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Neutral homo- and heterobinuclear complexes with the gen-
eral formula [(tmtacn)MA(salox)3MB] where MA (MnIII or
FeIII) is facially coordinated to the cyclic amine 1,4,7-trime-
thyl-1,4,7-triazacyclononane (tmtacn) and MB (MnIII or FeIII)
is coordinated to the azomethine nitrogens and phenolate
oxygens of the bridging ligand, salicylaldoxime, thus
yielding MAN3O3 and MBN3O3 cores. The compounds were
characterized by IR, UV/Vis, mass spectrometry, Mössbauer
spectroscopy, electrochemistry, and variable-temperature
(2−295 K) magnetic susceptibility measurements. The mo-
lecular structures of the compounds [(tmtacn)FeIII(salox)3-

FeIII] (3) and [(tmtacn)FeIII(tBuSalox)3FeIII] (4) were estab-

Introduction

Current interest in the coordination chemistry of phenol
containing ligands[124] is mainly due to the discovery of the
widespread occurrence of tyrosinase radicals in metallopro-
teins, involved in oxygen-dependent enzymatic radical
catalysis.[528] Amongst the catalytically essential redox-act-
ive amino acids, glycyl, cysteinyl, tryptophan, tyrosyl, and
modified tyrosyl are the most prevalent, and tyrosine-based
radical enzymes are the best characterized.

As part of an effort directed toward the development of
biologically inspired homogeneous catalysis[9211] for the
aerial oxidation of organic substrates like alcohols and
amines, we are investigating the synthesis and reactivity of
phenolate complexes of the transition metals, together with
their one-electron oxidized phenoxyl radical complexes.
Such phenoxyl radical complexes, stable in the solid state,
are rather rare. This scarcity is partly due to the fact that
the metal2phenolate bond to a late transition metal ion
should be relatively weak. For the early transition metal
ions, the metal2phenolate bonding is strengthened by π-
donation from the lone pair of electrons on oxygen into an
empty d-orbital on the metal, but for the late transition
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lished by X-ray diffraction. Three oximate groups −HC=N−O
bridge the metal centers with Fe···Fe separations of 3.571(1)
and 3.486(1) Å for (3) and (4), respectively. Analysis of the
susceptibility data yields antiferromagnetic interactions be-
tween the metal centers for the complexes FeIIIFeIII and MnIII-
FeIII, but a ferromagnetic interaction for MnIIIMnIII. The elec-
trochemistry of all complexes was investigated in detail. For
the complexes FeIIIFeIII (3) and (4) a series of reversible one-
electron transfer waves leads to the formation of the cations
[Fe2]1+/2+/3+ that are attributed to the generation of salox-
based phenoxyl radicals.

metal ions such empty low-lying orbitals are not always
available.

In another field of modern coordination chemistry there
is a continuous interest in polynuclear exchange-coupled
systems that are relevant to the area of both magnetic
materials[12215] and biomodeling.[5,16218] Of special interest
in this context is the rational synthesis of polynuclear com-
plexes with desired nuclearity by reaction of mono or dinuc-
lear complexes with different metal complexes[19] of the
same or different nature, i.e. the use of metal complexes
as ligands.

In this regard we have reported several series of linear
complexes comprising [MA2MB], [MA2MB2MA],
[MA2MB2MC], and [MA2MB2MB2MA] cores,[20223] in-
volving the end-capping amine tmtacn and several bridging
oximes together with nonlinear tetranuclear [(MA)2(µ-
O)2(MB)2] complexes containing salicylaldoxime, salox.[24]

Although salicylaldoxime was used as a complexing
agent as early as 1930,[25] comparatively few reports on its
ligating properties towards the trivalent transition metal
ions have been published.[24,26230] During the course of the
preparative work involving MIII(saloxH)3, where M 5 FeIII,
MnIII, saloxH 5 the monoanion of salicylaldoxime H2sa-
lox, we envisaged the possibility of preparing a series of
neutral dinuclear complexes with the general formula
[(tmtacn)MA(salox)3MB], where MA 5 MnIII or FeIII, and
is facially coordinated to the cyclic amine 1,4,7-trimethyl-
1,4,7-triazacyclononane, tmtacn, and MB 5 MnIII or FeIII

and is coordinated to the three salox units.
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Scheme 1. Ligands and general frame of the [(tmtacn) MA (salox)3
MB] complexes

It has been recently established by Wieghardt et al.[31]

that tert-butyl substituents at the ortho and para positions
of the phenolates facilitate one-electron oxidation to the
corresponding phenoxyl radicals, because these substituents
decrease the oxidation potential of the phenolates and pro-
vide enough steric bulk to suppress bimolecular decay reac-
tions. Accordingly, we have synthesized salicylaldoxime
with tert-butyl substituents at the ortho and para positions
i.e., 4,6-di-tert-butyl salicylaldoxime, abbreviated tBu-salox,
and investigated the electrochemical behavior amongst
other studies, to generate the phenoxyl radical species from
the parent dinuclear FeIII complex. Thus, the compounds
[(tmtacn)MnIII(salox)3MnIII] (1), [(tmtacn)MnIII(salox)3-

FeIII] (2), [(tmtacn)FeIII(salox)3FeIII] (3), and [(tmtacn)FeIII-
(tBu-salox)3FeIII] (4), were synthesized and characterized by
means of various spectroscopic methods. The single crystal
X-ray structure determinations of (3) and (4) were also per-
formed.

Results and Discussion

The complexes [(tmtacn)MA(salox)3MB] were obtained
by reaction of an appropriate metal salt with the ligand
H2salox in oxygen-free methanol, in the presence of triethy-
lamine, followed either by the solid [Fe(tmtacn)Cl3] or
[(tmtacn)2MnIII

2(µ-O)(µ-OAc)2]21, produced in situ, in stoi-
chiometric equivalents. Dark microcrystalline products
were collected with yields varying between 40 to 70%. Satis-
factory analyses (C, H, N, Fe, Mn) were obtained. Our at-
tempts to characterize the species produced by the reaction
of salicylaldoxime with either FeCl3 or ‘‘MnIII acetate’’ are
yet to be successful. However, these species are able to yield
the dinuclear complexes 1, 2, 3, and 4, in the presence of a
base (Et3N) and the [M(tmtacn)]31 unit [M 5 FeIII or
MnIII]. The function of the added base is to provide a me-
dium needed for deprotonation of the 2HC5N2OH
groups present.

Since the IR spectra of complexes 1, 2, 3, and 4 are quite
similar, the discussion is confined to the most important
vibrations of the 40002400 cm21 region in relation to the
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structure. The free ligands, H2salox and 4,6-tBu-H2salox,
have intense sharp absorptions at 3411 and 3438 cm21, at-
tributed to the ν(OH) vibrations of the phenolic and enolic
groups, respectively. This absorption is missing in the spec-
tra of the dinuclear complexes, indicating that the phenolic
and enolic protons are lost on chelation. The very intense
band at 1619 cm21 for H2salox and a medium intense at
1609 cm21 for 4,6-tBu-H2salox are assigned to the ν(C5N)

vibration mode. These bands shift to ca. 1592 cm21 for
124. The medium strong band at ca. 115021170 cm21 for
the free oxime ligands shifts slightly (ca. 5 cm21) to higher
frequency for all dinuclear complexes and has been assigned
to the ν(N5O) vibration of the oxime groups. Finally, a set
of intense and medium-intensity peaks between 3007 and
2864 cm21 is present in both ligand 4,6-tBu-H2salox and
complex 4 and reveals the presence of the tert-butyl groups.

Mass spectrometry in the ESI positive mode has been
proved to be a very useful analytical tool for characteriza-
tion of complexes 124. Homometal complexes 1, 3, and 4
provide the respective molecular ion peaks with the ex-
pected isotope ratios in the ESI positive mode as the base
peaks (100%), but the heterometal complex, 2 fails to pro-
vide the molecule peak as the base peak; the latter is ob-
served at m/z 5 710, and can be assigned to the ion [M
1 Na]1.

The optical spectra of 1, 2, and 3 in MeCN have been
measured in the 35021200 nm wavelength range. Only one
maximum is observed for each complex: for 1 at 571 nm
(ε 5 2820 L mol21 cm21), for 2 at 501 nm (ε 5 5880 L
mol21 cm21), and for 3 at 486 nm (ε 5 7844 L mol21

cm21). As these transitions are unusually intense for a high-
spin MnIII or FeIII d-d transition, they are assigned to a
phenolate-to-MIII [MIII 5 Fe or Mn] transition. Thus these
bands can be assigned to a transition from pπ orbitals on
the phenolate oxygen atoms to the dπ* orbitals on
MIII.[32235] The expected ligand field transitions, 6A1 R 4T2

(4G) for FeIII and 5Eg R 5T2g for MnIII, which are likely to

Figure 1. Molecular structure of the dinuclear FeIIIFeIII core in 3,
showing the atom-numbering scheme
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occur in the 5002700 nm region, are obscured by the more
intense charge transfer phenolate-to-metal (III) transition.

Molecular Structure of [(tmtacn)FeIII(salox)3FeIII]·MeOH
(3) and of [(tmtacn)FeIII(tBu-salox)3FeIII]·3.5 CHCl3 (4)

The structures of the neutral complexes in crystals of 3
and 4 were determined, and as expected they are identical
with respect to the coordination geometry of the FeIII cen-
ters. Hence we are refraining from describing both struc-
tures in detail, and accordingly the ORTEP for 3 is shown
in Figure 1. Table 1 lists selected bond lengths and angles
for both 3 and 4.

The coordination geometry of Fe(1) is distorted octahed-
ral with three nitrogen atoms, N(1), N(2), and N(3), from
the facially coordinated tridentate macrocyclic amine, and
three oxygen atoms O(11), O(21), and O(31) from the
bridging oximate groups. The Fe(1)2N (average 2.22 Å)

Table 1. Selected bond lengths [Å] and angles [°] for 3 and 4

[(tmtacn)FeIII(salox)3FeIII] (3) [(tmtacn)FeIII(4,6-tBu-salox)3FeIII] (4)

Fe(1)2N(1) 2.225(9) Fe(1)2N(1) 2.249(2)
Fe(1)2N(2) 2.224(8)
Fe(1)2N(3) 2.222(8)
Fe(1)2O(11) 1.948(6)
Fe(1)2O(21) 1.935(7) Fe(1)2O(2) 1.930(2)
Fe(1)2O(31) 1.934(6)
Fe(2)2N(11) 2.144(7)
Fe(2)2N(21) 2.199(8) Fe(2)2N(2) 2.141(2)
Fe(2)2N(31) 2.136(8)
Fe(2)2O(12) 1.951(6) Fe(2)2O(1) 1.931(2)
Fe(2)2O(22) 1.942(6)
Fe(2)2O(32) 1.911(6)

N(1)2Fe(1)2N(2) 79.3(3)
N(2)2Fe(1)2N(3) 78.6(3)
N(2)2Fe(1)2O(11) 85.1(3) O(2)2Fe(1)2O(2)#2 100.16(7)
N(1)2Fe(1)2O(21) 88.1(3) O(2)#12Fe(1)2N(1) 93.89(8)
N(3)2Fe(1)2O(21) 166.7(3) O(2)2Fe(1)2N(1) 85.70(8)
N(1)2Fe(1)2O(31) 95.0(3)
N(3)2Fe(1)2O(31) 87.5(3)
O(21)2Fe(1)2O(31) 96.9(3) O(2)2Fe(1)2N(1)#1 163.50(8)
O(12)2Fe(2)2O(22) 95.8(3)
O(12)2Fe(2)N(21) 168.7(3)

O(22)2Fe(2)2N(21) 83.7(3)
N(11)2Fe(2)2O(32) 171.9(3) O(2)2Fe(1)2N(1)#2 93.89(8)
N(21)2Fe(2)2O(32) 98.1(3)
N(11)2Fe(2)2N(31) 88.4(3) N(1)2Fe(1)2N(1)#2 78.49(9)
N(21)2Fe(2)2N(31) 83.4(3)
N(1)2Fe(1)2N(3) 79.0(3) O(1)2Fe(2)2O(1)#2 95.78(7)
N(1)2Fe(1)2O(11) 164.3(3)
N(3)2Fe(1)2O(11) 95.5(3) O(1)Fe(2)2N(2)#1 83.46(7)
N(2)2Fe(1)O(21) 96.0(3)

O(11)2Fe(1)2O(21) 96.1(3) O(1)#22Fe(2)2N(2)#1 171.29(8)
N(2)2Fe(1)2O(31) 165.8(3) O(1)2Fe(2)2N(2) 92.93(8)
O(11)2Fe(1)2O(31) 99.6(3) O(1)#12Fe(2)2N(2) 171.30(8)
O(12)2Fe(2)2N(11) 83.6(3)
N(11)Fe(2)2O(22) 97.3(3) N(2)#12Fe(2)2N(2) 87.92(8)

N(11)2Fe(2)2N(21) 85.2(3)
O(12)2Fe(2)2O(32) 93.2(3)
O(22)2Fe(2)2O(32) 90.4(3)
O(12)2Fe(2)2N(31) 98.1(3)
O(22)2Fe(2)2N(31) 165.5(3)
O(32)2Fe(2)2N(31) 84.6(3)
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and Fe(1)2O (average 1.94 Å) correspond to those of the
known values[36,37] for FeIII complexes with this macrocyclic
amine, and are in agreement with a d5 high-spin electron
configuration of the FeIII-center. A deviation from the
idealized orthogonal geometry is found for the ligand
tmtacn, the N2Fe(1)2N angles ranging between 78.6° and
79.3°, whereas O2Fe(1)2O angles fall between 96.1° and
99.6°. The Fe(1) is displaced by 0.10 Å from the mean basal
plane comprising N(1)N(3)O(11)O(21) atoms, toward the
apical oxygen atom O(31) of the oximate group. The ligand
tmtacn exhibits no unexpected features.

The Fe(2) center is also six-fold coordinated. Coordina-
tion occurs facially through three phenolate oxygen atoms,
O(12), O(22), and O(32), and three azomethine nitrogen
atoms, N(11), N(21), and N(31), from the salox ligands. The
average Fe(2)2N and Fe(2)2O bond lengths, 2.16 Å and
1.94 Å, respectively, fall within the ranges that are consid-
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ered as normal covalent bonds for FeIII centers with a d5

high-spin electronic configuration.[29,30] The largest devi-
ation from idealized 90° inter-bond angles is 6.3°, which
occurs within the six-membered N2Fe(2)2O2C2C2C
chelate rings, the N2Fe(2)2N angles ranging between
88.4° and 83.4°, whereas the O2Fe(2)2O angles fall be-
tween 90.4° and 95.8°. The Fe(2) lies practically on the best
basal plane comprising N(11)N(21)O(12)O(32) atoms, and
is displaced only 0.08 Å above the plane toward the apical
atom O(22) of a phenolate group. Thus, the metrical para-
meters of the Fe(2) center in 3 are very similar in magnitude
to the Fe(1) center and to those reported earlier for the
FeN3O3 core.[37]

The binuclear skeleton is not coplanar, but is bent with
a Fe(1)···Fe(2) separation of 3.570(1) Å. The dihedral angle
between the planes Fe(1)N(1)N(3)O(11)O(21) and Fe(2)N(-
11)N(21)O(12)O(32) is 109.8°.

The deviation from octahedral symmetry for the Fe(1)
and Fe(2) centers has been evaluated from the twist angle
(60° for an ideal octahedral and 0° for a trigonal prismatic
arrangement). The Fe(2)N3O3 core is more trigonally dis-
torted than the Fe(1)N3O3 core. The N3O3 donor atoms are
arranged around the Fe(2) center with a twist angle of
49.2°, whereas for the Fe(1) center the twist angle is 51.1°.
In other words, the coordination polyhedron around Fe(2)
is 10.8° away from the octahedral symmetry.

The N2O (average 1.38 Å) and C5N (average 1.28 Å)
bond lengths and C2N2O bond angle (average 113.4°) of
the bridging salicylaldoxime ligand are found to be very
similar to those of other comparable structures.[38239]

The structure determinations for 3 and 4 unambiguously
show that, in both structures, the oxidation level of all iron
centers is 13 with d5 high-spin electron configuration.

Table 1 compares the important bond lengths in both sa-
lox complexes. It can be easily observed that in 3 these dis-
tances are slightly longer than those in complex 4. This gen-
eral trend can be explained by considering that the tert-
butyl groups act in both inductive (1I) and mesomeric
(1M) fashion as electron-donors. It implies that the substi-
tuted salox complex 4 provides a more electron-rich coor-
dination environment and consequently the interaction be-
tween donor atoms (O, N) and iron is stronger, producing
a small but significant shortening of the bond lengths.

Mössbauer Spectroscopy and Magnetic Susceptibility
Measurements

The 31 oxidation state and the high spin electronic con-
figuration of the iron centers in complexes 2 and 3 were
confirmed by Mössbauer spectroscopy.[40] The spectra were
measured at 80 K and zero-field. They consist of asymmet-
rical quadrupole doublets with isomer-shifts (δ) of 0.530
mms21 for 2, 0.566 mms21 and 0.451 mms21 for 3, and
quadrupole splitting (∆EQ) of 0.350 for 2, 0.261 and 0.175
mms21 for 3.

The Mössbauer spectra have provided us with another
piece of important information. Examination of the literat-
ure values[41] for the isomer-shifts (∆EQ) of the FeIII-center
that is capped by the tmtacn ligand shows that the ∆EQ
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values lie within the range 0.44 to 0.47 mms21. Thus the
isomer shifts of 0.530 for 2 and 0.566 mms21 for 3 are at-
tributed to the FeIII centers coordinated to the phenolate
oxygen and azomethine nitrogen atoms of the salicylaldox-
ime ligand. This establishes that the MnIII center in 2 is
coordinated to the macrocyclic tmtacn ligand. In other
words, the fact that the metal ions have remained associated
with their different ligands originating from their respective
starting materials and practically no scrambling of the li-
gands has occurred, are evidenced by the Mössbauer ex-
periments.

Magnetic susceptibility data for polycrystalline samples
of 1, 2, 3, and 4 were collected in the temperature range 2
to 290 K and the magnetic parameters are listed in Table 2.
The spin Hamiltonian H 5 22J ·S1·S2 with S1 5 S2 5 2
for 1, S1 5 2, S2 5 5/2 for 2, and S1 5 S2 5 5/2 for 3 and 4
is used throughout.

Table 2. Magnetochemical data for complexes 1 to 4

Compound J [cm21] g1 5 g2 θ [K] PI

[(tmtacn)MnIII(salox)3MnIII] (1) 16.5 2.07 20.43 2
[(tmtacn)MnIII(salox)3FeIII] (2) 24.8 2.03 2 0.06
[(tmtacn)FeIII (salox)3FeIII] (3) 211.8 2.00 2 2

[(tmtacn)FeIII(tBu-salox)3FeIII] (4) 212.2 2.07 2 2

The effective magnetic moment for 1 increases monoton-
ically with decreasing temperature until a plateau is reached
at 20215 K with an µeff value of 9.11 µB (Figure 2). Below
15 K µeff starts to decrease reaching a value of 8.4 µB at
2 K. The temperature behavior of µeff for 1, MnIII MnIII, is
characteristic of a ferromagnetic exchange coupling be-
tween two high-spin d4 MnIII ions. The data could be fitted
using the Heisenberg2Dirac2van Vleck (HDvV) model
and the least-squares fitting computer program Julius-F[42]

with a full-matrix diagonalization approach. The best fit
was obtained with J 5 16.5 cm21, g 5 2.07 and θ 5
20.43 K and is shown in Figure 2.

Figure 2. Plots of µeff vs. temperature for 1, 2, and 4. Temperature-
dependence of µeff of 3 is nearly identical to that of 4. The solid
lines represent the best fits to the spin Hamiltonian H 5 22J·S1·S2
(see text)

For complex 2 the temperature dependence of the effect-
ive magnetic moment shows a monotonic decrease from
7.25 µB at 275 K to 1.85 µB at 4 K. This is typical of an
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Table 3. Electrochemical data for complexes 1 to 4; all potentials in Volts referred to Fc1/Fc in CH3CN (E1/2 5 0.081 V)

Compound E1/2 (ox3) E1/2 (ox2) E1/2 (ox1) E1/2 (red1) E1/2 (red2)

[(tmtacn)MnIII(salox)3 MnIII] (1) 2 0.30 20.28 20.86 21.30
[(tmtacn)MnIII(salox)3 FeIII] (2) 2 2 20.19 20.89 21.81
[(tmtacn)FeIII (salox)3 FeIII] (3) 0.97 0.77 0.41 21.32 21.86

[(tmtacn)FeIII(tBu-salox)3 FeIII] (4) 0.89 0.47 0.31 21.37 22.08

antiferromagnetically coupled two-spin system with total
spin ground state St 5 1/2 arising from SMn 5 2 and SFe 5
5/2. Temperature independent paramagnetism (TIP) of
400·1026 cm3 mol21 and a monomeric impurity (6%, S 5
2) were considered to account for the excess magnetic mo-
ment of the sample at 4 K. Fitting for the isotropic ex-
change yielded J5 24.8 cm21 and g 5 2.03 (Figure 2).

The magnetic behaviors of complexes 3 and 4 are, as ex-
pected, nearly identical, and hence they will be treated to-
gether. On lowering the temperature, the effective magnetic
moments decrease monotonically for both complexes. Rep-
resentative µeff values for complexes 3 and 4 (given in
brackets) are 6.86 µB (7.09 µB) at 290 K, 4.68 µB (4.70 µB)
at 100 K, 0.24 µB (0.21 µB) at 5 K, and 0.16 µB (0.15 µB) at
2 K, indicating a diamagnetic ground state St 5 0 for both
3 and 4. This arises from antiparallel spin coupling between
two FeIII centers with S 5 5/2. Simulation of the data
yielded J 5 211.8 cm21, g1 5 g2 5 2.00 for 3 and J 5
212.2 cm21, g1 5 g2 5 2.07 for 4. It was not necessary
to consider terms for TIP or paramagnetic impurity in the
simulation procedure. The experimental data together with
the simulation for complex 4 are shown in Figure 2.

Electro- and Spectroelectrochemistry

Complexes 124 were submitted to electrochemical stud-
ies in order to characterize the nature of its redox processes.
Table 3 summarizes the results, and Figure 3 and Figure 4
show representative examples of the electrochemical meas-
urements.

The cyclic voltammogram of [(tmtacn)MnIII(sa-
lox)3MnIII] (1) shows four consecutive reversible one-elec-
tron-transfer waves (Figure 3), which are detected with scan

Figure 3. Cyclic voltammograms of 1 (top) and 2 (bottom) in
CH3CN (0.10  [(nBu4)N]PF6 at a glassy carbon electrode; scan
rate: 200 mV/s; complex ø 1023 ; 298 K)
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Figure 4. Square wave voltammograms for oxidation and reduction
of 3 in MeCN, 0.1  [TBA]PF6. Oxidation: 0.25 mm Pt working
electrode (WE), scan frequency 3000 Hz. Reduction: 2 mm GC
WE, 5 Hz

rates varying from 20 to 500 mVs21 at 10.30 V, 20.28 V,
20.86 V, and 21.30 V versus Fc1/Fc. The oxidation pro-
cesses at 10.30 V and 20.28 V are assigned to the following
equilibria shown in Equation (1).

(1)

Electrochemically-reversible one-electron-transfer steps
preclude any significant structural rearrangement during
these oxidation processes, i.e., no change in the actual
framework of the structures for all three species has oc-
curred. The electrochemical behavior of complex 1 in the
more negative potential range (20.4 to 22.0 V vs. Ag/
AgNO3) can be assigned to the following redox scheme
shown in Equation (2), on the basis of earlier reports.[21]

(2)
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The CV of 2 (Figure 3) exhibits two reversible one-elec-

tron waves at 20.19 V and 20.89 V versus Fc1/Fc, and one
quasi-reversible cathodic wave at more negative potentials
that may be attributed to the reduction of iron center co-
ordinated with phenolate and azomethine nitrogen atoms
of the salicylaldoxime. Controlled-potential coulometry es-
tablished a one-electron transfer process for the reversible
cases. The following equilibria are thus involved during the
manganese-centered electron-transfer processes (Equa-
tion 3).

(3)

Complex 3 in MeCN exhibits five redox processes. The
voltammetric waves of two of them, at 10.41 V and at
21.32 V versus Fc1/Fc show reversible appearance under
‘‘standard’’ conditions (2 mm working electrode and scan
rates of 0.0520.5 V/s in CV and about 60 Hz in square
wave voltammetry, SQW). Controlled potential coulometry
at the appropriate potentials reveals that these waves origin-
ate from a one-electron oxidation and a one-electron reduc-
tion, respectively. The oxidation must be ligand-centered,
and the reduction is assigned to an FeIII/FeII couple. Two
further (ligand-centered) oxidations at 10.77 and 10.97V
and one more reduction at 21.86 V (assigned to reduction
of the second iron) are detectable by SQW. The second re-
duction is best seen at relatively slow scan frequencies (,
10 Hz) most probably due to its slow heterogeneous elec-

Figure 5. Square wave voltammogram (at 20 Hz) and CV (at 0.2
V/s) of 4 in MeCN, 0.1  [TBA]PF6
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tron transfer step. The two additional oxidations are detect-
able only at much higher frequencies (. 1000 Hz) because
of rapid homogeneous following-up reactions. The results
for the oxidations and reductions are displayed in Figure 4.

For complex 4 in MeCN, four reversible one electron
waves were observed at the following potentials: 10.89,
10.47, 10.31, and 21.37 V, versus Fc1/Fc. Additionally,
an irreversible wave at Ep

ox 5 22.08 V versus Fc1/Fc is also
found (Figure 5). The two reductive waves at 21.37 V and
22.08 V versus Fc1/Fc are attributed to processes centered
on the metal centers as described in Equation (4a), whereas
the three oxidation waves are attributed to successive li-
gand-centered phenoxyl-radical formation [Equation (4b)].
The overall redox processes are given below where (salox•)
represents a salox-based phenoxyl-radical.

reductive processes

(4a)

oxidative processes

(4b)

Each of these waves involves a 1e2-transfer, as detected
by coulometry at fixed potentials. Both complexes 3 and 4
contain two high spin FeIII ions in an octahedral fac-N3O3

donor set, but complex 4 in MeCN exhibits two additional
ligand-centered reversible oxidation processes absent in 3,
as shown in Figure 5.

Spectroelectrochemical experiments were performed in-
tending to isolate and characterize (by EPR spectroscopy)
the resulting oxidized complexes. As the electron transfer
processes during coulometric measurements at appropri-
ately fixed potentials at ambient temperature has been
found to be too slow (.. 1/2 h), characterization of the
radical complexes by UV/Vis and EPR spectroscopy has
not been possible. Lowering the temperature of the experi-
ments was also not effective, and the measurements resulted
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Table 4. Crystallographic data for 3·MeOH and 4·3.5 CHCl3

[(tmtacn)FeIII(salox)3FeIII] [(tmtacn)FeIII(4,6-tBu-salox)3FeIII]
3·MeOH 4·3.5 CHCl3

Empirical formula C30H36Fe2N6O6·CH3OH C54H84Fe2N6O6·3.5 CHCl3
Molecular weight 720.39 1442.76

Temperature 293(2) K 100(2) K
Wavelength 0.71073 Å 0.71073 Å

Crystal system orthorhombic trigonal
Space group P212121 P3̄

Unit cell dimensions a 5 12.105(5) Å a 5 17.341(2) Å α 5 90°
b 5 15.655(5) Å b 5 17.341(2) Å β 5 90°
c 5 17.374(7) Å c 5 13.656(2) Å γ 5 120°

Volume 3292(2) Å3 3556.3(8) Å3

Z 4 2
Density (calculated) 1.453 Mg/m3 1.347 Mg/m3

Absorption coefficient 0.936 mm21 0.851 mm21

F(000) 1504 1506
Crystal size 0.40 3 0.09 3 0.08 mm3 0.67 3 0.49 3 0.42 mm3

Color dark red needle deep violet
Diffractometer used Siemens R3m/V Siemens SMART

θ range for data collection 2.34 to 27.56° 2.02 to 30.00°
Index ranges 0 # h # 15 224 # h # 26

0 # k # 20 221 # k # 26
0 # l # 22 219 # l # 20

Reflections collected 4237 35066
Independent reflections 4237 6851 [Rint 5 0.0358]

Refinement method Full-matrix least-squares on F2 Full-matrix least-squares on F2

Data/restraints/parameters 4237/0/418 6617/0/266
Goodness-of-fit on F2 0.854 1.170

Absolute structure parameter 0.02(4) -
Final R indices [I . 2σ(I)] R1 5 0.0551, wR2 5 0.0976 R1 5 0.0605, wR2 5 0.1378

R indices (all data) R1 5 0.1363, wR2 5 0.1353 R1 5 0.0750, wR2 5 0.1475

in ill-defined isosbestic points. Nevertheless, the growth of
peaks around 4202450 nm (ε ø 10580 cm21) serves as a
strong indication for the radical nature of the generated
complexes.

Concluding Remarks

The results summarized here for 3 and 4 suggest the gen-
eration of three ligand-centered oxidation processes, attrib-
utable to phenoxyl-radicals, rather than the formation of
unusually high oxidation states at the central iron centres.
On the contrary, in case of manganese, facile oxidation of
metal centres rather than the ligands occurs. In contrast to
the general notion that azomethine N-donor sets stabilize
the 21 oxidation state of iron centers, salicylaldoxime as a
ligand with coordinated phenolato and azomethine groups
enormously stabilizes 31 oxidation state in such metal cen-
ters. This is a general feature of the phenolato iron com-
plexes.

Experimental Section

Solvents and reagents were obtained from commercial sources and
used without further purification. The synthon [Fe(tmtacn)]Cl3[37]

and the cyclic amine 1,4,7-trimethyl-1,4,7-triazacyclononane,
tmtacn[43] were prepared according to previous published methods.
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2 Infrared spectra were measured from 4000 to 400 cm21 as KBr
pellets at room temperature on a Perkin2Elmer FT-IR-Spectro-
photometer 2000. 2 C, H, N, and metal content of the compounds
were determined by the Microanalytical Laboratory of the Ruhr-
Universität Bochum. 2 UV/Visible spectra of 5.0·1024  solution
in MeCN were recorded on a Perkin2Elmer UV/Vis Spectrophoto-
meter Lambda 19 in the range 20021200 nm. 2 Cyclic voltamme-
try and square wave voltammetry experiments were performed us-
ing an EG&G Potentiostat/Galvanostat 273A. A standard three-
electrode-cell was employed with a glassy-carbon working elec-
trode, a platinum-wire auxiliary electrode, and a Ag/AgNO3 refer-
ence electrode. Measurements were made under an inert atmo-
sphere at room temperature. All the potentials are referenced to
Fc1/Fc as the internal standard. 2 The magnetochemical measure-
ments of the powdered samples were performed in a Quantum De-
sign SQUID-Magnetometer MPMS in a field of 1 T. The samples
were put in gelatine-capsules, and the response function was meas-
ured four times for each 32 measured temperature points. Diamag-
netic contributions were estimated for each compound by making
use of Pascal’s constants. 2 Mössbauer data were recorded on al-
ternating constant-acceleration spectrometers. The minimal experi-
mental linewidth was 0.24 mms21 full width at half maximum. The
sample temperature was kept constant at 80 K either in an Oxford
Variox or an Oxford Mössbauer-Spectromag cryostat. 57Co/Rh was
used as the radiation source. The measurements were carried out
with solid samples containing the isotope 57Fe and the isomer shifts
are given relative to α-Fe at room temperature.

X-ray Crystallography: The crystallographic data of [LFe(sa-
lox)3Fe] (3) and [LFe(tBu-salox)3Fe] (4) are summarized in Table 4.
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Graphite monochromated Mo-Kα radiation (λ 5 0.71073 Å) was
used throughout. Intensity data were corrected for Lorentz-Polar-
ization and absorption effects using the program SADABS.[44] The
structures were solved by direct methods using SHELXTL plus.[45]

The function minimized during full-matrix least-squares refinement
was Σw(|Fo| 2 |Fc|)2. Hydrogen atoms attached to carbon were
placed at calculated positions and refined as riding atoms with iso-
tropic thermal parameters. All non-hydrogen atoms were refined
with anisotropic thermal parameters. Crystallographic data
(excluding structure factors) for the structure reported in this paper
have been deposited with the Cambridge Crystallographic Data
Centre as supplementary publication number CCDC-151864.
Copies of the data can be obtained free of charge on application
to the CCDC, 12 Union Road, Cambridge CB2 1EZ, U.K. [Fax:
(internat.) 1 44-1223/336-033; E-mail: deposit@ccdc.cam.uk].

Preparation of the Compounds

Salicylaldoxime (H2salox): was prepared by heating a solution of
salicylaldehyde and free hydroxylamine in EtOH for 0.5 h under
reflux. The yellowish white solid obtained on cooling was recrystal-
lized from EtOH. Purity of the sample was checked by comparing
its spectroscopic properties with those of the material salicylaldox-
ime available on the market.

4,6-Di-tert-butylsalicylaldoxime (4,6-tBu-H2salox): In a round bot-
tom flask hydroxylamine2hydrochloride (5.6 g: 80 mmol) was dis-
solved in 10 mL of distilled water. Simultaneously, 4,6-di-tert-butyl-
salicylaldehyde (5.0 g: 20 mmol) was dissolved in 40 mL of warm
MeOH. Both solutions were mixed and heated gently for 1 h under
reflux. On cooling, a white product was isolated and washed with
distilled water. M.p. 1302134 °C; yield 5.10 g (96%).2 C15H23NO2

(249.4): calcd. C 72.25, H 9.30, N 5.62; found C 72.5, H 9.4, N 5.4.
2 1H NMR [250 MHz, CDCl3, 300 K] δ/ppm 5 1.28; 1.42 [2 3 s,
2 3 9 H (tBu)], 6.98 [s, 1 H (H2ON)], 7.09; 7.35 [2 3 s, 2 3 1 H
(H-Ar)], 8.22 [s, 1 H (H2O2Ar)], 10.02 [s, 1H (H2C-Ar)]. 2 EI-
MS: m/z 5 249 [M]1 and 234 [M 2 CH3]1 (100%).

[(tmtacn)MnIII(salox)3MnIII] (1): A solution of the cyclic amine
(0.17 g; 1 mmol) in 40 mL of MeOH was treated with a sample of
manganese(III) acetate (0.52 g; 2 mmol) under vigorous stirring in
an atmosphere of argon. After 0.5 h the resulting red-brown solu-
tion was charged with a sample of salicylaldoxime (0.41 g; 3 mmol)
and 1 mL of triethylamine. The very dark solution was heated un-
der reflux for 1 h, followed by a filtration to get rid of some green
solid, presumably, Mn(Hsalox)3. The solution kept at room temper-
ature provided deep brown (almost black) crystals. The crystals
were collected by filtration and air-dried. Yield 350 mg (ø50%). 2

C30H36Mn2N6O6 (686.5): calcd. C 52.26, H 5.26, N 12.19, Mn
15.94; found C 52.0, H 5.3, N 12.3, Mn 16.0. 2 MS (ESI-positive
in CH3CN): m/z 5 686 [M]1 (100%).

[(tmtacn)MnIII(salox)3FeIII] (2): A solution of the cyclic amine
(0.17 g; 1 mmol) in 40 mL of MeOH was treated with a sample of
manganese(III) acetate (0.52 g; 2 mmol) under vigorous stirring in
an atmosphere of argon. After 0.5 h the resulting red-brown solu-
tion was charged with a suspension of FeCl3 (0.16 g; 1 mmol) and
salicylaldoxime (0.41 g; 3 mmol) in MeOH (30 mL) containing
1 mL of triethylamine. The very dark solution was heated under
reflux for 2 h and then filtered to remove any solid particles. The
solution kept at room temperature provided a deep brown solid.
Deep brown crystals were obtained by diffusion of n-pentane into
a MeCN solution of the solid. The crystals were collected by filtra-
tion and air-dried. Yield 270 mg (ø40%). 2 C30H36FeMnN6O6

(687.4): calcd. C 52.19, H 5.28, N 12.20, Mn 7.99, Fe 8.12; found
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C 52.3, H 5.2, N 12.1, Mn 7.8, Fe 8.1. 2 MS (ESI-positive in
CH3CN): m/z 5 688 [M 1 H]1 (75%), 710 [M 1 Na]1 (100%).

[(tmtacn)FeIII(salox)3FeIII]·MeOH (3): FeCl3 (0.16 g; 1 mmol) was
added to a degassed solution of salicylaldoxime (0.41 g; 3 mmol)
in dry MeOH (50 mL) containing 1 mL of triethylamine under vig-
orous stirring. The resulting suspension was stirred at room tem-
perature for 1 h and then charged with a solid sample of
[Fe(tmtacn)Cl3][37] (0.33 g; 1.0 mmol) and gently heated under re-
flux for 1 h. The resulting dark brown solid was collected by filtra-
tion and air-dried. X-ray quality crystals as dark red needles were
obtained by diffusion of MeOH into a MeCN solution of 3. Yield
450 mg (ø62%). 2 C31H40N6O7Fe2 (720.4): calcd. C 51.69, H 5.60,
N 11.67, Fe 5 15.53; found C 52.0, H 5.5, N 11.6, Fe 15.3. 2 MS
(ESI-positive in CH3CN): m/z 5 689 (100%) [M 1 H]1.

[(tmtacn)FeIII(tBusalox)3FeIII]·3.5 CHCl3 (4): [Fe(tmtacn)Cl3]
(0.33 g; 1.0 mL) was added to a degassed solution of 4,6-di-tert-
butylsalicylaldoxime (0.75 g; 3 mmol) in MeOH (50 mL) con-
taining 0.84 mL of triethylamine under vigorous stirring. A solid
sample of FeCl3 (0.16 g; 1 mmol) was added and the resulting dark-
red solution was stirred for further 0.5 h under gentle reflux. The
solution kept at room temperature provided a dark-red microcrys-
talline solid, which was collected by filtration and air-dried. Yield
710 mg (ø70%). 2 C54H84Fe2N6O6 (1025.0): calcd. C 63.28, H
8.26, N 8.20, Fe 10.9; C 62.9, H 8.2, N 8.2, Fe 10.8. 2 MS (ESI-
positive in CH3CN): a single peak at m/z 5 1025 (100%) [M 1

H]1. Recrystallization from CHCl3 yielded X-ray quality crystals.
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