramidal geometry. The magnetic properties of both complexes have been investigated

in the range 2–300 K and indicate the presence of fairly weak antiferromagnetic exchange interactions between iron(III) ions

(J1 = �10.04 cm�1 for 1 and J2 = �12.5 cm�1 for 2). The inactivity of both complexes in the cyclohexane hydroxylation appears

to be partly due to the presence of the strong iron(III)–chloride bond that does not allow exchange with the reactant molecules.

� 2004 Published by Elsevier Ltd.
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1. Introduction

Over the past few decades, considerable progress has

been made in the development of oxo-bridged dinuclear

iron(III) complexes that can reproduce both the struc-

tural and the functional properties of the metallic cores

of the non-heme proteins including hemerytin (Hr) [1],

ribonucleotide reductase (RR) [2], methane monooxy-

genase (MMO) and purple acid phosphatase (PAPs)

[3]. In particular, the ability of the MMO enzyme to
activate inert C–H bonds under ambient conditions

has received special attention over the past 20 years.
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The enzyme is known to catalyze the conversion of

methane into methanol (Eq. (1)). Substrate oxidation
occurs at the diiron centre of the hydroxylase compo-

nent of the enzyme, which receives two electrons from

NADH via reductase to activate the dioxygen molecule

[4].

2NADHþCH4þO2 ! 2NADþ þCH3OHþH2Oþ2e�

ð1Þ
In the oxidized state of methane monooxygenase

(MMOox), the positive charge of the two high-spin

iron(III) ions is balanced by four glutamate and two

bridging hydroxide ligands; two additional histidine

ligands complete the octahedral coordination spheres of

the iron ions [5]. Because of the rather elaborate synthesis
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of imidazole-based ligands, aliphatic amines, imine or

pyridines are commonly used to synthesize model com-

pounds [3,6–11]. Pyrazole-based ligands have been less

well investigated for the purpose of synthesizing model

complexes that can mimic the active site of those metal-

loenzymes and metalloproteins which are known to con-
tain imidazole groups from histidine bound to the iron

center in the active site [12,13]. This type of ligands might

be preferred in the field of biomimetic chemistry, both be-

cause they are good structural analogues for the size and

electronic properties of histidine and because of their

relative ease of preparation as compared to imidazole

ligands.

Although a large number of oxygen-bridged dinu-
clear iron(III) complexes have been synthesized and

characterized as structural and functional models for

the MMO enzyme, the most efficient models for alkane

hydroxylation remain l-oxo dinuclear iron(III) com-

plexes with didentate (bipyridine, bpy) [10,14], or tetrad-

entate (tris(2-pyridylmethyl)amine, tpa) pyridine-like

ligands [7,15–17] and exchangeable l-acetato or termi-

nal aquo ligands. In these cases, both tert-butylhydrop-
eroxide and H2O2 have proven to be the most widely

studied oxidants in association with these catalysts. In

a programme to search for more adequate synthetic

models for the active site of MMO, we report herein

the synthesis, characterization, magnetic properties

and the reactivity studies of two new bis(l-alkoxo)-
bridged dinuclear iron(III) complexes, [Fe(nhep)Cl2(E-

tOH)]2 (1) (Hnhep = 1-(2-hydroxyethyl)-pyrazole) and
[Fe(nhed)Cl2]2 (2) (Hnhed = 1-(2-hydroxyethyl)-3,5-

dimethylpyrazole).
2. Experimental

2.1. Synthesis

Chemicals were purchased fromAldrich andwere used

as received. The ligands 1-(2-hydroxyethyl)-pyrazole

(Hnhep) [18] and 1-(2-hydroxyethyl)-3,5-dimethylpyraz-

ole (Hnhed) [19] were synthesized as previously reported.

2.1.1. Fe(nhep)Cl2(EtOH)] (1)
The complex was obtained by slow diffusion, in an

H-shaped tube, of two ethanolic solutions, one contain-
ing 1 mmol (0.2 g) FeCl2 Æ 4H2O and the other one con-

taining 1 mmol (0.15 g) of 1-(2-hydroxyethyl)-pyrazole.

Dark orange crystals were obtained in one week. The

crystals were collected by filtration, washed with diethyl

ether and dried in vacuum. Yield: 0.32 g (60%) Anal.

Calc. for C14H26Cl4Fe2N4O4: C, 29.57; H, 4.57; N,

9.85. Found: C, 29.89; H, 4.62; N, 9.48%. IR (mmax/cm
�1):

3288m, 2938m, 2873w, 1624w, 1546m, 1421s, 1280m,
1188s, 1060s, 1028s, 1004m, 893s, 765s, 611m, 562s,

467s, 386m. UV–Vis (kmax/nm): 411, 639, 1050.
2.1.2. Fe(nhed)Cl2] (2)
The complex was prepared by adding 2 mmol (0.3 g)

of the ligand 1-(2-hydroxyethyl)-3,5-dimethylpyrazole

(Hnhed) dissolved in 10 ml of tetrahydrofuran to a solu-

tion of 2 mmol (0.4 g) FeCl2 Æ 4H2O in 20 ml tetrahydro-

furan. Slow diffusion of hexane into the resulting orange
solution over 3 days yielded orange crystals that were

collected by filtration, washed with hexane and dried

in air. Yield: 0.45 g (78%) Anal. Calc. for C14H22Cl4Fe2-
N4O2: C, 30.45; H, 3.98; N, 10.15. Found: C, 31.07; H,

3.74; N, 10.48%. IR (mmax/cm
�1): 2925m, 2865w, 1636w,

1558m, 1473s, 1364m, 1227m, 1133s, 1084m, 1049s,

895s, 798s, 627m, 570s, 513m, 450s, 356m. UV–Vis

(kmax/nm): 407, 589, 1018.

2.2. Physical measurements

Elemental analyses of C, H, and N were performed

on a Perkin Elmer 2400 Series II analyzer. Infrared spec-

tra (4000–300 cm�1) were recorded using the reflectance

technique on a Perkin–Elmer Paragon 1000 FTIR spec-

trometer equipped with a Golden Gate ATR device. Li-
gand field spectra were obtained on a Perkin-Elmer

Lambda 900 spectrophotometer using the diffuse reflec-

tance technique, with MgO as a reference. Magnetic sus-

ceptibility measurements (2–300 K) were carried out at

1 T using a Quantum Design MPMS-5 5T SQUID mag-

netometer. Data were corrected for the magnetization of

the sample holder and for diamagnetic contributions,

the latter of which were calculated from the Pascal con-
stants [20]. The GC–MS measurements were carried out

on a Hewlett–Packard 5890 Series II gas chromato-

graph, equipped with WCOT fused silica column (sta-

tionary phase: CP-Was 58 (FFAP) CB) and coupled to

a Hewlett–Packard 5971 series mass spectrometer with

a mass-selective detector. Standard oxidation reactions

were carried out under ambient conditions. The Möss-

bauer spectra were measured on a constant-acceleration
spectrometer which utilized a room temperature rho-

dium matrix cobalt-57 source and was calibrated at

room temperature with a-iron foil.

2.3. X-ray crystallography and data collection

Intensity data for a single crystals of 1 and 2 were col-

lected using Mo Ka radiation (k = 0.71073 Å) on a Non-
ius KappaCCD diffractometer. A correction for

absorption was considered unnecessary in the case of

compound 1. In the case of compound 2, an empirical

absorption correction was made using PLATONPLATON/DELABSDELABS

(0.600–0.800 transmission) [21]. The structures were

solved by automated Patterson methods using DIR-DIR-

DIFDIF99 (1) or direct methods using SHELXSHELX-97 (2) and

were refined on F2 by least-squares procedures using
SHELXLSHELXL-97 [22–24]. All non-hydrogen atoms were re-

fined with anisotropic displacement parameters. In the
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case of compound 1, all hydrogen atoms were indepen-

dently refined. For compound 2, all hydrogen atoms

were constrained to idealized geometries and allowed

to ride on their carrier atoms with an isotropic displace-

ment parameter related to the equivalent displacement

parameter of their carrier atoms. Structure validation
and molecular graphics preparation were performed

with the PLATONPLATON package [21].

2.4. Oxidation reactions

2.4.1. Procedure I

In a typical run, 10 equiv. of H2O2 (30%) were added

to a methanol solution (10 ml) containing 1 mM catalyst
(stock solution) and 1 M cyclohexane at room tempera-

ture with a final catalyst:substrate:H2O2 ratio of

1:1000:10.

2.4.2. Procedure II

The complexes (0.05 mmol) were dissolved in metha-

nol (10 ml) containing 2.5 mmol of substrate. The reac-

tion was started by adding 5 mmol of 30% H2O2. The
final catalyst:substrate:H2O2 ratio was 1:50:100. In both

procedures, after 3 h of reaction at 25 �C, aliquots were
taken from the reaction mixtures and analyzed twice by

GC–MS: both with and without the addition of an ex-

cess of triphenylphosphane for the quantification of

the amount of hydroperoxide [25]. Chlorobenzene was

used as internal standard.
3. Results and discussions

3.1. Synthesis and spectroscopic studies

The reaction of Hnhep or Hnhed with either FeCl2 or

FeCl3 affords two new bis(l-alkoxo)-bridged dinuclear

iron(III) complexes (1 and 2), as confirmed by their
X-ray structure determinations (vide infra).

The infrared spectra of the complexes 1 and 2 exhibit

the bands expected for the deprotonated ligands 1-(2-

oxyethyl)-pyrazole and 1-(2-oxyethyl)-3,5-dimethylpy-

razole. The most significant effect of the coordination

of the pyrazole-based ligands to the iron(III) center is

observed in the range 1500–1650 cm�1. In this spectral

range, both free ligands exhibit two characteristic bands,
m(C@N) (at 1636 cm�1 for Hnhep and 1642 cm�1 for

Hnhed) and m(C–O) (at 1508 cm�1 for Hnhep and

1512 cm�1 for Hnhed). Upon coordination of these li-

gands to iron(III), the energy of the m(C@N) band de-

creases (to 1624 cm�1 for 1 and 1632 cm�1 for 2) and

that of m(C–O) increases (to 1546 cm�1 for 1 and 1558

cm�1 for 2), suggesting the presence of an alkoxo bridge.

Both the symmetric and the asymmetric Fe–O–Fe vibra-
tions have associated bands in the infrared spectra of

complexes 1 and 2 [26]. The asymmetric stretching
vibrations at 611 cm�1 for 1 and 627 cm�1 for 2 and

the symmetric stretching vibrations at 562 cm�1 for 1

and 570 cm�1 for 2 are in the range of those observed

for similar Fe2(OR)2 dimers [3,6–11]. A sharp peak at

3288 cm�1 observed in the infrared spectrum of 1 indi-

cates the presence of moderately strong hydrogen bonds.
The ligand field spectra of both 1 and 2 display the

features typical of bis(l-alkoxo)-bridged iron(III) com-

pounds: an intense absorption band (at 411 nm for 1

and 407 nm for 2) with a lower energy shoulder (at

639 nm for 1 and 589 nm for 2), assigned to the li-

gand-to-iron(III) charge-transfer transitions [27]. In

the ligand field spectrum of complex 2, a medium inten-

sity absorption band that occurs at 1018 nm is attrib-
uted to the d–d transitions involving forbidden states

of high-spin iron(III). The unusually high intensity of

this band may be due either to the exchange coupling be-

tween the iron(III) centers that engenders a relaxation of

the spin selection rules or to the low symmetry of the ir-

on(III) coordination [28]. For complex 1, a weak poorly-

resolved absorption band at 1050 nm is observed.

3.2. Description of crystal structures

The structures of complexes 1 and 2 were deter-

mined by X-ray crystallography. Crystallographic data

and selected bond lengths and angles are listed in

Tables 1 and 2.

A Pluton projection of the centrosymmetric dinuclear

unit of 1 is depicted in Fig. 1. Each iron center, coordi-
nated to two bridging alkoxo-groups, two terminal chlo-

ride ions, one nitrogen atom of the Hnhep pyrazole ring

and one oxygen atom of an ethanol molecule, has a

Cl2NO3 donor set in a pseudo-octahedral geometry.

The two metal-centred octahedra share an edge in the

dinuclear complex. The anionic Hnhep ligand is found

in a didentate coordination mode forming the alkoxo-

bridges of a planar Fe2(OR)2 core. The O6–Fe1–N1 bite
angle (87.78(5)�) is smaller than that found in a related

copper compound [29]. The Fe1–Oalkoxo bond distances

of 1.9707(10) and 2.0026(10) Å are nearly equivalent to

those observed in other bis(l-alkoxo)-iron complexes

[30–33]. The Fe–O–Fe angle (105.69(5)�) and the

Fe� � �Fe separation (3.1670(5) Å) are within the range

of values found in bis(l-alkoxo)-bridged iron(III) com-

plexes [26,30,31,33]. The positions of trans coordinating
ligands deviate slightly from linearity (161.75(5)�–
175.67(4)�), and the iron(III) ion is lifted from the basal

plane by 0.17 Å in the direction of the ethanol molecule.

The two chloride ions are cis to each other (Cl1–Fe1–

Cl2 = 93.936(19)�) with Fe–Cl bond distances of

2.2667(5) and 2.3400(5) Å that are close to the values

generally observed for iron(III) complexes [34–38]. An

interesting feature of the crystal structure of 1 is
the presence of two intramolecular hydrogen bonds

(Fig. 1) that are established between the chloride ions



Fig. 2. Pluton projection and numbering scheme of the dinuclear

structure of 2.

Table 2

Selected bond distances (Å) and angles (�)

[Fe(nhep)Cl2(EtOH)]2 (1) [Fe(nhed)Cl2]2 (2)

Bond distances

Fe1–Cl1 2.3400(5) Fe1–Cl1 2.2490(6)

Fe1–Cl2 2.2667(5) Fe1–Cl2 2.2183(6)

Fe1–O6 2.0026(10) Fe1–O10 1.9384(13)

Fe1–O9 2.1796(13) Fe1–N12 2.1059(16)

Fe1–N1 2.1106(13) Fe1–O10a 2.0157(13)

Fe1–O6a 1.9707(10) Fe� � �Fe 3.184

Fe� � �Fe 3.167

Bond angles

Cl1–Fe1–Cl2 93.936(19) Cl1–Fe1–Cl2 112.05(2)

Cl1–Fe1–O6 95.46(4) Cl1–Fe1–O10 132.86(5)

Cl1–Fe1–O9 175.67(4) Cl1–Fe1–N12 94.86(5)

Cl1–Fe1–N1 91.71(4) Cl1–Fe1–O10a 91.75(4)

Cl1–Fe1–O6a 93.44(4) Cl2–Fe1–O10 113.38(5)

Cl2–Fe1–O6 169.78(4) Cl2–Fe1–N12 102.45(5)

Cl2–Fe1–O9 89.43(4) Cl2–Fe1–O10a 94.74(5)

Cl2–Fe1–N1 95.96(4) O10–Fe1–N12 87.23(6)

Cl2–Fe1–O6a 101.14(3) O10–Fe1–O10a 72.75(6)

O6–Fe1–O9 81.39(5) N12–Fe1–O10a 157.64(6)

O6–Fe1–N1 87.78(5)

O6–Fe1–O6a 74.31(5)

O9–Fe1–N1 85.22(5)

O9–Fe1–O6a 88.58(5)

N1–Fe1–O6a 161.75(5)

Symmetry operations: x, y, z; �x, 1/2 + y, 1/2�z; �x, �y, �z; x, �1/

2 + y, �1/2 + z.

Table 1

Crystal and structure refinement data

[Fe(nhep)Cl2(EtOH)]2 (1) [Fe(nhed)Cl2]2 (2)

Chemical formula C14H26Cl4Fe2N4O4 C14H22Cl4Fe2N4O2

Molecular weight 567.89 531.86

Crystal system monoclinic monoclinic

Space group P21/c P21/c

a (Å) 8.9777(11) 11.1114(3)

b (Å) 11.7553(11) 9.4134(2)

c (Å) 12.7193(14) 10.8790(2)

b (�) 125.156(7) 112.1261(9)

V (Å3) 1097.5(2) 1054.10(4)

Z 2 2

Dcalc (Mg m�3) 1.7185(3) 1.6757(1)

l(Mo Ka) (mm�1) 1.836 1.899

Crystal size (mm) 0.23 · 0.21 · 0.19 0.24 · 0.24 · 0.12

T (K) 293(2) 150

Data collected 38 599 11 672

Unique data 2527 2391

Rint 0.0371 0.0412

R(F) [I > 2r(I)] 0.0216 0.0270

Rw(F
2) 0.0496 0.0621

S 1.03 1.03

Dqmin, Dqmax (e Å
�3) 0.284, �0.245 0.285, �0.313

Fig. 1. Pluton projection and numbering scheme of the dinuclear

structure of 1.
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and the ethanol molecules of the adjacent iron(III) cen-

ters (O9–H9� � �Cl1a = 3.163(2) Å). The observed O-H

stretching vibration of the ethanol molecule (3288

cm�1) and the O–H� � �Cl distance fit fairly well the rela-
tionship developed by Bellamy et al. (O9–
H9� � �Cl1a = 3.158 Å) [39]. No evidence was found for

strong intermolecular contacts between dinuclear units.

The crystal structure of compound 2 (Fig. 2) reveals a

centrosymmetric dinuclear unit, similar to that observed

for compound 1. The presence of the methyl groups at

the 3- and 5-positions of the pyrazole ring of the Hnhed

ligand in 2 results in a change of the coordination geom-
etry around the iron(III) ions. Each iron(III) center is

now five-coordinate and has a distorted square pyrami-

dal geometry (as ascertained by the factor s = 0.4; s = 0

for a square pyramid and s = 1 for trigonal bipyramid)

[40]. One chloride ion, the two bridging Oalkoxo ligands

and the nitrogen donor of the pyrazole ring constitute

the basal plane of the square pyramid, and the other

chloride ion occupies the apical position of the square
pyramid. As a result, the dinuclear complex consists of

two square pyramids sharing a basal edge (Fig. 2).

The largest distortion from the square pyramidal geom-

etry is evidenced by the angles N12–Fe1–O10a =

157.64(6)� and O10–Fe1–Cl1 = 72.75(6)�. The O10–Fe1–

N12 = 87.23(6)� bite angle of the didentate ligand is

similar to that observed for Hnhep in compound 1.
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The Fe–O–Fe angle (107.25(6)�), Fe–O distances

(1.9384(14) and 2.0157(16) Å) and Fe� � �Fe separation

(3.184 Å) are within the range of values found for re-

lated bis(l-alkoxo) bridged iron(III) complexes [30–

32,41]. The angle between the two chloride ions is

Cl1–Fe1–Cl2 = 112.05(2)�; the average Fe–Cl bond dis-
tance of 2.2336(5) Å, is significantly shorter than in com-

pound 1, but still within the range of the values observed

for other iron(III) complexes [34–38]. No stacking inter-

actions or classical hydrogen bonds are observed in the

crystal structure of compound 2.

3.3. Magnetic properties

The variable temperature solid-state magnetic suscep-

tibilities of 1 and 2 have been investigated in the range

2–300 K in an applied magnetic field of 1 T. The values

of the vmT product at room temperature are 8.761

cm3 K mol�1 for 1 and 8.749 cm3 K mol�1 for 2, in

agreement with the expected value for two independent

spins S = 5/2 (8.754 cm3 K mol�1). The vmT versus T

curves of both compounds are similar and show a con-
tinuous decrease, as the temperature is lowered from

300 to 2 K indicating that the two iron(III) ions are anti-

ferromagnetically coupled. Fig. 3 shows the vmT versus

T plot for compound 1; a very similar behaviour was ob-

served for 2 (not shown).

The six possible states for a dinuclear Fe(III)–Fe(III)

complex have total spins of S = 0, 1, 2, 3, 4, 5. These

spin states are split in energy and produce a spin ladder
that can be modeled by the Heisenberg–Dirac–van

Vleck phenomenological Hamiltonian: H = �2JS1S2

[20]. The value of the exchange interaction J can be ob-

tained from the fit of the vmT versus T curve, where the
Fig. 3. Plot of the vmT vs. T for compound 1: circles experimental

values; (—) calculated values.
measured magnetic susceptibility is a sum of three terms

without zero field splitting (Eq. (2)):

vexp ¼ vpara þ vdia þ vTIP ð2Þ

in which vpara is the paramagnetic (temperature-

dependent) contribution, vdia is the diamagnetic contri-

bution and vTIP is the temperature-independent para-

magnetism, arising from mixing of the excited states
into the ground state by the magnetic field. Typically J

is determined from a fit of the magnetic susceptibility

data using the Van Vleck equation evaluated for an

exchange-coupled high-spin dinuclear Fe(III)Fe(III)

complex (Eq. (3)) [20]:

v ¼ 2Ng2b2

kT
� ex þ 5e3x þ 14e6x þ 30e10x þ 55e15x

1þ 3ex þ 5e3x þ 7e6x þ 9e10x þ 11e15x
;

ð3Þ
with x = J/kT. The temperature-independent paramag-

netism (TIP = 400 · 10�6 cm3 K mol�1 for each iron

ion) was taken into account. Using this approach,

the best fit parameters were J1 = �10.04 cm�1,

g1 = 2.02, for compound 1 and J2 = �12.5 cm�1,

g2 = 2.03, for compound 2. The values obtained are
in the range of those observed for other weak antifer-

romagnetically coupled alkoxo-iron complexes. A cor-

relation between the experimental and calculated

magnetic data together with structural parameters is

shown in Table 3 [42].
3.4. Mössbauer spectral studies

The Mössbauer spectra of 1 and 2 have been mea-

sured at 295 and 78 K and show the expected single

quadrupole doublet. The hyperfine parameters resulting

from quadrupole doublet fits are given in Table 4 and

the 78 K spectra are shown in Fig. 4. The 295 K spectra

are essentially identical to the 78 K spectra. The hyper-

fine parameters are typical of iron(III) [43–45] in a some-

what distorted five- or six-coordinate environment and,
as expected, the isomer shifts increase slightly upon

cooling as a result of the second-order Doppler shift.

Rather surprisingly there is little difference in the isomer

shift between the six-coordinate iron(III) in 1 and the
Table 3

Magnetic and structural parameters

Complex P (Å)a d(Fe� � �Fe)
(Å)

a (�)b Jcalc (cm
�1)c Jexp (cm�1)

1 1.9708 3.167 105.69 �12.7 �10

2 1.9384 3.184 107.25 �19.5 �12.5

a P corresponds to the half of the length of the shortest Fe–O–Fe

bridge.
b a = Fe–O–Fe angle.
c Calculated after Gorun and Lippard [42] (�J = AeBP) with

A = �1.08 · 1013 cm�1 and B = �13.9 Å�1.



Table 4

Mössbauer spectral hyperfine parameters

Compound T (K) d (mm/sa) DEQ (mm/s) C (mm/s) Area ((%e)/(mm/s))

[Fe(nhep)Cl2(EtOH)]2 (1) 295 0.314(6) 0.40(2) 0.31(1) 0.45(2)

78 0.409(3) 0.47(1) 0.25(1) 1.64(1)

[Fe(nhed)Cl2]2 (2) 295 0.320(6) 0.51(2) 0.31(1) 1.54(2)

78 0.412(4) 0.54(1) 0.31(1) 2.33(1)

a The isomer shifts are given relative to room temperature a-iron foil.

Fig. 4. The Mössbauer spectra of 1 and 2 obtained at 78 K.
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five-coordinate iron(III) in 2, but the five-coordinate 2

does exhibit a slightly larger quadrupole splitting.

3.5. Reactivity studies

The monooxygenase-like activity of complexes 1 and

2 has been tested in the oxidation of cyclohexane using

H2O2 as oxidant, in methanol as solvent, and under

ambient conditions. However, by using either one of

the procedures described in the experimental part, no

cyclohexane conversion was observed. Several additives

(N-methylimidazole, acetic acid, benzoic acid, pyridine

2-carboxylic acid, pyridine 2,6-dicarboxylic acid, 3,5-
pyrazoledicarboxylic acid, 4,5-imidazoledicarboxylic

acid, 2-pyrazinecarboxylic acid) have been screened for

possible improvement of the catalytic efficiency, how-

ever, no improvement was observed. The inactivity of

the complexes 1 and 2 in cyclohexane oxidation is most

probably due to the presence of iron(III)–chloride bonds

that are too strong to allow exchange with solvent mol-

ecules or reactants.
Fontecave et al. [46] have reported that the activation

of the C-H bond by hydroperoxides requires the pres-
ence of exchangeable coordination sites, in order to al-

low the binding of the oxidant to the metal centre.

Therefore, it was decided to evaluate the corresponding

in situ CF3SO3
� salts of compounds 1 and 2 (obtained

by addition of AgCF3SO3 to the methanol solution of
1 or 2, followed by stirring and filtration through Celite

to remove the silver salt) for the oxidation of cyclohex-

ane. Using the procedure II, the maximum catalytic

activity is reached after 3 h and it results in the forma-

tion of 3.2 equiv. cyclohexanol and 1.4 equiv. cyclohex-

anone in the reaction catalyzed by 1 and 1.8 equiv.

cyclohexanol and 1.2 equiv. cyclohexanone in the reac-

tion catalyzed by 2. The use of the procedure I does
not lead to any catalytic activity. Also, H2O2 dismuta-

tion has not been observed in both complexes.

By using a large excess of H2O2 (100 to 1000 equiv. in

procedure II) neither cyclohexane conversion nor H2O2

dismutation activity was observed. In order to gain in-

sight into the total lack of activity of complexes 1 and

2 under these conditions, the oxidation attempts were

also followed by UV–Vis and ES-MS spectroscopy.
The UV–Vis spectra of both compounds in methanol

solution show similar features and no significant

changes are observed when the solutions are kept at

room temperature for several days. In both cases, the

UV–Vis spectrum is dominated by a broad band at

about 360 nm which is assigned to the iron-to-oxygen

charge transfer transition. When H2O2 is added, the al-

koxo-to-iron(III) LMCT band at 360 nm of 1 (356 nm
for 2) starts to decrease in intensity and to shift to higher

energy; however in the presence of 10–20 equiv. H2O2,

only insignificant changes are observed. When the

amount of H2O2 added is increased, the intensity of

the band decreases progressively and the band disap-

pears completely after addition of 1000 equiv. of

H2O2. The observed spectroscopic changes observed

for compound 1 are presented in Fig. 5. This behaviour
suggests a change in, or loss of, the coordination of the

pyrazole ligand. Indeed, after addition of 1000 equiv. of

H2O2, the ES-MS mass spectrum of complex 1 shows a

peak at m/z = 113 with an abundance of 100% corre-

sponding to the free Hnhep ligand and some other peaks

of low intensity (abundance <10%) that could not be

clearly assigned. A similar ES-MS mass spectrum was

observed for complex 2 after addition of H2O2 (m/z =
141 [Hnhed + H]+, 176 [(H2nhed)Cl + H]+).



Fig. 5. Spectroscopic changes observed for a methanol solution of

compound 1 upon the addition of H2O2.
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4. Conclusions

We have synthesized and characterized two new

bis(l-alkoxo)diiron(III) complexes, [Fe(nhep)Cl2(E-

tOH)]2 (1) and [Fe(nhed)Cl2]2 (2) which have been in-

spired by the methane monooxygenase enzyme. The

structural analysis of both complexes demonstrates

the ability of the 1-(2-hydroxyethyl)pyrazole ligands
to form dinuclear iron(III) compounds with a coordi-

nation number of five or six at the metal centre. A de-

tailed characterization of complexes 1 and 2 including

structural, spectroscopic and magnetic studies has

been carried out. Replacing chloride ions with non-

coordinating anions (CF3SO3
�) in compounds 1 and

2, results in apparent catalytic activity in the oxidation

of cyclohexane. This observation suggests that the
inactivity of these complexes appears to be partly

due to the presence of iron(III)-chloride bonds that

are too strong to allow exchange with solvent mole-

cules or reactants. Further optimization of the reac-

tion conditions and the investigation of other

substrates are in progress.
5. Supplementary material

Crystallographic data (excluding structure factors)

have been deposited with the Cambridge Crystallo-

graphic Data Centre as supplementary publication

no. CCDC 216734 (for 1) and CCDC 223689 (for

2). Copies of the data can be obtained free of charge

on application to The Director, CCDC, 12 Union
Road, Cambridge, CB2 1EZ, UK (fax: +44-1223-

336-033; e-mail: deposit@ccdc.cam.ac.uk or www.ccdc.

cam.ac.uk).
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