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Dinuclear complexes [L2FeIII
2 ] (1), [L2MnIII

2 ] (2a),
[L2MnIII

2 (THF)2] (2b), [L2CrIII
2 ] (3), [L(VIVO)2(OCHMe2)] (4)

and [L2(VVO)2] (5) with a pentadentate phenol-containing li-
gand H3L (= C6H2(CH3)(OH){[C(CH3)3]2(OH)NCH}2) be-
aring the N2O3 donor atoms have been synthesized and the
X-ray structures of 1, 2b, 4 and 5 are reported. The com-
pounds were characterized by IR, UV/Vis and Mössbauer
spectroscopy, mass spectrometry, electrochemical and varia-
ble-temperature (2−295 K) magnetic susceptibility measure-
ments. Analysis of the susceptibility data demonstrates anti-
ferromagnetic interactions between the metal centers
establishing diamagnetic ground states for complexes 1−4.

Introduction

This work stems from our ongoing interest[1] in phenol-
containing ligands, and their one-electron oxidation prod-
ucts, i.e. phenoxyl radicals. The widespread occurrence of
tyrosine radicals[2] in metalloproteins involving oxygen-de-
pendent enzymatic radical catalysis has prompted inorganic
chemists to model tyrosine by using phenolate ligands.[3] In
an earlier paper[4] we described a dinucleating Schiff-base
ligand H3L, obtained by the condensation (1�2) of 2,6-
diformyl-4-methylphenol with 6-amino-2,4-di-tert-butyl-
phenol. This ligand can be used to prepare complexes con-
taining CuII

2 , CuII
4 , NiII

2 and NiII
4 cores, which have been

spectroscopically and structurally characterized and re-
ported.[4] This paper is a continuation of our investigations
with the ligand H3L and describes coordination of the li-
gand with the FeIII, MnIII, CrIII, (VIV�O) and (VV�O)
ions. The compounds described here are given below with
their labels.
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The electrochemical results suggest the generation of ligand-
centered oxidation processes attributable to the phenoxyl ra-
dicals, rather than the formation of unusually high oxidation
states at the central metal centers. The ligand H3L has the
potential to act in a multidentate fashion as evidenced by the
X-ray structures of 2b and 5. In compound 2b the central
phenolate oxygen of the p-cresol ring does not function as a
bridging atom between two manganese centers, whereas in
5 the ligand is tetradentate with one noncoordinating nitro-
gen atom.
( Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2003)

Results and Discussion

Reactions of metal salts with the ligand H3L in the pres-
ence of triethylamine afforded complexes 1�5 in moderate
yield. The dinuclear complexes were easily isolated and
characterized by different methods. Remarkably [L2MnII

2 ]
(2a), which is considered to possess an identical coordi-
nation sphere and atom connectivity as the structurally
characterized [L2FeIII

2 ] (1), yields on recrystallization from
THF [L2MnIII

2 (THF)2] (2b), in which the phenolate-bridg-
ing between two manganese centers prevailing in 2a does
not persist any more, thus resulting in a comparatively long
Mn···Mn separation (6.45 Å).
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Selected IR spectroscopic data for complexes 1�5 are
given in the Exp. Sect. The sharp peaks in the solid state
FTIR spectrum due to ν(OH) of the ligand H3L occur at
3523, 3492 and 3348 cm�1. These bands are missing in 1�5,
indicating that on complexation the phenol-character of the
ligand has been lost. There are several peaks in the region
3000�2800 cm�1 due to the tert-butyl groups along with
the other ν(C�H), ν(C�C), ν(C�N) and ν(C�O) vi-
brations found in the normal range for these types of link-
ages. For 4 the sharp strong-band at 990 cm�1 is associated
with the ν(V�O) vibration. The corresponding band for 5
occurs at 996 cm�1.

The EI mass spectrum of 1 exhibits the molecular ion
peak centered around m/z � 1247 with the expected iso-
topic distribution pattern, unambiguously indicating the
composition to be Fe2L2. For 2a the parent ion peak corre-
sponds to a small peak centered around m/z � 1244; the
peaks with the greatest intensities are observed at m/z �
206, 351 and 568. EI-MS unambiguously indicates the pres-
ence of THF in 2b. Compound 3 shows the main peak at
m/z � 1239 in the MS-ESI (positive) spectrum in CH2Cl2,
indicating the composition to be Cr2L2, similar to that of
1. In the EI mass spectrum of 4, the parent ion peak with
an abundance of �21% is observed at m/z � 760 with the
expected isotopic distribution pattern. The peak at m/z �
718 with an abundance of 100% corresponding to the
V2O3L species is also observed. In addition there are other
peaks including one at m/z � 702 corresponding to the
V2O2L species. EI-MS for 5 does not leave any doubt about
the composition being V2O2L2, with the molecular ion peak
at m/z � 1268; the base peak (100%) with m/z � 1251 corre-
sponds to V2L2O. The other significant peaks at m/z � 1236
and 618 are attributed to the V2L2

� and V2L2
2� ions.

Single Crystal X-ray Diffraction Studies

Structure of [L2FeIII
2 ]·2.5CH3CN (1)

Although H3L is particularly suited to the formation of
dinuclear complexes, and the analytical and spectroscopic
data are in agreement with the presence of a dinuclear
Fe2L2 unit as the smallest unit in 1, an X-ray analysis was
undertaken to remove any doubt regarding connectivity. In-
deed, the structural analysis shows the presence of two six-
coordinate iron() centers within the Fe2O6N4 coordi-
nation unit. An ORTEP drawing of the molecule is shown
in Figure 1 with selected bond lengths and angles provided
in Table 1.

The iron atoms, Fe(1) and Fe(2), are in distorted octa-
hedral environments with FeN2O4 coordination spheres.
The two octahedra share a common edge and are bridged
by two phenolate oxygen atoms O(50) and O(10). The six
oxygen atoms of two ligands are roughly coplanar with the
two Fe atoms. Thus, for the two iron centers, the
Fe(1)O(1)O(41)O(50)O(10) and Fe(2)O(62)O(22)O(50)O(10)
atoms constitute the equatorial planes. Each iron center is
coordinated to two nitrogen atoms, e.g. Fe(1)�N(7) and
Fe(1)�N(47), which are trans to each other with an angle
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Figure 1. An ORTEP drawing of the neutral molecule
[L2FeIII

2 ]·2.5CH3CN (1)

Table 1. Selected interatomic distances (Å) and angles (degrees) in
[FeIII

2 L2]·2.5CH3CN (1)

1.913(4) Fe(1)···Fe(2) 3.32(1)Fe(1)�O(1)
Fe(1)�O(41) 1.914(3)
Fe(1)�O(10) 2.042(4)
Fe(1)�O(50) 2.044(4)
Fe(1)�N(47) 2.161(4)
Fe(1)�N(7) 2.166(4)
Fe(2)�O(62) 1.920(4)
Fe(2)�O(22) 1.927(4)
Fe(2)�O(50) 2.041(4)
Fe(2)�O(10) 2.044(3)
Fe(2)�N(16) 2.167(5)
Fe(2)�N(56) 2.174(5)
O(1)�Fe(1)�O(41) 100.2(2) O(62)�Fe(2)�O(22) 122.5(2)
O(1)�Fe(1)�O(10) 150.9(2) O(62)�Fe(2)�O(50) 135.4(2)
O(41)�Fe(1)�O(10) 99.8(2) O(22)�Fe(2)�O(50) 94.3(2)
O(1)�Fe(1)�O(50) 99.9(2) O(62)�Fe(2)�O(10) 93.4(2)
O(41)�Fe(1)�O(50) 150.8(2) O(22)�Fe(2)�O(10) 135.9(2)
O(10)�Fe(1)�O(50) 71.1(2) O(50)�Fe(2)�O(10) 71.2(2)
O(1)�Fe(1)�N(47) 89.6(2) O(62)�Fe(2)�N(16) 88.8(2)
O(41)�Fe(1)�N(47) 79.1(2) O(22)�Fe(2)�N(16) 77.2(2)
O(10)�Fe(1)�N(47) 114.9(2) O(50)�Fe(2)�N(16) 126.3(2)
O(50)�Fe(1)�N(47) 80.0(2) O(10)�Fe(2)�N(16) 79.1(2)
O(1)�Fe(1)�N(7) 79.2(2) O(62)�Fe(2)�N(56) 77.6(2)
O(41)�Fe(1)�N(7) 89.9(2) O(22)�Fe(2)�N(56) 88.9(2)
O(10)�Fe(1)�N(7) 79.9(2) O(50)�Fe(2)�N(56) 79.1(2)
O(50)�Fe(1)�N(7) 114.6(2) O(10)�Fe(2)�N(56) 126.3(2)
N(47)�Fe(1)�N(7) 162.7(2) N(16)�Fe(2)�N(56) 151.3(2)

N(47)�Fe(1)�N(7) of 162.7(2)°, and which belong to two
different L3� ligands.

The non-bridging Fe�O bond lengths [Fe(1)�O(1),
Fe(1)�O(41) av. 1.913(4) and Fe(2)�O(62), Fe(2)�O(22)
av. 1.923(7) Å] are distinctly different from the bridging
Fe�O bond lengths [Fe(1)�O(10), Fe(1)�O(50) av.
2.043(5) and Fe(2)�O(10), Fe(2)�O(50) av. 2.043 Å]. The
symmetry in the bridging bond lengths in the nearly planar
Fe2O2 rhomboid is noteworthy. Although the Fe�O�Fe
angle of 108.9(2)° in 1 falls into the range of 105�110°
observed for previously structurally characterized
FeIII

2 (OPh)2 bridges, the Fe···Fe separation of 3.32 Å is one
of the longest yet found for complexes with this bis(phenox-
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ide) bridge.[5�8] In the previously reported complex
[FeIII

2 (salmp)2],[8] where salmp3� is the pentadentate ligand
2-bis(salicylidenamino)methylphenolate, the Fe�O�Fe an-
gle of 97° is the smallest yet found. Primarily because of
the differences in the Fe�O�Fe angles, the magnetic
properties of 1 differ considerably from those of
[FeIII

2 (salmp)2], although 1 and [FeIII
2 (salmp)2] are otherwise

very similar. The Fe�N and Fe�O bond lengths are con-
sistent with a high-spin electron configuration for both FeIII

centers in 1 with imine nitrogen and phenolate oxygen do-
nor ligands. The d5 high spin electron configuration has
also been confirmed both by Mössbauer spectroscopy and
magnetic susceptibility measurements.

Molecular Structure of [MnIII
2 L2(THF)2]·4CH3CN (2b)

Deep orange single crystals of 2b were obtained by slow
evaporation of a tetrahydrofuran solution of 2a. The struc-
ture of 2b is shown in Figure 2 with selected bond lengths
and angles provided in Table 2. The molecule is based on
two MnO4N2 octahedra, in which two triply deprotonated
ligands [O�N�O�N�O]3� span between the two manga-
nese centers. The pentadentate ligand [O�N�O�N�O] acts
as a tridentate (O,N,O)-donor ligand to one manganese
center, whilst the residual two donor atoms N,O coordinate
to the second manganese center. Thus, each of the manga-
nese centers attains only pentacoordination through the li-
gand. The sixth coordination site of each manganese center
is occupied by the oxygen atom of a tetrahydrofuran mol-
ecule. That the manganese centers are in the � oxidation
state is evident from the axial elongation of the octahedra
along the N(47)�Mn(1)�O(80) and the N(16)�Mn(2)�
O(90) axes, as expected for a Jahn�Teller distorted high-
spin d4 ion. The atoms Mn(1)N(7)O(1)O(41)O(14) and
Mn(2)N(56)O(54)O(22)O(62) comprise the equatorial
planes for each octahedron around the Mn(1) and Mn(2)
centers respectively. The MnNO3 fragment is essentially
planar, the maximum deviation from the mean plane being
0.01 Å. Of note is the axial position of each coordinated
tetrahydrofuran molecule. The average equatorial Mn�O
and Mn�N distances of 1.896(16) and 2.006(3) Å respec-
tively, fall in the range reported for other structurally

Figure 2. Molecular structure of [L2MnIII
2 (THF)2]·4CH3CN (2b)
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Table 2. Selected bond lengths (Å) and angles (deg) for
[MnIII

2 L2(THF)2]·4CH3CN (2b)

1.879(2)Mn(1)�O(1)
Mn(1)�O(41) 1.899(2)
Mn(1)�O(14) 1.907(2)
Mn(1)�N(7) 2.005(2)
Mn(1)�O(80) 2.291(3)
Mn(1)�N(47) 2.310(3)
Mn(2)�O(62) 1.888(2)
Mn(2)�O(22) 1.896(2)
Mn(2)�O(54) 1.906(2)
Mn(2)�N(56) 2.008(3)
Mn(2)�O(90) 2.271(3)
Mn(2)�N(16) 2.341(3)
O(1)�Mn(1)�O(41) 89.79(9)
O(1)�Mn(1)�O(14) 174.17(9)
O(41)�Mn(1)�O(14) 95.98(9)
O(1)�Mn(1)�N(7) 82.77(10)
O(41)�Mn(1)�N(7) 172.21(10)
O(14)�Mn(1)�N(7) 91.49(10)
O(1)�Mn(1)�O(80) 94.12(10)
O(41)�Mn(1)�O(80) 94.36(10)
O(14)�Mn(1)�O(80) 84.60(10)
N(7)�Mn(1)�O(80) 88.51(10)
O(1)�Mn(1)�N(47) 92.67(10)
O(41)�Mn(1)�N(47) 77.16(10)
O(14)�Mn(1)�N(47) 89.46(10)
N(7)�Mn(1)�N(47) 100.79(10)
O(80)�Mn(1)�N(47) 169.12(9)
O(62)�Mn(2)�O(22) 90.85(10)
O(62)�Mn(2)�O(54) 173.90(10)
O(22)�Mn(2)�O(54) 95.21(9)
O(62)�Mn(2)�N(56) 82.45(10)
O(22)�Mn(2)�N(56) 173.02(10)
O(54)�Mn(2)�N(56) 91.52(10)
O(62)�Mn(2)�O(90) 93.88(10)
O(22)�Mn(2)�O(90) 88.62(10)
O(54)�Mn(2)�O(90) 85.61(10)
N(56)�Mn(2)�O(90) 93.79(11)
O(62)�Mn(2)�N(16) 91.94(10)
O(22)�Mn(2)�N(16) 76.16(10)
O(54)�Mn(2)�N(16) 90.17(10)
N(56)�Mn(2)�N(16) 101.98(11)
O(90)�Mn(2)�N(16) 163.78(10)
Mn(1)···Mn(2) 6.448(2)

characterized d4 MnIII complexes,[9] and is also consistent
with the susceptibility measurements. The smallest acute
bite angle between the phenolate O atom and the N atom
of the L3� ligand has been found for the Mn(1) center with
the angle O(41)�Mn(1)�N(47) being 77.2(1)°.

Compound 2b is a rare example of a complex bearing a
dinucleating ligand containing the central p-cresol group,[10]

in which the central phenolate oxygen, O(54) or O(14), of
the cresol ring does not coordinate as a bridging atom be-
tween two metal centers.

Molecular Structure of [L(VIV�O)2OCHMe2]·CH3CN (4)

The structure of 4 (Figure 3) shows a divanadyl() com-
plex with a bridging isopropoxide originating from the va-
nadium isopropoxide starting material. The atoms V(1) and
V(2) are additionally bridged by a phenolate oxygen O(10).
The pentacoordination of each vanadium atom is achieved
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Figure 3. Molecular structure of [L(VIV�O)2(OCHMe2)]·CH3CN
(4)

by oxygen atoms O(12) and O(13), with V(1)�O(12) and
V(2)�O(13) distances of 1.586(3) and 1.588(3) Å respec-
tively, indicating their double-bond character. The V�O
groups are trans to each other in the di-vanadium complex.
The coordination polyhedra for the vanadium centers are
distorted square pyramidal with O(1)N(7)O(11)O(10) for
V(1) and O(22)N(16)O(11)O(10) for V(2) forming the basal
planes, in which both V(1) and V(2) are located 0.60 Å out
of the equatorial planes. The ring V(1)O(11)V(2)O(10) is
not planar, the dihedral angle being 10.3°. The distances
V�O and V�N are in the ranges reported for comparable

Table 3. Selected bond lengths (Å) and angles (deg) for [L(V�
O)2(OCHMe2)]·CH3CN (4)

1.586(3)V(1)�O(12)
V(1)�O(1) 1.905(3)
V(1)�O(11) 1.970(3)
V(1)�O(10) 1.995(3)
V(1)�N(7) 2.066(4)
V(2)�O(13) 1.588(3)
V(2)�O(22) 1.919(3)
V(2)�O(11) 1.953(3)
V(2)�O(10) 1.994(3)
V(2)�N(16) 2.065(4)
O(12)�V(1)�O(1) 109.3(2)
O(12)�V(1)�O(11) 110.6(2)
O(1)�V(1)�O(11) 95.45(13)
O(12)�V(1)�O(10) 107.86(14)
O(1)�V(1)�O(10) 142.13(14)
O(11)�V(1)�O(10) 77.92(12)
O(12)�V(1)�N(7) 102.6(2)
O(1)�V(1)�N(7) 80.16(14)
O(11)�V(1)�N(7) 146.03(14)
O(10)�V(1)�N(7) 85.12(13)
O(13)�V(2)�O(22) 107.3(2)
O(13)�V(2)�O(11) 110.9(2)
O(22)�V(2)�O(11) 94.61(13)
O(13)�V(2)�O(10) 106.1(2)
O(22)�V(2)�O(10) 146.22(13)
O(11)�V(2)�O(10) 78.36(12)
O(13)�V(2)�N(16) 105.7(2)
O(22)�V(2)�N(16) 79.87(14)
O(11)�V(2)�N(16) 142.89(14)
O(10)�V(2)�N(16) 86.15(13)
V(2)�O(10)�V(1) 100.30(13)
V(2)�O(11)�V(1) 102.65(14)
V(1)···V(2) 3.063(1)
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complexes[11] and are in agreement with the d1 electron con-
figuration for the vanadium centers. This electronic struc-
ture has also been confirmed by the magnetic susceptibility
measurements. The separation V(1)···V(2) of 3.063 Å
necessitates consideration of a direct interaction between
the metal centers. Selected interatomic distances and bond
angles are listed in Table 3.

Structure of [L2(VO)2]·2CH3CN (5)

Crystals of [L2(VO)2]·2CH3CN, obtained by crystallizing
5 from an acetonitrile solution, were subjected to a single-
crystal X-ray diffraction study at 100 K. Figure 4 shows a
perspective view and the atom-labeling scheme for 5. Selec-
ted bond parameters are listed in Table 4.

Figure 4. A perspective view of the neutral complex
[L2(VVO)2]·2CH3CN (5)

In the distorted square pyramidal VO4N coordination
spheres, the metal atoms are displaced toward the O(1) or
O(5) atoms from the equatorial planes O(2)O(3)N(3)O(4)
for V(1) and O(6)O(7)N(2)O(8) for V(2) by 0.33 and 0.31
Å respectively. The V(1)�O(1) and V(2)�O(5) distances of
1.603(2) and 1.595(2) Å correspond to vanadium�oxygen
multiple bonds and closely resemble vanadium() com-
plexes containing a single V�O group.[12] Each ligand with
its five donor atoms spans between two vanadium() cen-
ters but one N atom, N(1) or N(4), does not coordinate to
any of the metal centers, making each of the ligands tetra-
dentate. Such behaviour for ligands based on 2,6-diformyl-p-
cresol has not been observed before. A schematic drawing
of the coordination sphere is shown below to highlight the
tetradentate coordination of the ligand.

The V�O and V�N bond lengths (Table 4) are similar
to those seen in vanadium() complexes bearing monooxo-
and cis-dioxo-vanadium moieties.[13] The C�O (average
1.34 Å) and the aromatic C�C (average 1.40 Å) bond
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Table 4. Selected bond lengths (Å) and angles (deg) for
[L2(VO)2]·2CH3CN (5)

1.603(2)V(1)�O(1)
V(1)�O(2) 1.8202(13)
V(1)�O(4) 1.8787(14)
V(1)�O(3) 1.883(2)
V(1)�N(3) 2.108(2)
V(2)�O(5) 1.595(2)
V(2)�O(6) 1.8340(14)
V(2)�O(7) 1.874(2)
V(2)�O(8) 1.875(2)
V(2)�N(2) 2.124(2)
O(1)�V(1)�O(2) 100.01(7)
O(1)�V(1)�O(4) 101.12(7)
O(2)�V(1)�O(4) 102.23(6)
O(1)�V(1)�O(3) 105.51(7)
O(2)�V(1)�O(3) 88.66(6)
O(4)�V(1)�O(3) 148.96(7)
O(1)�V(1)�N(3) 93.26(7)
O(2)�V(1)�N(3) 163.17(7)
O(4)�V(1)�N(3) 85.14(6)
O(3)�V(1)�N(3) 77.78(6)
O(5)�V(2)�O(6) 98.01(7)
O(5)�V(2)�O(7) 100.17(8)
O(6)�V(2)�O(7) 102.69(6)
O(5)�V(2)�O(8) 104.38(8)
O(6)�V(2)�O(8) 89.26(7)
O(7)�V(2)�O(8) 150.87(7)
O(5)�V(2)�N(2) 95.41(7)
O(6)�V(2)�N(2) 163.20(7)
O(7)�V(2)�N(2) 84.75(6)
O(8)�V(2)�N(2) 77.61(7)

lengths are in the expected range. The ligand is thus che-
lated in the trianionic phenolate form and the compound is
correctly described with a formal oxidation state of � for
the vanadium ion with a d0 electron configuration. The di-
amagnetism and 51V NMR spectroscopic data for 5 corrob-
orate this assignment

Mössbauer Isomer Shifts and Quadrupole Splitting

The Mössbauer spectrum of 1 at 80 K in a zero applied
magnetic field and the nonlinear least-squares fit are shown
in Figure 5. The spectrum was fitted with a single quadru-

Figure 5. Mössbauer spectrum of 1 at 80 K in an applied zero-field
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pole split doublet with an isomer shift of δ � 0.518 mm·s�1

and a quadrupole splitting of ∆EQ � 0.754 mm·s�1. This
isomer shift is consistent with those observed for high spin
iron() ions in an octahedral or distorted octahedral en-
vironment.[14] The magnitude of the quadrupole splitting is
a reflection of the unsymmetrical electric field gradient
about each high-spin iron() site, although the two metal
sites are equivalent.

Magnetic Susceptibility Measurements

Variable temperature solid-state magnetic susceptibility
measurements were performed on powdered samples of
1�4 over the temperature range 2�290 K in an applied
magnetic field of 1 T (Figure 6). We used the Heisenberg
spin Hamiltonian in the form H � �2JŜ1·Ŝ2 for an iso-
tropic exchange coupling between the two spins S1 and S2.
The experimental magnetic data were simulated (shown as
solid lines in Figure 6) by using a least-squares fitting com-
puter program with a full-matrix diagonalization of ex-
change coupling, Zeeman splitting and axial single-ion
zero-field interactions (DS2

z), if necessary.

Figure 6. Plots of µeff vs. T for solid 1�4. The solid lines represent
the best fits of the data to the exchange coupling models

The magnetic behavior of [FeIII
2 L2] (1), is characteristic of

an antiferromagnetically coupled dinuclear complex. At
290 K the µeff value of 6.784 µB (χM·T � 5.755
cm3·K·mol�1) decreases monotonically with decreasing
temperature until it reaches a value of 0.274 µB (χM·T �
9.380 � 10�3 cm3·K·mol�1) at 2 K. This is a clear indi-
cation of exchange coupling between two paramagnetic
FeIII centers (SFe � 5/2) with a resultant St � 0 ground state.
The solid line in Figure 6 represents the best fit with the
following parameters: J � �12.7 cm�1, g � 2.00 (fixed) and
PI (S � 5/2) � 0.003. The calculated antiparallel exchange is
in keeping with the range observed for comparable di-
phenoxo-bridged ferric dimers.[1,6,7]

Two semi-empirical magnetostructural correlations relat-
ing the magnitude of the exchange coupling to the iron-
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oxygen bond length in exchange coupled phenoxo-, alkoxo-
and hydroxo-bridged dinuclear iron() compounds have
been proposed.[5,7] By using the empirical relationship J �
�107 exp(�6.8d),[7] where d is the averaged iron�oxygen
distance, 2.043 Å for 1, the J value for 1 can be calculated
to be �9.25 cm�1, which differs from the experimentally
observed value of �12.7 cm�1. The second equation[5] leads
to a calculated value of �5.1 cm�1. Regrettably, none of
these two correlations can satisfactorily reproduce the ex-
change interaction in 1.

The magnetic moment, µeff/molecule, for [L2MnIII
2 ] (2a)

of 6.636 µB (χM·T � 5.507 cm3·K·mol�1) at 290 K de-
creases monotonically with decreasing temperature until it
reaches a value of 1.421 µB (χM·T � 0.2523 cm3·K·mol�1)
at 2 K. This temperature dependence of µeff is a clear indi-
cation of an antiferromagnetic exchange coupling between
two paramagnetic MnIII (SMn � 2) centers. A least-squares
fit, shown as the solid line in Figure 6, with J � �2.95
cm�1 and g � 1.98 was obtained. Thus a weak exchange
coupling is operating between the MnIII centers through the
diphenoxo-bridge and, as expected, the exchange interac-
tion is weaker in 2a than that in 1. The exchange coupling
operating in 2b is even weaker than that in 2a, as evidenced
from the temperature-dependence of µeff for 2b. The mag-
netic moment µeff varies only slightly (µeff � 6.94 to 6.54
µB) in the temperature range 290�40 K, but then starts to
decrease monotonically reaching a value of 1.94 µB at 2 K.
Simulation of the experimental magnetic data yields J �
�0.66 cm�1 and g � 1.995 (the solid line in Figure 6). The
antiferromagnetic coupling in 2b which is weaker than in
2a is in agreement with the dimeric solid state structure of
2b in which the manganese() centers are 6.45 Å apart.

The experimental magnetic moment of 3 decreases from
4.95 µB (χM·T � 3.064 cm3·K·mol�1) at 290 K to an essen-
tially diamagnetic value of µeff � 0.677 µB (χM·T � 0.05736
cm3·K·mol�1) at 2 K, resulting from the antiferromagnetic
interaction between the two CrIII ions bridged by a di-
phenoxo group. The solid line in Figure 6 represents the
best fit with the following parameters: J � �7.6 cm�1, g �
1.893 and PI (S � 3/2) � 0.01. The calculated antiparallel
exchange falls in the range observed for comparable
phenoxo-alkoxo-bridged chromium() dimers.[15�16]

The temperature dependence of the molar magnetic sus-
ceptibility χM for 4 shows a clear maximum around 230 K,
consistent with the presence of significant antiferromag-
netic coupling. Increases in χM at low temperatures (�
30 K) have often been seen in strongly antiferromagnetically
coupled systems and arise from a small amount of para-
magnetic impurity in the sample. The magnetic moment of
4 is 1.83 µB (χM·T � 0.4197 cm3·K·mol�1) at 290 K, which
is significantly lower than the spin-only value of 2.45 µB for
two uncoupled S � 1/2 spins. Furthermore µeff gradually
decreases on decreasing the temperature, reaching 0.15 µB

at 2 K. The data were fitted using the following parameters:
J � �128.5 cm�1, g � 1.90, PI (S � 1/2) � 0.018, TIP � 80
� 10�6 cm3·mol�1 and θ � �3.0 K. The antiferromagnetic
coupling constant of �128.5 cm�1 lies in the range of val-
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ues found for other dinuclear vanadyl() complexes[11,17]

containing phenoxo, alkoxo and hydroxo-bridging ligands.

51V NMR Measurements

Compound 5 containing VV with a d0 electron configura-
tion is diamagnetic and was examined by 51V NMR spec-
troscopy[18] with VOCl3 in C6D6 as an internal standard.
The compound gives rise to a single signal at δ �
�420 ppm, suggesting that there is only one species in solu-
tion, as in the solid state (vide infra).

Electrochemistry and Spectroelectrochemistry

The electrochemical properties of complexes 1 (FeIII), 2a
(MnIII) and 3 (CrIII) were investigated in CH2Cl2 solutions
containing 0.1  TBA(PF6). Voltammetric experiments
(cyclic voltammetry, CV and square wave voltammetry,
SQW) reveal that all three compounds can undergo three
consecutive oxidations.

Figure 7 shows representative examples of the electro-
chemical measurements. The respective redox potentials vs.
the Fc�/Fc couple are compiled in Table 5. The first two
oxidations are reversible on the time scale of cyclic voltam-
metry (scan rates 0.05�0.5 V/s). The peak positions are al-
most independent of the scan rates and the peak separ-
ations are close to the values observed for ferrocene under
the same conditions (0.08 V). The third oxidations are

Figure 7. Cyclic voltammogram (50 mV/s) of 1 (top) and square
wave voltammogram at 25 Hz of 3 (bottom) in CH2Cl2 [0.1 M
nBu4NPF6]

Table 5. Redox potentials (E1/2 in Volt vs. Fc�/Fc) for reduction
and oxidation of complexes 1�3

E1/2 (ox3)[a][b] E1/2 (ox2) E1/2 (ox1) E1/2 (red1) E1/2 (red2)

1 (FeIII) �0.870 �0.586 �0.390 �1.42 �1.95
2a (MnIII) �0.860[c] �0.542 �0.060 �1.30
3 (CrIII) �0.905[c] �0.410 �0.144 �1.99[c]

[a] CV and SQW in CH2Cl2 solutions containing 0.1  nBu4NPF6;
working electrode: 2-mm glassy carbon disk. [b] Fc�/Fc in CH2Cl2
vs. Ag/AgNO3: E1/2 � 0.216 V for 1, 0.240 V for 2b and 0.203 V for
3. [c] Chemically irreversible; square wave peak potentials are given.
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either chemically irreversible (2a and 3; no reverse peaks
observable) or contain an irreversible component (1; oxi-
dation peak at all scan rates twice as high as the peak of
re-reduction and of the reversible peaks).

The redox potentials of the second and third oxidations
are very similar for all three compounds irrespective of the
nature of the central metal ion. This provides firm evidence
that these oxidations are ligand centered and give rise to
phenoxyl radicals.

The redox potentials of the first oxidations are spread
over a somewhat larger range (Table 5). In particular, the
redox potential of 2a is low and could be due to formation
of the MnIV oxidation state. We therefore performed spec-
troelectrochemical measurements at �25 °C and found that
the spectral changes upon the first oxidation of 2a show
the fingerprints for phenoxyl radical formation.[19] In the
difference spectra a new peak with a maximum at 417 nm
developed together with a broad band which extends from
650�950 nm and has a maximum at �800 nm. Therefore,
the first oxidation of 2a can be clearly assigned to phenoxyl
radical formation. In spectroelectrochemical experiments
with 1 and 3, an increase in absorption at 350�450 nm and
at �700 nm was observed during the first oxidation, as ex-
pected for formation of phenoxyl radicals. However, the
maxima of the difference spectra were at 350�370 nm
rather than at 400�420 nm. It is most likely that these spec-
tra are distorted by small oxidation-induced shifts in the
very intense charge-transfer bands of the complexes (the ε-
values of the starting material are ten times higher than
those of phenoxyl radicals at the respective wavelengths).
In view of the similarity of the redox potentials of 1 and
3 we therefore conclude that in these complexes the first
oxidations also represent formation of phenoxyl radicals.

The reductions at potentials of less than �1 V are either
electrochemically quasi-reversible (1 and 2a; peak separ-
ation 0.15�0.25 V at 0.2 V/s scan rate) or chemically
irreversible (3; high peak current and lack of reverse peak).
They were not further investigated and are most likely me-
tal-centered reductions to the M2� oxidation states.

A few experiments were done with the Vanadium VV

compound [L2(V�O)2] (5). The square wave voltammog-
ram exhibits three oxidations in the accessible potential
range, two reversible ones at �0.136 V and �0.226 V and
one irreversible at �1.02 V. These oxidations, which occur
in the same potential range as those of 1�3, we also tenta-
tively assign to phenoxyl radical formation. Reductions also
occur in the potential range �0.7 to �0.9 V and these are
most likely to be metal-centered reductions to the VIV oxi-
dation state. The square wave voltammogram, however, ex-
hibits complex multiple peak formations and therefore ac-
curate redox potentials cannot be evaluated.

Concluding Remarks

The structural analysis of a series of transition metal
complexes derived from the pentadentate ligand H3L dem-
onstrates the ability of this dinucleating ligand to form com-
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plexes of metal ions of the first transition series mostly in a
six-coordinate fashion. As evidenced by the square-pyrami-
dal five-coordinate VIV 4 and VV 5 complexes, this may be
overcome by electronic factors, e.g. the Jahn�Teller effect
and absence of LFSE. The fact that this ligand can adapt
itself to various metal ion sizes to yield dinuclear complexes
makes it a versatile building block for the construction of
bimetallic complexes, which might be useful for the study
of biologically relevant dinuclear complexes.

From the X-ray data above and particularly those of 2b
and 5, it is clear that within a family of complexes it is
possible to obtain a variety of coordination environments.
Complexes of Schiff base ligands have been in the literature
for over 150 years and rigid chelating environments for the
metals have been proposed for complexes of this type. The
present ligand H3L, also a Schiff-base ligand, demonstrates
how the local environment around the metal becomes dis-
torted to accommodate the increasing internal chelate ring
and how the ligand itself adjusts from originally pentadent-
ate to tetradentate in a complex. The realization that the
present ligand H3L has the potential to switch between dif-
ferent chelating modes highlights the prospect of designing
a generic ligand system which should have a rich, interest-
ing and independent chemistry worthy of greater explo-
ration. Overall this Robson-type ligand with tert-butyl sub-
stituents has offered a new chelating flexibility.

The electrochemical results suggest the generation of li-
gand-centered oxidation processes attributable to the
phenoxyl radicals, rather than the formation of unusually
high oxidation states at the central metal centers.

Experimental Section

Materials and Physical Measurements: Reagent or analytical grade
materials were obtained from commercial suppliers and used with-
out further purification, except those for electrochemical measure-
ments. Elemental analyses (C,H,N) were performed by the Micro-
analytical Laboratory Dornis & Kolbe, Mülheim, Germany. Four-
ier transform infrared spectra in KBr discs were recorded on a
Perkin�Elmer 2000 FT-IR instrument. Electronic absorption spec-
tra in solution were measured on a Perkin�Elmer Lambda 19 spec-
trophotometer. Magnetic susceptibilities of powdered samples were
recorded on a SQUID magnetometer in the temperature range
2�295 K with an applied field of 1 T. Experimental susceptibility
data were corrected for the underlying diamagnetism using Pascal’s
constants and for the TIP contributions. Cyclic voltammetric and
coulometric measurements were performed on EG&G equipment
(potentiostat/galvanostat model 273A). Mass spectra were recorded
with either a Finnigan MAT 8200 (electron ionization, EIMS) or
a MAT 95 (electrospray ESI-MS) instrument. A Bruker DRX 400
instrument was used for NMR spectroscopy.

Preparations

H3L: The ligand H3L was prepared as described earlier.[4]

[L2FeIII
2 ] (1): To a degassed solution of the ligand H3L (0.29 g;

0.5 mmol) and NEt3 (0.12 mL) in an acetonitrile/dichloromethane
solvent mixture (10 ml:15 mL) was added Fe(ClO4)2·6H2O (0.18 g;
1 mmol) and the resultant solution was heated to reflux for 0.5 h
under argon, then cooled and stirred in air for an hour. The result-
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ant deep reddish-brown solution was kept at ambient temperature
for crystallization. After 2 d red-brown microcrystals were collected
by filtration and air-drying. Yield: 0.14 g (45%). C74H94Fe2O6N4:
calcd. C 71.26, H 7.60, Fe 8.95, N 4.49; found C 71.3, H 7.6, Fe
9.0, N 4.5. EI-MS: m/z � 1247 [M�]. IR (KBr disk): ν̃ �2953 s
cm�1, 2865 m, 1610 m, 1591 m, 1565 m, 1471 s, 1443 s, 1408 m,
1255 s, 1163 m, 834 m, 537 m, 492 m. UV/Vis (CH2Cl2): λmax

(ε/�1·cm�1) � 560 sh (�7800), 421 nm (34200).

X-ray quality crystals of 1·2.5CH3CN were grown from an aceto-
nitrile solution.

[L2MnIII
2 ] (2a): A methanolic solution (25 mL) of the ligand H3L

(0.29 g; 0.5 mmol), manganese() acetate (0.13 g; 0.2 mmol) and
tetrabutylammonium methoxide (0.2 mL) was heated to reflux for
1 h. Red-brown microcrystals of 2a were formed on cooling to
room temperature. The solid was collected by filtration and air-
dried. Yield: 70 mg (�23%). C74H94Mn2N4O6: calcd. C 71.36, H
7.61, Mn 8.82, N 4.50; found C 71.50, H 7.5, Mn 8.7, N 4.5. EI-
MS: m/z � 1242�1246 [M�]. IR (KBr disk): ν̃ �2953 s cm�1, 2866
m, 1610 m, 1587 m, 1472 m, 1442 m, 1406 m, 1360 m, 1246 s, 1161
m, 836 m, 561 m, 537 m. UV/Vis (CH2Cl2): λmax (ε/�1·cm�1) �

470 nm (22000).

[L2MnIII
2 (THF)2] (2b): X-ray quality crystals of 2b·4CH3CN were

obtained by crystallizing 2a from a tetrahydrofuran/acetonitrile
solution. C82H110Mn2N4O8·4CH3CN: calcd. C 69.57, H 7.91, Mn
7.07, N 7.21; found C 69.7, H 7.9, Mn 7.3, N 6.7.

[L2CrIII
2 ] (3): A solution of the ligand (0.29 g; 0.5 mmol), NEt3

(0.1 mL) and CrCl2 (0.12 g; 0.5 mmol) in tetrahydrofuran (25 mL)
was heated to reflux under argon for 15 min and then in air for a

Table 6. Crystallographic data for [L2FeIII
2 ]·2.5 CH3CN (1), [L2MnII

2 (THF)2]·4 CH3CN (2b), [L(VOIV)2(OCHMe2)]·CH3CN (4) and
[L2(VOV)2]·2 CH3CN (5)

1 2b 4 5

Empirical formula C74H94Fe2N4O6·2.5CH3CN C82H110Mn2N4O8·4CH3CN C42H59N3O6V2 C74H94N4O8V2·2CH3CN
Formula mass 1349.87 1553.84 803.80 1351.52
Temperature 100(2) K 100(2) K 100(2) K 100(2) K
Wavelength (Mo-Kα) 0.71073 Å 0.71073 Å 0.71073 Å 0.71073 Å
Crystal system Triclinic Triclinic Triclinic Triclinic
Space group P1̄ P1̄ P1̄ P1̄
Unit cell dimensions a � 16.887(2) Å a � 11.6088(8) Å a � 8.456(1) Å a � 14.8895(8) Å

b � 17.026(2) Å b � 12.6390(8) Å b � 16.087(2) Å b � 16.047(1) Å
c � 17.040(2) Å c � 31.802(2) Å c � 16.685(2) Å c � 16.881(1) Å
α � 115.63(2)° α � 79.41(1)° α � 71.35(2)° α � 77.47(1)°
β � 113.09(2)° β � 83.17(1)° β � 89.26(2)° β � 79.50(1)°
γ � 90.69(2)° γ � 72.87(1)° γ � 79.26(2)° γ � 81.47(1)°

Volume (Å3); Z 3964.7(8); 2 4372.7(5); 2 2110.2(4); 2 3846.5(4); 2
Density (calcd.) Mgm-3 1.131 1.180 1.265 1.167
Absorp. coeff. (mm�1) 0.417 0.346 0.490 0.298
F(000) 1442 1664 852 1440
Crystal size (mm) 0.39 � 0.37 � 0.34 0.44 � 0.36 � 0.24 0.33 � 0.14 � 0.09 0.35 � 0.11 � 0.10
θ range for data collect. 1.69 to 26.00° 2.31 to 27.11° 2.16 to 22.50° 4.21 to 32.50°
Reflections collected 26505 31923 13369 44652
Independent reflect. 13350 [R(int.) � 0.0419] 18622 [R(int.) � 0.0482] 5434 [R(int.) � 0.0852] 27516 [R(int.) � 0.0452]
Absorpt. correction SADABS Gaussian, face indexed Gaussian, face indexed Gaussian, face indexed
Data/restraints/param. 13308/36/805 18622/6/1000 5430/0/479 27259/34/839
Goodness-of-fit on F2 1.057 1.065 1.012 1.014
Final R indices R1 � 0.0862, R1 � 0.0747, R1 � 0.0527, R1 � 0.0681,
[I � 2σ(I)] wR2 � 0.2532 wR2 � 0.1899 wR2 � 0.1194 wR2 � 0.1539
R indices (all data) R1 � 0.1223, R1 � 0.0933, R1 � 0.0963, R1 � 0.1102,

wR2 � 0.2875 wR2 � 0.2020 wR2 � 0.1345 wR2 � 0.1814

Eur. J. Inorg. Chem. 2003, 1956�1965 www.eurjic.org  2003 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim 1963

further 1 h. The resultant deep-red solution was filtered and the
filtrate was evaporated to dryness using a rotary evaporator. The
solid obtained was dissolved in of THF (5 mL) and the solution
was filtered to remove any solid. After addition of acetonitrile
(2 mL) to the filtrate, slow evaporation at room temperature yielded
3 as an orange-red microcrystalline solid. Yield: 0.13 g (42%).
C74H94Cr2N4O6: calcd. C 71.70, H 7.64, Cr 8.39, N 4.52; found C
71.4, H 7.6, Cr 8.3, N 4.5. EI-MS (pos., CH2Cl2): m/z �

1239�1246 [M�]. IR (KBr disk): ν̃ � 2953 s cm�1, 2905 m, 2867
m, 1598 m, 1565 m, 1474 s, 1445 s, 1406 m, 1256 s, 1162 m, 832
m, 569 m, 539 m, 517 m. UV/Vis (CH2Cl2): λmax (ε/�1·cm�1) �

458 (16450), 337 sh nm (�16000).

[L(VIV�O)2µ-OCH(CH3)2] (4): A solution of the ligand H3L
(0.29 g; 0.5 mmol), vanadyltris(isopropoxide) (0.25 ml; 1 mmol)
and Et3N (0.3 mL) in a deoxygenated acetonitrile/dichloromethane
solvent mixture (10 ml:10 mL) was heated to reflux under argon
for 1 h and then stirred in air for a further 1 h. The solution was
filtered to remove any solid particles and the filtrate was allowed
to evaporate slowly at ambient temperature to provide deep red
crystals. Yield: 0.18 g (47%). C40H54N2O6V2: calcd. C 63.15, H
7.15, N 3.68, V 13.39; found C 63.1, H 7.1, N 3.6, V 13.5. EI-MS:
m/z � 760 (20.8%) [M�], 718 (100%) [M� � C3H7], 703 (54%) [M�

� C3H7O]. IR (KBr disk): ν̃ � 2953 s cm�1, 2867 m, 1614 m, 1569
m, 1476 s, 1446 m, 1362 m, 1250 s, 1161 s, 990 vs, 948 m, 831 s,
567 m, 546 s. UV/Vis (CH2Cl2): λmax (ε/�1·cm�1) � 363 (14900),
470 nm (10500).

X-ray quality crystals of 4·CH3CN were obtained by recrystalliza-
tion of 4 from acetonitrile.
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[L2(VV�O)2] (5): A deoxygenated solution of the ligand (0.29 g;
0.5 mmol) and Et3N (0.25 mL) in a solvent mixture of acetonitrile/
dichloromethane (30 ml:10 mL) was charged with V(THF)3Cl3
(0.19 g; 0.5 mmol) and the resultant solution was heated to reflux
under argon for 1 h and then stirred in air for a further 1 h. The
clear solution was kept at room temperature for slow evaporation
of the solvents. After 3 d the dark-brown crystals were collected by
filtration. Yield: 0.2 g (63%). C74H94N4O8V2: calcd. C 70.01, H
7.46, N 4.41, V 7.99; found C 69.83, H 7.35, N 4.40, V 7.95. EI-
MS: m/z � 1266�1269 [M�], 1251�1254 [M� � CH3], 618 [LV�].
IR (KBr disk): ν̃ � 3442 m cm�1, 2954 s, 2904 s, 2867 s, 1616 m,
1591 m, 1544 s, 1476 s, 1443 s, 1361 s, 1244 s, 996 s, 838 m. UV/
Vis (CH2Cl2): λmax (ε/�1·cm�1) � ca. 414 sh (�25600), 659 nm
(5200). 51V NMR: δ � �420 ppm.

X-ray quality crystals of 5·2CH3CN were obtained from an aceto-
nitrile solution of 5.

X-ray Crystallographic Data Collection and Refinement of the Struc-
tures: Single crystals of 1 (orange-red), 2b (red), 4 (orange-red) and
5 (orange-red) were coated with perfluoropolyether, picked up with
glass fibers and mounted on a Kappa-CCD diffractometer
equipped with a nitrogen cold stream at 100 K. Graphite-monoch-
romated Mo-Kα radiation (λ � 0.71073 Å) was used. Crystallo-
graphic data of the compounds are listed in Table 6. Cell constants
were obtained from a least-squares fit of the diffraction angles of
several thousand strong reflections. Intensity data were corrected
for Lorentz and polarization effects. The Siemens ShelXTL
software package (G. M. Sheldrick, Universität Göttingen) was
used for solution, refinement, and artwork of the structures, and
the neutral atom scattering factors of the program were used. All
structures were solved and refined by direct methods and difference
Fourier techniques. Non-hydrogen atoms were refined aniso-
tropically, and hydrogen atoms were placed at calculated positions
and refined as riding atoms with isotropic displacement para-
meters.

CCDC-195241 (1), -195242 (2b), -195243 (4)and -195244 (5) con-
tain the supplementary crystallographic data for this paper. These
data can be obtained free of charge at www.ccdc.cam.ac.uk/conts/
retrieving.html [or from the Cambridge Crystallographic Data
Centre, 12, Union Road, Cambridge CB2 1EZ, UK; Fax: (in-
ternat.) �44-1223/336-033; E-mail: deposit@ccdc.cam.ac.uk].
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