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Ligating properties of a tetradentate ligand 2-{bis[(3,5-di-
tert-butyl-2-hydroxybenzyl)amino]methyl}tetrahydrofuran,
H2L, with [O,O,N,O]-donor atoms towards CuII and FeIII are
described. The ligand H2L yields both mononuclear LFeIII-
(acac) (1) and dinuclear [L2FeIII

2(µ-OCH3)-(µ-OH)] (2),
[L2FeIII

2(µ-C2O4)] (3) and [L2CuII
2] (4) complexes, which were

characterized by various physical techniques, including X-
ray diffraction, Mössbauer, electrochemical and magnetic
susceptibility (2–290 K) measurements. That the electro-
chemical oxidations are ligand-centered, i.e. formation of
phenoxyl radicals from the coordinated phenolates, have

Introduction

The amino acid tyrosine and its one-electron oxidized
tyrosyl radical are quite common at the active centers of
metalloenzymes involved in oxygen-dependent enzymatic
radical catalysis.[1] Copper-containing galactose oxidase
(GO), iron-containing ribonucleotide reductase (RR) are
just two examples among others. This finding has elicited
the interest of bioinorganic chemists in using phenol-con-
taining ligands to mimic both structure and function of
such metalloenzymes.[2] In this area, we have reported some
bioinspired complexes as functional models of metalloen-
zymes[3] viz. galactose oxidase, catechol oxidase, and amine
oxidases. These low-molecular weight complexes exhibit
catalytic activity for aerial oxidation of organic substrates
like alcohols, amines and catechols.

In continuation of our continuing interest in aminebis-
(phenol) ligands with O,N,O-donor atoms[4] and with the
aim to scrutinize the effect of an additional pendent arm
on the ligating property of the resulting tetradentate ligand
towards transition metals, we argued for a weak-field donor
pendent arm containing an ether group. An obvious choice
is a tetrahydrofuran pendent arm. Thus the ligand H2L was
selected for the investigation.
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been shown by voltammetric methods. Complexes 2–4 dis-
play antiferromagnetic exchange coupling of the neighbour-
ing metal centers. Comparison of the evaluated weak ex-
change coupling constants (J) with the literature values leads
to the conclusion that the angle Cu–O–Cu� is not the only
determinant for the nature of the exchange coupling and the
capability of the bridging ligands as mediators for spin coup-
ling in case of FeIII follows the order phenoxide ≈ methoxide
� hydroxide.
(© Wiley-VCH Verlag GmbH & Co. KGaA, 69451 Weinheim,
Germany, 2007)

Such aminebis(phenol) ligands with different pendent
arms, such as amines with tetrahydrofuran, have already
been used in the field of phosphorus chemistry[5] and for
catalytic olefin polymerization involving group IV metal
complexes.[6] Scheme 1 shows the complexes prepared with
the ligand H2L together with the labels. We report herein
the synthesis, the structural, spectroscopic and magnetic
properties of complexes [LFeIII(acac)] (1), [L2FeIII

2(µ-
OCH3)(µ-OH)] (2), and [L2FeIII

2(µ-C2O4)] (3). The dinu-
clear CuII complex [L2CuII

2] (4) will also be described.

Scheme 1.
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Results and Discussion

The ligand 2-{bis[(3,5-di-tert-butyl-2-hydroxybenzyl)-
amino]methyl}tetrahydrofuran, H2L, was prepared accord-
ing to a procedure reported in the literature.[6b] The purity
of the ligand was checked by liquid chromatography to be
98.7%. The IR, 1H NMR and MS data are in agreement
with the literature data (see Experimental Section), no fur-
ther discussion is necessary here. To gain insight into the
metrical parameters of the ligand, we have determined the
structure of the ligand by X-ray diffractometry. Figure 1
displays the structure of the ligand H2L in the solid state.
The X-ray analysis of single crystals of H2L, performed at
100 K, reveals moderate hydrogen bonding between the
phenolic hydroxy group O(15) and the ether group O(1) of
the tetrahydrofuran ring, whereas the second phenolic
group O(23) and the amine nitrogen N(7) are hydrogen-
bonded [O(15)···O(1) 2.786 Å and O(23)···N(7) 2.731 Å].
The bond lengths and angles for the ligand, listed in
Table 1, seem reasonable and do not warrant any special
discussion.

Figure 1. ORTEP representation for the amine bis (phenolato)
THF ligand(L) (thermal ellipsoid probability 40%).

Methanolic solutions of H2L were treated with metal
salts, Et3N and an additional ligand in some cases in suit-
able ratio and the solutions were heated at reflux to yield
the complexes 1–4 in good yields. EI mass spectrometry was
helpful in detecting the mononuclear nature for 1 and the
dinuclear nature for 2–4. The molecular ion peaks at m/z
690 (47.7%) for 1, at m/z 1198 (11%) for 4 and m/z 1270
(47%) for 3 were observed. The signal at m/z 1198 (intensity
about 12%) for 2 supports the dinuclear nature of 2.

The ν(OH) stretch for the pure ligand, strong and sharp
at 3372 cm–1, vanishes after complex formation and is re-
placed by a very broad signal indicating the coordination
of the phenol group to the metal. For 1 the most relevant
features occur at 1598 and 1519 cm–1 corresponding to the
ν(C=O) of the coligand acetylacetonate (acac). A new peak
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Table 1. Selected bond lengths [Å] and angles [°] for the ligand H2L.

O(1)–C(2) 1.377(4)
O(1)–C(5) 1.458(5)
N(7)–C(6) 1.480(4)
N(7)–C(16) 1.473(2)
N(7)–C(8) 1.480(2)
O(23)–C(22) 1.366(2)
O(15)–C(14) 1.373(2)
C(14)–C(13) 1.403(3)
C(13)–C(12) 1.398(3)
C(12)–C(11) 1.397(3)
C(11)–C(10) 1.382(3)
C(10)–C(9) 1.383(3)
C(9)–C(14) 1.399(3)
C(22)–C(21) 1.406(3)
C(21)–C(20) 1.385(3)
C(20)–C(19) 1.391(3)
C(19-C(18) 1.394(3)
C(18)–C(17) 1.385(3)
C(17)–C(22) 1.402(3)
C82)–O(1)–C(5) 110.2(3)
C(16)–N(7)–C(6) 114.1(2)
C(16)–N(7)–C(8) 109.8(2)
C(8)–N(7)–C(6) 111.9(6)
O(23)–C(22)–C(17) 119.9(2)
O(23)–C(22)–C(21) 119.7(2)
O815)–C(14)–C(13) 118.2(2)
O(15)–C(14)–C(9) 121.0(2)

at 1067 cm–1 observed for 2 is ascribed to the ν(OCH3)
group of the bridging methoxide ligand. Complex 3 exhibits
strong to moderate vibrations at 1655 cm–1 (νasOCO),
1400 cm–1 (νsOCO) and 837 cm–1 (νδOCO) as has been ob-
served earlier for similar oxalate-bridged complexes.[7] Se-
lected IR data for complexes 1–4 are given in the Experi-
mental Section.

X-ray Diffraction Studies of 1, 2, 3 and 4

Single crystals of deep red [LFe(acac)]·C2H5OC2H5 (1)
were obtained from an ethereal solution by slow evapora-
tion. As no substantial differences in bond lengths and
angles are found for the two crystallographically non-equiv-
alent molecules, only one ORTEP diagram for the structure
of compound 1 is displayed in Figure 2. Selected bond
lengths and angles are summarized in Table 2. The overall
geometry around the iron ion Fe(1) is best described as a
distorted octahedron with two cis positioned oxygens O(41)
and O(45) of the acetylacetonato coligand acac, whereas
the doubly deprotonated tripodal ligand [O�N(O)�O]2–

occupies the remaining four coordination sites. All the
phenyl rings attached to the phenolate oxygen atoms are
found to be planar, indicating that upon coordination the
aromaticity of the phenyl rings is retained. The distortion
from octahedral geometry is mainly caused by the acute
bite angles involving the tetrahydrofuran oxygen O(1). The
O(1)–Fe(1)–O(15) and O(23)–Fe(1)–O(45) angles are
166.00(8)° and 167.61(8)°, respectively, while the corre-
sponding O(41)–Fe(1)–N(7) angle at 170.17(9)° also devi-
ates from linearity. All the C–O bond lengths found in com-
plex 1 are unremarkable, average 1.337(5) Å.
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Figure 2. ORTEP diagram and atom labeling scheme for complex 1 (thermal ellipsoid probability 40%).

Table 2. Selected bond lengths [Å] and bond angles [°] for complex
1·Et2O.

Fe(1)–O(15) 1.883(2) O(15)–Fe(1)–O(23) 99.20(9)
Fe(1)–O(23) 1.8891(19) O(15)–Fe(1)–O(41) 95.53(8)
Fe(1)–O(41) 1.989(2) O(23)–Fe(1)–O(41) 96.29(8)
Fe(1)–O(45) 2.0728(19) O(15)–Fe(1)–O(45) 92.45(9)
Fe(1)–N(7) 2.193(2) O(23)–Fe(1)–O(45) 167.61(8)
Fe(1)–O(1) 2.223(2) O(41)–Fe(1)–O(45) 86.70(8)
O(15)–Fe(1)–N(7) 89.75(8) O(15)–Fe(1)–O(1) 166.00(8)
O(23)–Fe(1)–N(7) 90.79(8) O(23)–Fe(1)–O(1) 87.66(8)
O(41)–Fe(1)–N(7) 170.37(9) O(41)–Fe(1)–O(1) 95.83(8)
O(45)–Fe(1)–N(7) 85.03(8) O(45)–Fe(1)–O(1) 80.07(8)
N(7)–Fe(1)–O(1) 77.89(8)
Fe(2)–O(73) 1.882(2) O(73)–Fe(2)–O(65) 101.18(9)
Fe(2)–O(65) 1.896(2) O(73)–Fe(2)–O(91) 95.17(9)
Fe(2)–O(95) 2.083(2) O(65)–Fe(2)–O(91) 96.46(8)
Fe(2)–N(57) 2.187(2) O(73)–Fe(2)–O(95) 90.07(9)
Fe(2)–O(51) 2.218(2) O(65)–Fe(2)–O(95) 168.17(9)
Fe(2)–O(91) 1.988(2) O(91)–Fe(2)–O(95) 86.03(9)

O(73)–Fe(2)–N(57) 90.40(9)
O(65)–Fe(2)–N(57) 89.55(9)
O(91)–Fe(2)–N(57) 170.85(9)
O(95)–Fe(2)–N(57) 86.71(9)
O(73)–Fe(2)–O(51) 165.23(8)
O(65)–Fe(2)–O(51) 87.53(8)
O(91)–Fe(2)–O(51) 95.67(8)
O(95)–Fe(2)–O(51) 80.71(8)
N(57)–Fe(2)–O(51) 77.65(8)

C(22)–O(23) 1.341(3)
C(14)–O(15) 1.326(3)
C(64)–O(65) 1.336(3)
C(72)–O(73) 1.343(3)

It is noteworthy that the Fe(1)–O(1) bond length of
2.223(2) Å, involving the THF oxygen atom, is exceedingly
long. This probably results in the comparatively short trans-
positioned Fe(1)–O(15) bond length of 1.883(2) Å, thus in-
dicating stronger Fe–O(phenolate) interactions in compari-
son to that for Fe–O(THF). The Fe(1)–N(7) distance at
2.193(2) Å falls into the range reported for the structurally
characterized mononuclear FeIII complexes.[8] The Fe–O
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and Fe–N bond lengths are in agreement with those of a
high-spin d5 FeIII complex,[9] which corroborates also with
the magnetic and Mössbauer measurements.

The structure of complex 2 consists of neutral, well-iso-
lated dinuclear units [L2FeIII

2(µ-OH)(µ-OCH3)]·C2H5-
OC2H5. Selected bond lengths and angles are listed in
Table 3. An ORTEP view of the dimeric unit is shown in
Figure 3. The two iron(III) atoms are asymmetrically
bridged by one methoxy O(81) and one hydroxy O(80) li-
gands. The iron ion Fe(2) is in distorted octahedral environ-
ment, having FeNO5 coordination sphere, whereas five-co-
ordinate Fe(1) is in a square pyramidal FeNO4 environ-
ment. The phenolate O(63), the amine N(47) and the bridg-
ing O(81) and O(80) form the equatorial plane for the Fe(2)
center, whereas the phenolate O(55) and O(41) from the
tetrahydrofuran unit are axially trans-disposed. As expected
for trans-influence, the Fe(2)–O(41) distance is long with
2.207(5) Å, while the trans-bonded Fe(2) is hydrogen-
bonded to the bridging hydroxide O(80). Thus, a distorted
square-pyramidal Fe(1) prevails in complex 2. The FeNO4

coordination sphere is not very common for trivalent iron
with O,N-based ligation,[10] octahedral coordination is by
far the most commonly observed arrangement for FeIII.[11]

The bond lengths for the five-coordinate iron center Fe(1)
is shorter than those for the six-coordinate Fe(2) center. The
asymmetry in the bridging bond lengths is also noteworthy.
The angles Fe(1)–O(81)–Fe(2) and Fe(1)–O(80)–Fe(2) at the
bridging ligands are 103.3(1)° and 101.5(3)°, respectively
and comparable with the reported values for similarly
bridged iron(III) complexes.[12] The Fe(1)···Fe(2) separation
of 3.116 Å fall in the range reported earlier. The Fe–N and
Fe–O bond lengths are consistent with d5 high-spin electron
configuration for both FeIII centers with amine nitrogen
and phenolate oxygen-donor ligands. The d5 high-spin con-
figuration has also been confirmed both by Mössbauer and
magnetic susceptibility measurements.
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Figure 3. ORTEP diagram and atom labeling scheme for complex 2 (thermal ellipsoid probability 40%).

Table 3. Selected bond lengths [Å] and angles [°] for complex
2·Et2O.

Fe(1)–O(23) 1.796(2) O(23)–Fe(1)–O(15) 108.21(9)
Fe(1)–O(15) 1.9172(19) O(23)–Fe(1)–O(80) 113.67(19)
Fe(1)–O(80) 1.946(7) O(23)–Fe(1)–O(81) 97.77(9)
Fe(1)–O(81) 1.983(2) O(15)–Fe(1)–O(81) 96.65(9)
Fe(1)–N(7) 2.210(2) O(80)–Fe(1)–O(81) 78.95(19)
Fe(2)–O(55) 1.887(3) O(23)–Fe(1)–N(7) 92.58(8)
Fe(2)–O(63) 1.910(3) O(15)–Fe(1)–N(7) 88.55(8)
Fe(2)–O(81) 1.991(2) O(80)–Fe(1)–N(7) 87.27(18)
Fe(2)–O(80) 2.075(6) O(81)–Fe(1)–N(7) 164.31(9)
Fe(2)–N(47) 2.196(2) O(63)–Fe(2)–O(80) 165.8(3)
Fe(2)–O(41) 2.207(5) O(55)–Fe(2)–O(80) 92.5(2)
O(55)–Fe(2)–O(63) 101.0(3) O(81)–Fe(2)–O(80) 75.8(2)
O(55)–Fe(2)–O(81) 105.64(15) O(55)–Fe(2)–N(47) 85.54(13)
O(63)–Fe(2)–O(80) 165.8(3) O(81)–Fe(2)–N(47) 163.88(9)
O(81)–Fe(2)–O(80) 75.8(2) O(55)–Fe(2)–O(41) 160.3(2)
O(63)–Fe(2)–N(47) 93.04(15) O(81)–Fe(2)–O(41) 88.93(17)
O(80)–Fe(2)–N(47) 92.4(2) N(47)–Fe(2)–O(41) 77.73(14)
O(63)–Fe(2)–O(41) 90.3(3)
O(80)–Fe(2)–O(41) 78.1(3)
Fe(1)–O(81)–Fe(2) 103.27(10)

A perspective drawing of complex 3 [L2FeIII
2(µ-C2O4)]

and the atom-labeling Scheme are shown in Figure 4. Crys-
tals of 3 contain two molecules of CH2Cl2 as solvent mole-
cules of crystallization. Selected bond lengths and angles
are given in Table 4. The asymmetric unit contains half of
the dimer and consequently the geometries of the two iron
centers are identical, with ligation provided by the two oxy-
gen atoms of the bridging oxalate, two phenolate oxygens,
one amine nitrogen and one ethereal oxygen belonging to
the terminal ligand L resulting in a distorted octahedral
arrangement. The two iron centers and the oxalate bridge
are coplanar with a maximum deviation of 0.093 Å. As is
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expected and observed for the structures 1 and 2, the Fe–O
(ether) bond length at 2.178(2) is long and the trans-dis-
posed Fe–O (phenolate) length at 1.867(2) Å is significantly
short. The Fe–O and Fe–N bond lengths are in conforma-
tion with the high-spin d5 electron configuration for the fer-
ric centers in 3, which corroborates with the Mössbauer and
magnetic measurements. The Fe···Fe separation of 5.465 Å
is comparable with those reported for other oxalate-bridged
differic(III) complexes.[13]

Complex 4·C2H5OC2H5 adopts a dimeric structure and
the molecular structure is shown in Figure 5 along with the
atom numbering scheme. Selected bond lengths and angles
are listed in Table 5. Each copper atom has a CuNO4 penta-
coordinate environment and is bridged by two phenoxide
oxygens O(15) and O(63). The Cu2O2 core is essentially
planar, and none of the atoms deviates from the least-
square plane by more than 0.38 Å. However, the Cu–O(63)
and Cu–O(15) distances are different and the copper cen-
ters are separated by 2.766 Å, which is significantly shorter
than those reported for phenoxy-bridged dicopper(II) com-
plexes.[14]

The geometrical parameters τ of 0.31 and 0.29 for Cu(1)
and Cu(2), respectively, suggest that the complex has a ge-
ometry closer to square-pyramidal (τ = 0) than to trigonal
bipyramidal (τ = 1).[15] Thus, complex 4 adopts an folded
structure with the two square-pyramidal copper centers
bridged by the two phenoxide oxygen atoms, O(15) and
O(63), with the Cu(1)–O–Cu(2) angles of 87.88(5)° and
88.65(5)°, respectively. The dispositions of the ligands are
such that the equatorial tripodal nitrogen atoms N(7) and
N(47), are in syn positions. Thus, the equatorial plane for
each copper center consists of CuO3N resulting from three
phenolate oxygen atoms and the amine nitrogen atom. The
oxygen atoms originating from the tetrahydrofuran arms of
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Figure 4. ORTEP diagram and atom labeling scheme for complex 3 (thermal ellipsoid probability 50%).

Table 4. Selected bond lengths [Å] and bond angles [°] for complex
3·2CH2Cl2.

Fe(1)–O(15) 1.8665(19) Fe(1)–O(23) 1.8728(18)
Fe(1)–O(41) 2.0394(19) Fe(1)–N(7) 2.155(2)
Fe(1)–O(43) 2.1747(19) Fe(1)–O(1) 2.178(2)
O(43)–Fe(1) 2.1746(19) N(7)–Fe(1)–O(43) 89.03(8)
O(15)–Fe(1)–O(1) 164.80(8) O(23)–Fe(1)–O(1) 91.14(8)
O(41)–Fe(1)–O(1) 91.19(8) N(7)–Fe(1)–O(1) 77.48(8)
O(43)–Fe(1)–O(1) 80.94(8) O(15)–Fe(1)–O(23) 100.69(9)
O(15)–Fe(1)–O(41) 96.51(8) O(23)–Fe(1)–O(41) 98.11(8)
O(15)–Fe(1)–N(7) 92.36(8) O(23)–Fe(1)–N(7) 92.55(8)
O(41)–Fe(1)–N(7) 164.61(8) O(15)–Fe(1)–O(43) 87.69(8)
O(23)–Fe(1)–O(43) 171.39(9) O(41)–Fe(1)–O(43) 78.82(7)

Figure 5. ORTEP diagram and atom labeling scheme for complex
4 (thermal ellipsoid probability 50%).

the aminebis(phenolate) ligand occupy the axial positions
with anti conformation. As is observed for other structures,
Cu–O (ether) bond is appreciably long with 2.334(5) Å and
2.400(4) Å.
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Table 5. Selected bond lengths [Å] and angles [°] for complex
4·C2H5OC2H5.

Cu(1)–O(23) 1.8780(14) O(15)–Cu(1)–Cu(2) 47.12(4)
Cu(1)–O(15) 1.9571(13) O(63)–Cu(1)–Cu(2) 44.58(4)
Cu(1)–O(63) 2.0156(13) O(55)–Cu(2)–O(63) 167.41(6)
Cu(1)–N(7) 2.0482(16) O(55)–Cu(2)–O(15) 92.65(6)
Cu(1)–O(1) 2.334(5) O(63)–Cu(2)–O(15) 74.81(5)
Cu(1)–O(1X) 2.343(9) O(55)–Cu(2)–N(47) 96.94(7)
Cu(2)–O(55) 1.8723(15) O(63)–Cu(2)–N(47) 93.63(6)
Cu(2)–O(63) 1.9418(13) O(15)–Cu(2)–N(47) 149.94(6)
Cu(2)–O(15) 2.0280(14) O(55)–Cu(2)–O(41X) 89.3(3)
Cu(2)–N(47) 2.0543(17) O(63)–Cu(2)–O(41X) 99.9(3)
Cu(2)–O(41X) 2.291(11) O(15)–Cu(2)–O(41X) 132.3(2)
Cu(2)–O(41) 2.400(4) N(47)–Cu(2)–O(41X) 76.4(3)
O(23)–Cu(1)–O(15) 167.37(6) O(55)–Cu(2)–O(41) 98.10(9)
O(23)–Cu(1)–O(63) 92.66(6) O(63)–Cu(2)–O(41) 90.52(8)
O(15)–Cu(1)–O(63) 74.76(5) O(15)–Cu(2)–O(41) 127.24(9)
O(23)–Cu(1)–N(7) 95.90(6) N(47)–Cu(2)–O(41) 79.52(9)
O(15)–Cu(1)–N(7) 84.46(6) Cu(1)–O(15)–Cu(2) 87.88(5)
O(63)–Cu(1)–N(7) 148.77(6) Cu(1)–O(63)–Cu(2) 88.65(5)
O(23)–Cu(1)–O(1) 99.77(11) Cu(1)···Cu(2) 2.7658(3)
O(15)–Cu(1)–O(1) 89.37(10)
O(63)–Cu(1)–O(1) 129.51(11)
N(7)–Cu(1)–O(1) 78.42(11)
O(23)–Cu(1)–O(1X) 90.8(2)
O(15)–Cu(1)–O(1X) 98.2(2)
O(63)–Cu(1)–O(1X) 130.59(18)
N(7)–Cu(1)–O(1X) 79.36(19)
O(23)–Cu(1)–Cu(2) 122.29(5)

Mössbauer Isomer Shifts and Quadrupole Splittings

The zero-field Mössbauer spectrum of solid 1 at 80 K is
broad and hence the spectrum was recorded in an applied
field of 7 T at 4.2 K. This record shows a well-resolved six-
line spectrum (Figure 6). A least-square fit of the spectrum
yields isomer shift δ = 0.54 mm·s–1 and quadrupole splitting
∆Eq = 1.55 mm·s–1. The Mössbauer data support the high-
spin state of the ferric ion in a distorted octahedral field for
complex 1 and are in agreement with the structural data.

Analysis of the zero-field Mössbauer spectra at 80 K for
2 and 3 yields the following parameters: isomer shift δ =
0.497 mm·s–1, quadrupole splitting ∆Eq = 1.12 mms–1 for 2
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Figure 6. Mössbauer spectrum of 1 (applied field strength 7 T, T =
4.2 K.

and isomer shift δ = 0.531 mms–1 and quadrupole splitting
∆Eq = 1.23 mms–1 for 3. These data indicate the presence
of high-spin electronic configuration for the d5 ferric(III)
ions present in 2 and 3.

Magnetic Susceptibility Measurements

Magnetic susceptibility data for polycrystalline samples
of complexes 1–4 were collected in the temperature range
2–290 K in an applied magnetic field of 1 T. We start our
discussion with the magnetic properties of the mononuclear
complex 1, [LFeIII(acac]. Complex 1 exhibits above 20 K
essentially temperature-independent magnetic moment val-
ues µeff = 5.90 + 0.01 µB, and thus contains clearly a high-
spin d5 ion, h.s.FeIII.

The magnetic behaviour of 2, [Fe2L2(µ-OCH3)(µ-OH)] is
characteristic of an antiferromagnetically coupled dinuclear
complex (Figure 7). At 290 K the µeff value of 7.76 µB (χM·T
= 7.5295 cm3 Kmol–1) decreases monotonically with
decreasing temperature until it reaches a value of 0.70 µB

(χM·T = 0.06127 cm3 Kmol–1) at 1.9 K; this is a clear indi-
cation of exchange coupling between two paramagnetic
high-spin FeIII centers (SFe = 5/2) with a resulting St = 0
ground state. We used the Heisenberg–Dirac–van Vleck
spin-Hamiltonian in the form Ĥ = –2JŜ1·Ŝ2 for an isotropic
exchange coupling between two spins S1 and S2. The solid
line in Figure 7 represents the best fit with the following
parameters: J = –5.84 cm–1, g1 = g2 = 2.00 (fixed) and TIP
= 140�10–6 cm3 mol–1 emu. The evaluated antiparallel ex-
change falls in the range observed for comparable diferric
complexes containing alkoxo-, phenoxo- and hydroxo-brid-
ges.[12] For comparison purposes, we report here some of
our unpublished results on dibridged diferric(III) com-
plexes A, B, C, and D comprising of six-coordinate FeIII

2(µ-
OH)2, 5-coordinated FeIII

2(µ-OH)2, six-coordinate FeIII
2(µ-

OH)(µ-phenoxo) and six-coordinate FeIII
2(µ-OCH3)(µ-

OAc), respectively.[16] Additionally, we have earlier reported
a bis(µ-phenoxo)differic complex (E)[4a] containing a five-
coordinate and a six-coordinate iron(III) center exhibiting
an antiferromagnetic exchange coupling J = –7.4 cm–1. Ex-
amination of 2 together with complexes A–E confirms the
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earlier notion about the exchange coupling ability of the
bridging ligands following the trend OH– � OC6H5

– ≈
OCH3

–. In addition, the strength of exchange coupling is
weaker in five-coordinate FeIII than that in six-coordinate
species. The strongest coupling |J| = 14.1 cm–1 observed for
D with the widest bridging angle Fe(1)–O–Fe(2) of about
127°, resulting in an effective overlap between the metal and
bridging-atom orbitals, is also in agreement with the exi-
sting magneto-structural correlation for the hydroxo-, alk-
oxo- and phenoxo-bridged diferric complexes.

Figure 7. Magnetic measurements for complex 2, 3 and 4.

The µeff vs. T-plot for 3 is also shown in Figure 7 and
indicates the nature of coupling operatiang between the two
high-spin d5 centers through the oxalate-bridge to be anti-
ferromagnetic. The best parameters evaluated by simulation
of the magnetic data are J = –3.1 cm–1, g = 2.00. The ex-
change coupling constant in 3 compares well with those
reported previously for oxalato-bridged dinuclear iron(III)
complexes[13,17] and emphasizes the remarkable ability of
the oxalate-bridge to transmit exchange interactions be-
tween paramagnetic centers separated by a distance more
than 5 Å. It is noteworthy that structurally characterized
oxalato-bridged differic(III) complexes are scarce in the lit-
erature.

The effective magnetic moment per molecule, µeff, for
complex 4 (Figure 7) in the temperature range 290–90 K
remains nearly constant, 2.50–2.39 µB, which is very close
to the value of magnetic moment for two uncoupled spins
of S = 1/2. Below 90 K, µeff starts to decrease with decreas-
ing temperature and reaches a value of µeff = 0.74 µB at
1.9 K. The observed temperature dependent magnetic mo-
ments for 4 confirms the dimeric nature with an antiferro-
magnetic exchange coupling of this compound. Simulation
of these experimental data results in the following best fit
parameters: J = –12.0 cm–1, g = 2.05. The exchange coup-
ling is much weaker than those reported for the bis(µ-phen-
oxide)dicopper(II) core, which in most of the cases is char-
acterized by very strong antiferromagnetic interaction
(|J|�100 cm–1) with the Cu–O(Ph)–Cu angles ranging from
98.9° to 104.8°;[14] for examples of ferromagnetic coupling
the Cu–O(Ph)–Cu angle lies in the range 90.8–96.1° and
they are very rare.[14e,14i,14m] The remarkably weak antifer-
romagnetic interaction in 4 can be accounted for by con-
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sidering the following major factors controlling the ex-
change interactions: (i) the equatorial planes of the copper
centers, Cu(1)O(15)O(63)N(7)O(23) and Cu(2)O(63)N(47)-
O(55)O(15) are not planar with a dihedral angle of 81° be-
tween the planes, thus reducing the overlap of the magnetic
orbitals of the copper centers via the p-orbitals of the bridg-
ing phenoxide oxygens; (ii) the angles at the bridging oxy-
gen Cu–O(Ph)–Cu of about 88°, the smallest reported so
far in the literature, result in considerable ferromagnetic
contribution to the overall exchange interactions; (iii) the
phenoxo oxygens, O(15) and O(63), adopt distorted pyrami-
dal geometry (340.2° and 342.0°), thus increasing ferromag-
netic contributions,[18] and (iv) small Cu···Cu distance of
2.766 Å also favors for decreasing the overall antiferromag-
netic interaction by increasing ferromagnetism.[19] Hence,
all these combined effects reduce the overall antiferromag-
netic interactions drastically. It is remarkable that the Cu–
O(Ph)–Cu angle at 88° for 4 with an antiferromagnetic
coupling is even smaller than those for the ferromag-
netically coupled diphenoxodicopper(II) complexes re-
ported in the literature.[14e,14i,14m] These results suggest for a
more intricate rationalization of exchange coupling in such
phenoxo-bridged copper(II) complexes.

In this context we would like to point out that the
Cu···Cu separation of 2.766 Å is the shortest known for
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bis(µ-phenoxide)dicopper(II) complexes. A similar bis-
phenoxo compound, Cu2L�2, (H2L� = N,N-bis(2-hydrox-
ylbenzyl)-N,N-dimethylethylenediamine) has been reported
to exhibit a weak exchange coupling (J = –10 cm–1);[14h] the
two copper centers in Cu2L�2 are in distorted trigonal-bipy-
ramidal environments with the Cu–O(Ph)–Cu angle at 99.7°
and the Cu(1)···Cu(1�) separation of 3.190 Å.

Electrochemistry and Spectroelectrochemistry

Cyclic- and square-wave voltammograms (CV and SQW)
of complexes 1–4 have been recorded in CH2Cl2 solutions
containing 0.2  [(nBu)4N]PF6 as supporting electrolyte. A
conventional three electrode arrangement was used, con-
sisting of a glassy carbon working electrode, an Ag/AgNO3

reference electrode and a platinum-wire counter electrode.
Ferrocene was added as an internal standard after comple-
tion of a set of experiments, and potentials are referenced
vs. the ferrocenium/ferrocene couple (Fc+/Fc). Coulometric
experiments were performed (at –25 °C) at appropriate
fixed potentials to determine the number of electrons/mole-
cule transferred in the redox process under investigation.
During coulometry electronic spectra were recorded in or-
der to obtain information about the mechanism of the re-
dox process.
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The CV and SQW voltammograms (Figure 8) observed

with 1–4 revealed that each complex can be stepwise two
times reversibly oxidized (E1°x and E2°x in Table 6). E1

ox

and E2
ox are similar for 1–4, which suggests that the oxi-

dation mechanism might be the same for all complexes.

Figure 8. Cyclic and square-wave voltammogramms of complexes
1–4 in CH2Cl2 at room temperature.

Table 6. Electrode potentials (in Volt) for oxidation and reduction
of complexes 1–4, measured at ambient temperature in CH2Cl2
solutions and referenced vs. the Fc+/Fc couple.

E4
ox /V E3

ox /V E2
ox /V E1

ox /V Ered /V

1 +0.76[a] +0.34[a] –1.4[b]

2 +1.05[c] +0.78[a] +0.55[a] +0.35[a] –1.7[c]

3 +0.58[a] +0.49[a] –1.4[c]; –1.8[c]

4 +1.14[c] +0.36[a] +0.25[a] –2.1[c]

[a] Reversible reaction, redox potential E1/2 is given. [b] Electro-
chemical quasi-reversible reaction; estimated E1/2 is given. [c]
Irreversible reaction, peak potential is given.

In a coulometric experiment with the dimeric iron com-
plex 3 it was found that 2 electrons per molecule had passed
after completion of electrolysis at +0.8 V. The SQW voltam-
mograms before and after coulometry were identical, indi-
cating that the resulting monocation and dication were
stable on the time scale of coulometry (20 min at –25 °C).
The electronic spectral changes observed during 2e– oxi-
dation are shown in Figure 9. It is seen that the pattern of
the changes is the same for both oxidation steps: a sharp
band at 410 nm and a much broader one at 750 nm develop,
which are typical for the formation of two phenoxyl radi-
cals. Therefore the two oxidations are ligand centred. The
small difference of the two redox potentials (90 mV) sug-
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gests that both ligands of the two respective iron-ions get
mono-oxidized.

Figure 9. The electronic spectral changes during 1-e-oxidation for
1 and 2-e-oxidation for 3 (coulometry at T = –25 °C).

The CV of the dimeric copper complex 4 exhibits two
reversible oxidations with a similar small difference in their
redox potentials (110 mV) and also the absolute values of
the redox potentials of this copper complex are similar to
those of the iron complex 3. Since furthermore the elec-
tronic spectrum of coulometrically generated monocation
of 4 has a pronounced and sharp absorption band at
415 nm, we assume the same ligand centred oxidation
mechanism for 4 as that for 3.

The CV of the monomeric iron complex 1 exhibits at
room temperature two oxidation waves of reversible appear-
ance, followed by an irreversible oxidation (Figure 8). Al-
ready the dication, however, should be quite unstable, since
the third oxidation is not observed at low temperatures
(–25 °C) and, therefore, most possibly arises from a decom-
position product of the dication. The monocation was
stable under coulometric conditions and the UV/Vis ab-
sorption changes again indicate phenoxyl radical forma-
tion: an increase around 400 nm was observed and a new
broad range centering around 630 nm (Figure 9).

All oxidized forms of 2 turned out to be unstable under
coulometric conditions and, therefore, reliable spectro-
scopic data of them could not be obtained. However, the
similarity of the redox potentials to those of the other com-
plexes speaks again for ligand based oxidations.

At more positive potentials, the cyclic voltammograms
of the dimeric complexes 2 and 4 show further oxidation
waves, see Table 6. They are most possibly arising from oxi-
dation of further phenolate moieties of the complexes, but
there is no direct evidence for this interpretation.
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In the negative potential range there are reductions dis-

cernible in the voltammograms which must be metal-
centred. Only the FeIII/FeII reduction of 1 is chemically re-
versible and occurs with a low rate of heterogeneous charge
transfer, from the electrochemical view the reduction is
quasi-reversible. This can be deduced from the high separa-
tion of the peaks of reduction and re-oxidation (∆Ep). The
separation is strongly dependent on the scan rate in a way
that is typical of quasi-reversible reactions (∆Ep = 0.53 V
and 0.31 V at scan rates of 0.8 V/s and 0.05 V/s, respec-
tively). The reductions of all other complexes are (chemi-
cally) irreversible, even on the time scale of cyclic voltam-
metry.

Concluding Remarks

The paper has described diversified ligating properties of
a tetradentate ligand with [O,N,O,O] donor atoms. Both
mononuclear and dinuclear complexes have been isolated
and thoroughly studied. It has been shown that electro-
chemical oxidations are ligand-centered, i.e. formation of
phenoxyl radicals from the coordinated phenolates.

Emphasis has been given in this work to structural and
electronic effects arising from the incorporation of a pen-
dent tetrahydrofuran moiety to the aminebis(phenolate) li-
gand, described earlier by us.[4] As expected the metal–O-
(tetrahydrofuran) interactions are weak as judged by the
comparatively long M–O(THF) distances. The use of a
weak donor atom, THF-O, has made the isolation of an
asymmetric diferric(III) complex containing a 5- and a six-
coordinate ferric centers viable. A comparison with the hy-
droxo-, alkoxo- and phenoxo-bridged dinuclear FeIII com-
plexes from our laboratory has allowed us to judge the spin-
exchange ability of the mentioned groups as exchange medi-
ators. Moreover, for the diferric series it has been conclu-
sively shown that the Fe–O–Fe angle is a major factor in
determining the strength of the exchange interaction.

A bis(µ-phenoxo)dicopper(II) compound 4 with a re-
markably weak antiferromagnetic exchange interaction (J =
–12 cm–1) along with the structural factors contributing to
the weak interaction has been described. The copper(II)
compound 4 is unique with the most short metal–metal sep-
aration of 2.766 Å and the smallest bridging angle Cu–
O(Ph)–Cu of about 88° in the literature reported for bis(µ-
phenoxo)dicopper(II) systems.

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. Fou-
rier transform infrared spectroscopy on KBr pellets was performed
on a Perkin–Elmer 2000 FT IR instrument. Electronic absorption
spectra in solution were measured on a Perkin–Elmer Lambda 19
spectrophotometer. Magnetic susceptibilities of powdered samples
were recorded on a SQUID magnetometer in the temperature range
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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.

The Mössbauer spectrometer worked in the conventional constant-
acceleration mode with a 57Co/Rh source. Isomer shifts are given
relative to α-Fe at room temperature (room temp.). Cyclic voltam-
metric and coulometric measurements were performed on EG&G
equipment (potentiostat/galvanostat model 273A). Mass spectra
were obtained with either a Finnigan MAT 8200 (electron ioniza-
tion, EI MS) or a MAT 95 (electrospray ESI MS) instrument; a
Bruker DRX 400 instrument was used for NMR spectra. Instru-
mental conditions for liquid chromatography are as follows: Shim-
adzu SPD-10 AV, Phenomenex Luna-5 C18, 150�4.6 mm column,
UV 280 nm, eluent: CH3OH/H2O (9:1), room temp., sample size
5 µL, recording speed 0.5 cmmin–1.

Synthesis of H2L: The ligand 2-{bis[(3,5-di-tert-butyl-2-hy-
droxybenzyl)amino]methyl}tetrahydrofuran was prepared as de-
scribed in the literature.[6b] The purity (98.9%) of the ligand was
checked by liquid chromatography; retention time 7.2 min for the
eluent methanol with a flow rate of 0.8 mLmin–1; m.p. 148–149 °C.
EI-MS: m/z (%) = 537 (32) [M+], 466 (99.7) [M+ – C4H8O], 219
(100) [M+ – C15H23O]. 1H NMR (CDCl3): δ = 8.79 (br. s, 2 H),
7.24 (d, J = 2 Hz, 2 H), 6.86 (d, J = 2 Hz, 2 H), 4.26 (m, 1 H),
4.01 (m, 1 H), 3.88 (m, 1 H), 3.75 (m, 4 H), 2.60 (m, 1 H), 2.51
(m, 1 H), 1.91 (m, 3 H), 1.54 (m, 1 H), 1.40 (s, 18 H), 1.26 (s, 18
H) ppm. IR (KBr): ν̃ = 3372 (s), 2963 (vs), 2867 (s), 1481 (s), 1443
(m), 1360 (s), 1302 (m), 1241 (s), 1217 (s), 1042 (m), 880 (s) cm–1.

[LFe(acetylacetonate)], [LFe(acac)] (1): Solid Fe(acac)3 (1 mmol,
0.35 g) was added to a solution of H2L (1 mmol, 0.54 g) and Et3N
(2.8 mL) in distilled methanol (70 mL). The resulting red-orange
solution was refluxed for 0.5 h, whereupon the color changed to
dark red. On cooling a dark red solid precipitated. X-ray-quality
crystals were grown by recrystallization from a 1:1 mixture of di-
ethyl ether and methanol. Yield 0.47 g (68%). IR (KBr): ν̃ = 2959,
2902, 1588, 1519, 1474, 1443, 1415, 1379, 1360, 1304, 1271, 1240,
1202, 1169, 1018, 976, 877, 838, 746 cm–1. EI-MS: m/z (%) = 690
(47.7) [M+], 591 (14) [M – C5H7O2], 472 (100) [M – C15H23O], 372
(80) [M – C5H7O2 – C15H23O]. UV/Vis (CH2Cl2): λmax (ε, –1 cm–1)
= 329 sh (8224), 517 (4620) nm. Fe(C35H53NO3)(C5H7O2) (690.87):
calcd. C 69.54, H 8.77, N 2.02, Fe 8.08; found C 69.4, H 8.2, N
2.0, Fe 8.1.

[L2Fe2(µ-OCH3)(µ-OH)] (2): Dry FeCl2 (1 mmol, 0.126 g) was
added under argon to a thoroughly degassed methanolic solution
(70 mL) of H2L (1 mmol, 0.537 g), Et3N (2.8 mL) and PPh3

(2 mmol, 0.524 g). The resulting mixture was refluxed for 0.5 h re-
sulting in a pale green solution, which upon exposure to air turned
to dark red. The dark red solid was filtered and washed with meth-
anol and air-dried. Yield 0.59 g (55%). X-ray-quality crystals were
grown from a 1:1 solvent mixture of ether/methanol. IR (KBr): ν̃
= 2954, 2902, 2868, 1602, 1471, 1439, 1413, 1361, 1274, 1239, 1203,
1169, 1132, 1067, 914, 874, 841, 809, 749 cm–1. ESI-MS (positive
mode, diethyl ether solution): m/z = 1201.7 (55) [M+ – OCH3],
591.3 (100) [FeC35H53NO3]. UV/Vis (CH2Cl2): λmax (ε, –1 cm–1) =
329 (12540), 465 (7560) nm. C71H110Fe2N2O8 (1231.56): calcd. C
70.62, H 8.51, N 2.42, Fe 8.33; found C 69.2, H 9.0, N 2.3, Fe 9.0.

[L2Fe2(µ-C2O4)] (3): Solid FeCl2 (1 mmol, 0.126 g) was added un-
der argon to a degassed solution in methanol (70 mL) of H2L
(0.537, 1 mmol), Et3N (5.4 mL) and oxalic acid (0.5 mmol, 0.06 g).
The resulting mixture was stirred for 1 h and then exposed to air
to yield a violet solution. The solution was filtered to get rid of
any solid particles. The mother liquor was evaporated on a rotary
evaporator to obtain a violet microcrystalline solid with an yield
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of 0.51 g (40%). Violet single crystals were grown in a mixture of
methanol/dichloromethane (1:1). IR (KBr): ν̃ = 2952, 2903, 2869,
1655, 1470, 1443, 1438, 1414, 1304, 1268, 1241, 1170, 837, 7.33
cm–1. ESI-MS (positive mode, CH2Cl2 solution): m/z = 1271 (68)
[M+]. UV/Vis (CH2Cl2): λmax (ε, –1 cm–1) = 335 (10340), 554 (6620)
nm. C72H106Fe2N2O10 (1271.3): calcd. C 68.02, H 8.40, N 2.20, Fe
8.78; found C 67.8, H 8.3, N 2.2, Fe 8.7.

L2Cu2 (4): A methanolic solution (75 mL) of H2L (1 mmol, 0.537 g)
containing sodium methoxide (10 mmol, 0.54 g) was treated with
solid Cu(OAc)2·2H2O (1 mmol, 0.199 g) and the resulting mixture
was refluxed for 1 h whereupon a dark red solid appeared. The
precipitate was collected by filtration, washed with methanol and
air-dried; yield 0.74 g (62%). Red-brown single crystals were ob-
tained from a mixture of diethyl ether/methanol (1:1). IR (KBr): ν̃
= 2952, 2901, 2868, 1606, 1471, 1436, 1415, 1360, 1304, 1298, 1248,
1237, 1204, 1168, 1131, 1071, 1012, 875, 830, 740 cm–1. EI-MS:

Table 7. Crystallographic data for 1·C2H5OC2H5, 2·C2H5OC2H5 and 3·2CH2Cl2.

1 2 3

Empirical formula C42H65FeNO5.5 C75H120Fe2N2O9 C74H110Cl4Fe2N2O10

Formula weight 727.80 1305.43 1441.14
Temperature /K 100(2) 100(2) 100(2)
Wavelength /Å 0.71073 0.71073 0.71073
Crystal system, space group monoclinic, Pc, No. 7 monoclinic, P21/c, No. 14 monoclinic, P21/n, No. 14
Unit cell dimensions a = 15.5080(8) Å, α = 90° a = 15.5175(5) Å, α = 90° a = 15.2801(5) Å, α = 90°

b = 9.2357(5) Å, β = 104.059(5)° b = 17.7071(6) Å, β = 100.105(5)° b = 17.0204(6) Å, β = 103.123(5)°
c = 29.535(2) Å, γ = 90° c = 27.6524(10) Å, γ = 90° c = 15.3018(5) Å, γ = 90°

Volume /Å3 4103.5(4) 7480.2(4) 3875.7(2)
Z, Dc /Mg m–3 4, 1.178 4, 1.159 2, 1.235
µ /mm–1 0.411 0.441 0.566
F(000) 1576 2832 1536
Crystal size /mm 0.14 � 0.04 � 0.03 0.18 � 0.06 � 0.04 0.06 � 0.06 � 0.02
Reflections collected/unique 57159–23295 [R(int) = 0.0497] 96609/17127 [R(int) = 0.0491] 98709/11707 [R(int) = 0.0680]
Absorption correction Gaussian Gaussian none
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2 full-matrix least-squares fit on F2

Data/restraints/parameters 23295/21/937 17127/670/942 11707/30/434
Goodness-of-fit on F2 1.072 1.047 1.236
Final R indices [I � 2σ(I)] R1 = 0.0560, wR2 = 0.1120 R1 = 0.616, wR2 = 0.1435 R1 = 0.0639, wR2 = 0.1609
R indices (all data) R1 = 0.0785, wR2 = 0.1215 R1 = 0.0799, wR2 = 0.1543 R1 = 0.0728, wR2 = 0.1645
Absolute structure parameter not reliable
Largest diff. peak and hole /e·A–3 0.707 and –0.519 0.775 and –0.726 0.660 and –0.559

H2L 4·C2H5OC2H5

Empirical formula C35H55NO3 C74H116Cu2N2O7

Formula weight 537.80 1272.77
Temperature /K 100(2) 100(2)
Wavelength /Å 0.71073 0.71073
Crystal system, space group orthorhombic, P212121, No. 19 monoclinic, P21/n, No. 14
Unit cell dimensions a = 9.0712(6) Å, α = 90° a = 18.8386(6) Å, α = 90°

b = 11.8239(8) Å, β = 90° b = 15.2455(4) Å, β = 101.768(4)°
c = 31.201(2) Å, γ = 90° c = 25.7956(8) Å, γ = 90°

Volume /Å3, Z 3346.5(4), 4 7252.9(4), 4
Dc /Mg m–3 1.067 1.166
µ /mm–1 0.066 0.637
F(000) 1184 2752
Crystal size /mm 0.22 � 0.20 � 0.12 0.24 � 0.20 � 0.06
Reflections collected 31339 138783
Independent reflections (Rint) 6751 (0.0439) 23088 (0.0563)
Absorption correction not corrected none
Refinement method full-matrix least-squares on F2 full-matrix least-squares on F2

Data/restraints/parameters 6751–14–373 23088–161–861
Goodness-of-fit on F2 1.103 1.117
Final R indices [I � 2σ(I)] R1 = 0.0543, wR2 = 0.1328 R1 = 0.0568, wR2 = 0.1263
R indices (all data) R1 = 0.0625, wR2 = 0.1383 R1 = 0.0715, wR2 = 0.1328
Absolute structure parameter not reliable
Largest diff. peak and hole /e·A–3 0.197 and –0.163 1.171 and –1.042
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m/z (%) = 1198 (1) [M+], 598 (40) [CuC35H53NO3]. UV/Vis
(CH2Cl2): λmax (ε, –1 cm–1) = 234 sh (8685), 423 (5260), ca. 730
(800) nm. C70H106Cu2N2O6 (1198.9): calcd. C 70.13, H 8.91, N
2.34, Cu 10.6; found C 70.1, H 8.9, N 2.2, Cu 10.4.

X-ray Crystallographic Data Collection and Refinement of the Struc-
tures: Data collection for H2L, 1–4, was carried out on a Bruker-
Nonius Kappa CCD diffractometer at 100(2) K by using graphite-
monochromated Mo-Kα radiation (λ = 0.71073 Å). Final cell con-
stants were obtained from a least-squares fit of all integrated reflec-
tions. Intensity data were corrected for Lorentz and polarization
effects. The data sets for 1 and 2 were corrected for absorption
(SADABS, Bruker-Nonius 2004).[20] The structures were solved by
direct method and refined by full-matrix least-squares techniques
based on F2 (ShelXTL software package);[21] the neutral atom scat-
tering factors of the program were used. Crystal data and refine-
ment details are listed in Table 7.
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CCDC-634567 to -634571 (for 1, 2, 3, 4 and H2L, respectively)
contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_
request/cif.
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