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Three isostructural disklike heptanuclear FeIII compounds of the general formula [FeIII
7(µ3-O)3(L)3(µ-O2CCMe3)6-

(η1-O2CCMe3)3(H2O)3], where L represents a di- or triethanolamine moiety, display a three-blade propeller topology,
with the central Fe atom representing the axle or axis of the propeller. This motif corresponds to the theoretical
model of a frustrated Heisenberg star, which is one of the very few solvable models in the area of frustrated
quantum-spin systems and can, furthermore, be converted to an octanuclear cage for the case where L is
triethanolamine to give [FeIII

8(µ4O)3(µ4-tea)(teaH)3(O2CCMe3)6(N3)3]‚1/2MeCN‚1/2H2O or [FeIII
8(µ4O)3(µ4-tea)(teaH)3(O2-

CCMe3)6(SCN)3]‚2MeCN when treated with excess NaN3 or NH4SCN, respectively. The core structure is formally
derived from that of the heptanuclear compounds by the replacement of the three aqua ligands by an {Fe(tea)}
moiety, so that the 3-fold axis of the propeller is now defined by two central FeIII atoms. Magnetic studies on two
of the heptanulcear compounds established unequivocally S ) 5/2 spin ground state for these complexes, consistent
with overall antiferromagnetic interactions between the constituent FeIII ions.

Introduction

In the last few decades, the synthesis of polynuclear
compounds of magnetic transition-metal ions1 has become
the focus of intense research activities because of their
relevance to biological systems2 and their potential as
molecular species that can function as nanoscale magnetic
particles or so-called single-molecule magnets, SMMs.3 For
example, the iron-storage protein ferritin and manganese
clusters have been extensively studied as a biological
prototype in the inorganic systems4 and as models of the
water-oxidizing complex in photosystem II,5 respectively.

The thoroughly studied [Mn12O12(OAc)16(H2O)4]3c and [Fe8O2-
(OH)12(tacn)6]Br3d clusters respectively represent prototypes
of Mn and Fe complexes showing SMM behavior.

Another reason for continued interest in the synthesis and
study of polynuclear paramagnetic 3d metal clusters is the
aesthetically pleasing nature of some of these species.6 A
particularly intriguing class are the so-called molecular ferric
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wheels with nuclearity Fex ranging from 6 to 18 FeIII ions.7,8

The magnetization of the ferric wheels exhibits steplike field
dependencies at low temperatures due to the importance of
finite-size quantum effects.4a,9 Initially, these systems were
regarded as ideal models for the finite-size version of the
linear 1D Heisenberg chain, but subsequently it was realized
that their magnetic behavior at low temperatures is best
described by a quantized rotation of the Ne´el vector and,
hence, is more similar to that of 2D and 3D materials.10

Moreover, quantum phenomena such as Ne´el-vector tunnel-
ing were demonstrated.11 Because of the rich physics
observed in molecular wheels and a promising potential for
quantum computing,12 this class of molecules has become
increasingly important.

Alkoxo ligands, for example, N-substituted diethanola-
mines, have been employed extensively in the construction
of hybrid organic-inorganic clusters because of their
versatile bridging modes, with subtle changes in the reaction
conditions resulting in the formation of unexpected and
beautiful structures such as cyclic polymetallic clusters.13

Along these lines, Saalfrank and co-workers reported on the
template-mediated self-assembly of six- and eight-membered
iron coronates{Na[Fe6(tea)6]}Cl (6) and{Cs[Fe8(tea)8]}Cl
(7), obtained from the reaction of triethanolamine (teaH3)
with FeCl3, NaH, or Cs2CO3.7b In addition, they reported on
a wide range of six-membered iron coronands obtained from
the reaction of N-substituted diethanolamines with FeCl3 and
CaH2 in tetrahydrofuran.14 Recently, using Schiff base ligands
with an alkyl alcohol group, Oshio and co-workers reported

a high spin (S ) 29/2) hepatanuclear mixed-valent FeII,III

wheel, which showed SMM behavior.15

In contrast to the large number of even-numbered FeIII

wheels known, which have been obtained from the reaction
of suitable chelating ligands with preformed oxo-centered
FeIII triangles,7e,16odd-numbered, disklike, all-FeIII complexes
are rare.17 Such FeIII complexes are interesting not only from
a chemical and structural perspective but also because
elucidation of their magnetic properties and spin topologies
should help in understanding the magnetic properties of larger
ferric systems. The arrangement in such a heptanuclear
structure can be regarded as a ring comprising an even
number of FeIII ions with an additional central FeIII ion, which
can be predicted to allow for strong quantum-spin frustration
effects due to competing nearest-neighbor exchange interac-
tion paths. In fact, the exchange-coupling situation realized
in such clusters bears a close analogy to the so-called
frustrated Heisenberg star introduced by Richter and Voigt
as a rare example of an exactly solvable quantum-spin model
with frustration.18

Hence, as an extension of our recent work on the reaction
of diethanolamine ligands with preformed oxo-centered FeIII

triangles,19 we report here on the reaction of teaH3, N-
butyldiethanolamine (bdeaH2), and phenyldiethanolamine
(Phdea) (Chart 1) with [Fe3O(O2CCMe3)6(H2O)3](O2CCMe3)
in the presence of metal(II) pivalates (metal) nickel, copper)
or Ni(OAc)2‚4H2O, which results in the formation of the
heptanuclear FeIII clusters1-3, respectively, in high yields.
The crystal structures of compounds1-3 and the magnetic
properties of complexes1 and 2 are discussed. We report
here also the structure of the octanuclear clusters [FeIII

8(µ4O)3-
(µ4-tea)(teaH)3(O2CCMe3)6(N3)3] (4) and FeIII 8(µ4O)3(µ4-
tea)(teaH)3(O2CCMe3)6(SCN)3] (5) and the mononuclear
complex [Ni(teaH3)2](O2CCMe3)2 (6), obtained from the
reaction of 1 with excess NaN3, or NH4SCN, and as a
byproduct of the synthetic procedure used for1, respectively.
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Chart 1. teaH3, H3L1 (Left), bdeaH2, H2L2 (Center), and Phdea, H2L3

(Right)
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Experimental Section

General Procedures.Unless otherwise stated, all reagents were
obtained from commercial sources and were used as received,
without further purification. [Fe3O(O2CCMe3)6(H2O)3](O2CCMe3),20

[Cu2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4], and [Ni2(µ-OH2)(O2-
CCMe3)4(HO2CCMe3)4]21 were synthesized as described elsewhere.
All reactions were carried out under aerobic conditions.

The elemental analyses (CHN) were performed using an El-
ementar Vario EL analyzer. Fourier transform IR spectra were
measured on a Perkin-Elmer Spectrum One spectrometer with
samples prepared as KBr disks.

X-ray Crystallography. Data were collected at 100 K on a
Bruker SMART Apex CCD diffractometer (1-4 and6) or at 150 K
on a Stoe IPDS II area detector diffractometer (5) using graphite-
monochromated Mo KR radiation. Crystallographic details and
details of the data collection are summarized in Table 1. Semiem-
pirical absorption corrections were made usingSADABS22a (1-4)
or XPREPin SHELXTL22b (5 and6). The structures were solved
using direct methods, followed by full-matrix least-squares refine-
ment againstF 2 (all data) usingSHELXTL.22b Anisotropic refine-
ment was used for all ordered non-H atoms; organic H atoms were
placed in calculated positions, while coordinates of hydroxo H
atoms were refined.

Magnetic Measurements.The magnetic susceptibility versus
temperature and the magnetization curves at low temperatures were
measured with a Quantum Design SQUID magnetometer MPMS-
XL. The samples used for the magnetic measurements were
prepared in three different ways.Procedure A:Polycrystalline
material was prepared by drying crystals under ambient conditions.
About 10 mg of material was encapsulated in Saran foil, put into
a plastic straw, and held in place with a cotton thread. The weight
of the sample could be accurately determined to within 0.1%. The
magnetic data were corrected for the background due to the Saran
foil. Procedure B:A total of 20-40 crystals were taken out of the
mother liquor, put directly into Apiezon grease, and “stirred”. Then
as much grease as possible was removed, and the sample was
weighed (typically 2 mg).Procedure C:A single crystal was taken
out of the mother liquor and then treated as it was in procedure B
(ca. 1.2 mg).

Because of the unknown amount of grease left over in procedures
B and C, the measured weight of a sample provides an upper limit
for the actual weight of the magnetic material, but the accuracy is
estimated to better than 10%. Also, the magnetic data cannot be
corrected for the diamagnetic (temperature-independent) contribu-
tion of the grease; its contribution is an estimated 5% at 300 K but
is completely negligible at temperatures below 10 K. The advantage
of these procedures is that they avoid potential problems with
decomposition and typically minimize contamination by magnetic
impurities.

Synthesis of [FeIII 7(µ3-O)3(teaH)3(µ-O2CCMe3)6(η1-O2CCMe3)3-
(H2O)3] (1). To a stirred solution of [Ni2(µ-OH2)(O2CCMe3)4(HO2-
CCMe3)4] (0.09 g, 0.1 mmol) and [Fe3O(O2CCMe3)6](O2CCMe3)
(0.1 g, 0.1 mmol) in MeCN (20 mL) was gradually added a solution
of triethanolamine (teaH3; H3L1; 0.3 g, 2 mmol) in MeCN (5 mL).

The resulting dark-brown solution was stirred under ambient
conditions for a further 1 h, filtered, and then allowed to stand
undisturbed in a sealed vial. Dark-brown hexagonal prisms of1
suitable for X-ray crystallography were obtained overnight. The
crystals of 1 were maintained in the mother liquor for X-ray
crystallography or collected by filtration, washed with Et2O, and
dried in a slow flow of N2. Yield: 30.2 mg, 40% based on Fe.
Anal. Calcd for C63H126Fe7N3O33 (found): C, 41.02 (41.21); H,
6.88 (6.69); N, 2.27 (2.22). Selected IR data (KBr disk, cm-1):
3447 (b), 2959 (s), 2870 (s), 1567 (s), 1484 (s), 1423 (s), 1359
(m), 1228 (s), 1103 (s) 1077 (s), 1039 (s), 921 (s), 789 (s), 685
(w), 604 (w), 495 (m), 435 (w). The same product is obtained in
ca. 30% yield if [Cu2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4] is em-
ployed in place of [Ni2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4]. Crystals
of these were obtained after 48 h. The material was identified by
IR spectral comparison with the title compound.

A week after the isolation of1, a few blue crystals were collected
from the mother liquor and identified by an X-ray structure analysis
(see the Supporting Information) to be the mononuclear complex
[Ni(teaH3)2](O2CCMe3)2 (6). Anal. Calcd for C22H48N2NiO10

(found): C, 47.24 (47.32); H, 8.65 (8.54); N, 5.01 (5.22). Selected
IR data (KBr disk, cm-1): 3348 (b), 2974 (s), 2880 (m), 2452 (b),
2068 (b), 1912 (b), 1527 (b), 1384 (w), 1225 (s), 115 (s), 1062
(m), 1002 (s), 903 (s), 790 (s), 601 (s), 429 (w). No corresponding
copper byproduct was isolated when copper pivalate was employed.

Synthesis of [FeIII 7(µ3-O)3(bdea)3(µ-O2CCMe3)6(η1-O2CCMe3)3-
(H2O)3] (2). The synthesis was similar to that of1 but replacing
[Ni2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4] with Ni(OAc)2‚4H2O and
teaH3 (H3L1) with N-butyldiethanolamine (bdeaH2; H2L2). Orange
crystals of2 were obtained after 72 h, washed with Et2O, and dried
in a slow flow of N2. Yield: 24 mg, 30% based on Fe. Anal. Calcd
for C69.5H138Fe7N3O30 (found): C, 43.42 (43.18); H, 7.24 (7.43);
N, 2.19 (2.21). Selected IR data (KBr disk, cm-1): 3519 (b), 2960
(s), 2927 (m), 2866 (s), 1575 (b, s), 1483 (s), 1423 (s), 1407 (m),
1368 (m), 1355 (m), 1103 (s), 1063 (s), 1049 (s), 1006 (s), 906 (s),
785 (s), 680 (b, s), 621 (s), 438 (w). The corresponding mononuclear
Ni byproduct was obtained after compound2 was isolated and the
mother liquor was allowed to stand for a further 2 days.

Synthesis of [FeIII 7(µ3-O)3(Phdea)3(µ-O2CCMe3)6(η1-O2CCMe3)3-
(H2O)3] (3). The synthesis was similar to that of1 but replacing
[Ni2(µ-OH2)(O2CCMe3)4(HO2CCMe3)4] with Ni(OAc)2‚4H2O and
teaH3 (H3L1) with phenyldiethanolamine (Phdea; H2L3). Orange
crystals of3 were obtained after 1 week, washed with Et2O, and
dried in a slow flow of N2. Yield: 27.8 mg, 35% based on Fe.
Anal. Calcd for C75H126Fe7N3O30 (found): C, 46.42 (46.38); H,
6.54 (6.45); N, 2.17 (2.21). Selected IR data (KBr disk, cm-1):
3509 (b), 2960 (s), 2927 (m), 2858 (m), 1571 (s), 1483 (s), 1425
(s), 1406 (s), 1376 (m), 1355 (s), 1228 (s), 1107 (m), 1059 (w),
1049 (s), 1009 (w), 925 (w), 788 (w), 697 (m), 677 (s), 602 (s),
591 (s), 439 (w).

Synthesis of [FeIII 8(µ4O)3(µ4-tea)(teaH)3(O2CCMe3)6(N3)3] (4).
The synthesis was similar to that of1, however, in the presence of
NaN3 (0.07 g, 1 mmol). The reaction mixture was stirred at room
temperature for 2 h to yield an orange solution, then filtered, and
allowed to evaporate slowly at room temperature. Brown crystals
of 4 were obtained after 48 h, washed with Et2O, and dried in a
slow flow of N2. Yield: 28 mg, 40% based on Fe. Anal. Calcd for
C55H107.5Fe8N413.5O27.5 (found): C, 35.81 (35.67); H, 5.85 (5.96);
N, 10.25 (10.14). Selected IR data (KBr disk, cm-1): 3453 (b),
2959 (s), 2903 (m), 2873 (m), 2060 (s), 1575 (b, s), 1484 (s), 1426
(s), 1361 (w), 1227 (s), 1087 (m), 1075 (m), 1039 (w), 1004 (w),
909 (s), 786 (s), 603 (b), 425 (w). The same compound can be
obtained directly by refluxing compound1 with excess NaN3 in
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CH2Cl2/MeOH (1: 3) for 2 h. Crystals of4 were obtained in
quantitative yield after 24 h. The product was identified using IR
spectroscopy. Complex5 was synthesized in a manner similar to
that of 4, except that NH4SCN was used in place of NaN3.

Results and Discussion

Synthesis.Reaction of a 10-fold excess of H2L1 with
[Fe3O(O2CCMe3)6(H2O)3](O2CCMe3) and [Ni2(µ-OH2)(O2-
CCMe3)4(HO2CCMe3)4] in MeCN afforded dark-brown
crystals of1 in 40% yield. Alternatively, complex1 was

obtained in 30% yield when [Cu2(µ-OH2)(O2CCMe3)4(HO2-
CCMe3)4] was used in place of the Ni analogue. Reaction
of H2L2 with Ni(OAc)2‚4H2O and [Fe3O(O2CCMe3)6-
(H2O)3](O2CCMe3) in MeCN gave orange blocks of the
heptanuclear cluster2‚1/2CH2Cl2 in 25% yield, while a similar
reaction using H2L3 as the ligand gave3 in 35% yield
(Scheme 1).

Compounds1-3 can be prepared directly from the
reaction of the corresponding ligands with the Fe3O pivalate

Table 1. Crystallographic Data and Structure Refinement for Complexes1-6

1 2 3

formula C63H126Fe7N3O33 C69.5H138ClFe7N3O30 C75H126Fe7N3O30

Mr 1844.62 1922.23 1940.74
cryst size [mm] 0.27× 0.25× 0.24 0.28× 0.22× 0.18 0.26× 0.17× 0.17
shape hexagonal prism block block
color dark brown orange orange
cryst syst trigonal monoclinic monoclinic
space group P31c C2/c P21/n
T [K] 100 100 100
a [Å] 15.5804(8) 63.351(3) 10.6609(5)
b [Å] 15.5804(8) 10.4329(5) 31.5950(14)
c [Å] 20.8694(11) 31.4090(16) 27.2343(11)
R [deg] 90 90 90
â [deg] 90 115.078(1) 90.120(1)
γ [deg] 120 90 90
V [Å3] 4387.3(4) 18802.3(16) 9173.3(7)
Z 2 8 4
Fcalcd [g cm-3] 1.523 1.358 1.405
µ(Mo KR) [mm-1] 1.202 1.150 1.151
F(000) 1942 8120 4076
reflns collected 16 786 46 786 46 053
unique reflns 5060 21 285 20 567
Rint 0.0295 0.0329 0.0253
reflns obsd [I > 2σ(Ι)] 4823 14323 14887
parameters/restraints 326/4 1044/24 1087/10
GOF onF 2 1.051 0.986 1.036
R1 [I > 2σ(I)] 0.0338 0.0380 0.0457
wR2 (all data) 0.0869 0.0822 0.1380
largest residuals [e Å-3] +0.90/-0.33 +1.08/-0.56 +1.5/-0.70
CCDC number 618914 618915 618916

4 5 6

formula C55H107.5Fe8N13.5O27.5N3 C61H111Fe8N9O27S3 C22H48N2NiO10

Mr 1844.84 1945.57 559.33
cryst size [mm] 0.34× 0.28× 0.25 0.32× 0.21× 0.13 0.37× 0.18× 0.08
shape octahedron block plate
color brown brown pale blue
cryst syst monoclinic monoclinic monoclinic
space group P21/c C2/c P21/n
T [K] 100 150 100
a [Å] 23.6121(8) 55.495(2) 12.9960(14)
b [Å] 15.0975(5) 15.4971(9) 6.9495(7)
c [Å] 44.6731(14) 21.1361(9) 16.1600(17)
R [deg] 90 90 90
â [deg] 94.523(1) 110.992 102.368(2)
γ [deg] 90 90 90
V [Å3] 15875.6(9) 16969.9(14) 1425.6(3)
Z 8 8 2
Fcalcd [g cm-3] 1.544 1.523 1.303
µ(Mo KR) [mm-1] 1.501 1.477 0.732
F(000) 7680 8096 604
reflns collected 79 377 56 154 6904
unique reflns 35 692 17 443 3196
Rint 0.0391 0.0458 0.0268
reflns obsd [I > 2σ(Ι)] 20 937 11 437 2386
parameters/restraints 1851/11 972/10 172/0
GOF onF 2 0.978 1.012 1.002
R1 [I > 2σ(I)] 0.0504 0.0516 0.0299
wR2 (all data) 0.1276 0.1254 0.0649
largest residuals [e Å-3] +1.92/-1.18 +0.74/-0.81 +0.56/-0.29
CCDC number 618917 618918 618919
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triangle. However, the products are obtained after an
extended reaction time and in lower yields, as was recently
reported for compound1.17 To our knowledge, complex3
represents the first high-nuclearity Phdea-based compound
reported so far. Elemental analysis, IR, and single-crystal
X-ray crystallography (see the Experimental Section) were
used to characterize the compounds. Contrary to what we
expected, the MII ions are not incorporated in the products.
However, a mononuclear Ni complex (6) was isolated as a
byproduct when nickel pivalate or nickel acetate was used
in conjunction with the FeIII source. Although no such
crystalline byproduct was obtained when copper(II) pivalate
was employed, we conjecture from the nature of the
crystalline Ni complex formed as the byproduct that these
MII starting materials provide a means of driving the reaction
equilibria toward the side of the products through the
favorable chelate and ligand-field effects in forming MII

complexes with the ethanolamine ligands.
Previous work on the complex formation of FeIII with

amino alcohol ligands includes a similar reaction using
teaH3,16a diisopropanolamine,16b and phosphonate ligands23

or 2-(2-hydroxyethyl)pyridine7e with [Fe3O(O2CR)6(H2O)3]X
(R ) Ph, CCMe3; X ) O2CCMe3, O2CPh, NO3), which result
in the formation of even-numbered hexa- or octanuclear FeIII

clusters that haveS) 0 spin ground states.7e,12Equally, the
reaction of the tripodal ligand 1,1,1-tris(hydroxymethyl)-
ethane (H3thme) with [Fe3O(O2CCMe3)6(H2O)3](X) (X ) O2-
CCMe3, Cl) under solvothermal conditions led to octanuclear
[FeIII

8(O2CCMe3)12(thme)4] or nonanuclear [FeIII 9O4(O2-
CCMe3)13(thme)2] clusters.7f Meanwhile, the reaction of
benzotriazole (btah) with [Fe3O(O2CR)6(H2O)3]Cl in MeOH
under the same solvothermal conditions gave the tetradeca-
metallic high-spin S ) 23 FeIII cluster [Fe14(bta)6O6-
(OMe)18Cl6].6b Other groups have also demonstrated that
diethanolamine ligands form wheel-shaped structures. In this
regard, neutral iron coronands [Fe6X6L6] or [Fe6L6] (L )
N-substituted diethanolamine; X) Cl, F) obtained from the
reaction of diethanolamines with simple metal salts (FeX3)
have been reported.24,25 Furthermore, this class of ligands
recently has been used to assemble an unprecedented high-

nuclearity cluster, consisting of 22 FeIII ions, the largest
homometallic Fe cluster reported to date.26 Other high-
nuclearity FeIII complexes with non-wheel-like structures and
odd numbers of Fe centers include, for example, the Fe11

cluster with anS ) 11/2 spin ground state, reported by
McInnes et al.,7f and the Fe17 and Fe19 clusters withS) 25/2
and33/2 ground states.27 Statistical analysis of recent reports
of FeIII clusters obtained from preformed oxo-centered Fe
triangles as a source of FeIII ions shows that more even-
numbered clusters, generally withS) 0, have been obtained
than odd-numbered FeIII clusters.

Compound 1 lends itself to further elaboration, for
example, replacement of terminal pivalates or H2O molecules
with pseudohalides. Indeed, introducing excess NaN3 or NH4-
SCN into the reaction mixture that produced1 resulted in
the isolation of the octanuclear clusters4 or 5, respectively,
in high yields. Similarly, when crystalline material obtained
from the synthesis of1 was treated directly with excess NaN3

or NH4SCN, compounds identical with4 or 5 (as established
by IR spectra) were obtained in quantitative yield. The IR
spectra of4 and5 exhibit a very strong absorption at 2060
or 2062 cm-1 corresponding to the azido as well as
thiocyanate asymmetric vibrations,28 respectively. It is
noteworthy that heptanuclear FeIII

7 clusters with different core
topologies have been reported, obtained from the reaction
of cyclohexenephosphonic acid (hydrothermally)29 or phen-
ylphosphonate ligands (at ambient conditions)24 with pre-
formed iron(III) carboxylate triangles [Fe3O(O2CR)6(H2O)3]X
(R ) Ph, Me; X ) Cl, NO3, PhCO2

-). To our knowledge,
the core topology shown by1-3 is rare for odd-numbered
FeIII clusters obtained via oxo-centered FeIII triangles as a
source of FeIII ions.17

Description of Crystal Structures of 1-3. Complexes
1-3 are analogous, differing only in the nature of the side
arm of the ligand, and are among the first examples of this
disklike heptanuclear motif in all-ferric form. They crystallize
in the space groupsP31c for 1, C2/c for 2, andP21/n for 3,
with the Fe7 molecules on general positions. The structure
for 2 is shown in Figure 1, while selected interatomic
distances and angles are listed in Table 2. Varying the side
arm of the diethanolamine ligands, ethanol (for1), n-butyl
(for 2), and the rigid aromatic ring (for3) clearly has little
impact on the way the ligands associate in the FeIII clusters,
and the driving force for the arrangement of the metal ions
in the complexes is presumably the bite of the ONO donor
set of the ligands as well as the associated pivalates and H2O
molecules. Contrary to what might have been anticipated,
the pendent ethanol arm of teaH3 is not implicated in the
coordination of the ligand through its supplementary donor
O atom of the side arm. Hence, teaH3 behaves essentially as
a tridentate ligand and not a tetradentate ligand. The core of

(23) Tolis, E. I.; Helliwell, M.; Langley, S.; Raftery, J.; Winpenny, R. E.
P. Angew. Chem., Int. Ed.2003, 42, 3804.

(24) Rumberger, E. M.; Zakharov, L. N.; Rheingold, A. L.; Hendrickson,
D. N. Inorg. Chem.2004, 43, 6531.

(25) Koizumi, S.; Nihei, M.; Nakano, M.; Oshio, H.Inorg. Chem.2005,
44, 1208.

(26) Foguet-Albiol, D.; Abboud, K. A.; Christou, G.Chem. Commun. 2005,
4282.

(27) Powell, A. K.; Heath, S. L.; Gatteschi, D.; Pardi, L.; Sessoli, R.; Spina,
G.; Del Giallo, F.; Pieralli, F.J. Am. Chem. Soc.1995, 117, 2491.

(28) (a) Barandika, M. G.; Corte´s, R.; Lezama, L.; Urtiaga, M. K.; Arriortua,
M. I.; Rojo, T. J. Chem. Soc., Dalton Trans.1999, 2971.

(29) Yao, H.-C.; Li, Y.-Z.; Zheng, L.-M.; Xin, X.-Q.Inorg. Chim. Acta
2005, 358, 2523.

Scheme 1. Synthetic Pathways for the Synthesis of Compounds1-5a

a Reaction conditions: (i) [M2(µ-OH2)(piv)4(pivH)4] (M ) Ni, Cu),
MeCN; (ii) [Ni2(µ-OH2)(piv)4(pivH)4]/NaN3 (4) or -/NH4SCN (5), MeCN;
(iii) Ni(OAc) 2‚4H2O, MeCN [L ) bdea (2), Phdea (3)].
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1-3 is rare for wheel-like diethanolamine complexes.17 It
is also directly related to that of the Fe8 clusters4 and 5
(see later). The structural features for the heptanuclear
compounds1-3 are described with reference to the detailed
structural description of2. The structure of2 consists of an
[FeIII

7(µ3-O)3]15+ core, with the peripheral ligation provided
by six µ2-bridging pivalate ligands, three bridgingnBu-
N(CH2CH2O)22- ligands, three terminal pivalate ligands
bonding in a unidentate fashion, and three terminal H2O
molecules coordinated to the Fe(3), Fe(5), and Fe(7) atoms.
All FeIII centers are hexacoordinated, displaying a distorted
octahedral coordination sphere. Three types of FeIII centers
can be distinguished based on their coordination environ-
ment: (i) the central atom Fe(1), the coordination sites of
which are occupied by threeµ3-O2- and threeµ2-O2- from
the ethanolamine ligand to give an FeO6 donor set; (ii) the

peripheral Fe centers designated as type A [Fe(2), Fe(4), and
Fe(6)] comprise an FeNO5 coordination sphere made up of
two µ2-O2- ethanolamine ligand O atoms, one ligand N, one
µ3-O2-, and two O atoms from the bridging and terminal
pivalate ligands, respectively; (iii) the peripheral Fe centers
designated type B [Fe(3), Fe(5), are Fe(7)] comprise an FeO6

chromophore with oneµ2-O2- ligand O atom, oneµ3-O2-,
two O atoms from two bridging pivalate ligands, one O atom
from a terminal pivalate ligand, and one O atom from a
terminal aqua ligand. Hence, the pivalate ligands exhibit two
different coordination modes; bidentate bridging and terminal
monodentate and adjacent peripheral Fe centers are bridged,
on the one hand, by aµ3-O2- connecting pairs of A and B
centers to the central Fe and, on the other hand, by two
bidentate pivalate ligands. Hydrogen bonding from the aqua
ligands plays an important role in stabilizing the aggregates,

Figure 1. (Top) Molecular structure of2 in the crystal. (Bottom) Core of2. Color code: green, Fe; red, O; blue, N; black, C; white, H.
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with each such ligand forming one hydrogen bond to the O
atom of the next aqua ligand in a cyclic manner and the
other H forming a hydrogen bond to the noncoordinated O
atom of a monodentate pivalate, as illustrated in Figure 1.

Description of the Crystal Structures of 4 and 5.
Complex4 crystallizes in the space groupP21/n, while the
isostructural complex5 crystallizes in the space groupC2/
c. The structure of4 is shown in Figure 2. The core struc-
ture of 4 and 5 has been previously reported as occurring
in only three compounds and is derived from that of1-3.
The octanuclear motif occurs as one of the units of the
core of the largest homometallic FeIII cluster [Fe22],26 in the
Fe8 cluster [FeIII 8O3(O2CPh)9(tea)(teaH)3]‚MeCN,16a and in
the Fe8 cluster [FeIII 8O3(µ4-tea)(teaH)3(O2C(CH2)Me)6F3]‚
0.5MeOH‚0.5H2O recently reported by Murray et al.17 The
core consists of eight FeIII ions bridged by fourµ4-O2- ions.
It can be described as a central Fe2 pair bridged by three
oxide µ4-O2- ions, each of which also bridges an outer Fe2

pair. These outer Fe pairs are not coplanar, and thus the outer
six Fe ions do not form a flat wheel. Instead, the three outer
Fe pairs are again arranged like the blades of a propeller,
with the central pair now representing the axle or axis of
the propeller. The Fe8 structure can be regarded as derived
from that of the Fe7 aggregates by the addition of an{FeIII -
(tea)} moiety, in which the chelating O atoms of the (tea)3-

ligand have coordinated to Fe(1) formingµ2-O bridges,
replacing the three aqua ligands as shown in Figure 2.
Because the threeµ3-O ligands in1-3 now also coordinate
to the extra Fe center, they becomeµ4-O2- ligands. The Fe8
structures are completed by the replacement of the terminal
monodentate pivalates by azide (4) or thiocyanate (5) ligands.
Two types of teaH3 ligands are thus now present, three
doubly deprotonated and one triply deprotonated.

Magnetic Properties of 1 and 2.Figure 3 shows the
temperature dependence oføT and the magnetization curves
at 1.8 K for three samples of compound1. Sample #1 was
prepared by procedure A, and samples #2 and #3 were both
prepared by procedure B but from different batches. The
functional dependencies of the measured curves are very

similar for all three samples, but the absolute values differ
widely. Apparently, despite careful sample handling, for this
material we faced problems in properly determining absolute
magnetic values. Nevertheless, some conclusions concerning
the magnetism in1 can be drawn. At 250 K, the value oføT
is in the range of 7-11 emu K mol-1 and much smaller
than the value of 30.64 emu K mol-1 expected for seven
noninteracting high-spin FeIII ions (spin5/2, g ) 2). This
indicates very strong overall antiferromagnetic interactions
in the cluster, as suggested also by the decrease oføT with
temperature. At low temperatures,øT levels off at values of
3.5-6 emu K mol-1, with a further steep drop at the very
lowest temperatures. This behavior demonstrates a magnetic
ground state of the cluster with a total spin ofS) 2, 5/2, or
3 (the expectedøT values are 3.001, 4.377, or 6.002 emu K
mol-1, respectively, forg ) 2). The steep drop inøT at the
lowest temperatures could be due to zero-field splitting. The
magnetic ground state is unambiguously confirmed by the
magnetization curves at 1.8 K, which approach values of
2.3-3.8 NAµB at high fields, suggesting a spin ground state
in the range ofS ) 1-2.

Although the reason for the inconsistent absolute values
of the magnetic curves is as yet unclear, the similarity of
the curves for the three samples suggests that the actual
number of magnetic molecules in the samples is somehow
overestimated (one possibility could be, for example, that
20-50% of the clusters lack the central Fe ion, resulting in
S ) 0 and, hence, a nonmagnetic ground state of these
clusters). With this assumption, the low-temperatureøT value
as well as the saturation magnetizationmsatcan be determined
by Sand a scaling factorn e 1, which corrects for a smaller
number of magnetic molecules in the samples (øT ) nS(S
+ 1)/2; msat ) n(2S); g ) 2). For the three samples,n will
be different, but for each sample, the two values ofn
determined independently fromøT andmsatshould agree for
the correct spin ground stateS. Indeed, assumingS ) 5/2,
the n values determined fromøT and msat agree to within
5% for each of the three samples, while they differ by more
than 17% assumingS ) 2 and by more than 9% assuming
S ) 3 (and even worse for otherS values). Thus, one can
conclude that complex1 experiences very strong overall
antiferromagnetic interactions, resulting in a magnetic cluster
ground state with a total spin that most likely isS ) 5/2.

Figure 4 presents the temperature dependence oføT and
the magnetization curve at 1.8 K for compound2. For this
material, we also studied several samples prepared by either
procedure A or B using different batches, but here the
measurements agreed within experimental error for all
samples. The magnetic behavior is similar to that observed
for 1. At 250 K, øT assumes a value of 6.2 emu K mol-1,
much smaller than the value of seven uncoupledS) 5/2 FeIII

ions, indicating very strong antiferromagnetic interactions.
With decreasing temperature,øT decreases slightly, in
agreement with the presence of strong antiferromagnetic
interactions. At low temperatures,øT approaches a value of
4.4 emu K mol-1, consistent with anS) 5/2 cluster ground
state (4.375 emu K mol-1 for g ) 2). At the very lowest
temperatures,øT shows a slight upturn, which could be due

Table 2. Selected Bond Distances (Å) and Angles (deg) for Complex2

Bond Lengths
Fe(1)-O(4) 1.9944(16) Fe(4)-O(2) 1.8863(16)
Fe(1)-O(2) 2.0023(16) Fe(4)-N(2) 2.236(2)
Fe(1)-O(1) 2.0066(16) Fe(5)-O(2) 1.8577(16)
Fe(1)-O(3) 2.0085(16) Fe(6)-O(3) 1.8819(15)
Fe(2)-O(1) 1.8878(16) Fe(6)-N(3) 2.238(2)
Fe(2)-O(4) 1.9722(16) Fe(7)-O(3) 1.8621(16)
Fe(2)-O(5) 2.0101(16) Fe(1)‚‚‚Fe(6) 2.9653(5)
Fe(2)-N(1) 2.243(2) Fe(1)‚‚‚Fe(4) 2.9686(5)
Fe(3)-O(1) 1.8597(15) Fe(1)‚‚‚Fe(2) 2.9751(5)

Bond Angles
O(2)-Fe(1)-O(1) 90.34(6) Fe(6)-Fe(1)-Fe(2) 119.037(16)
O(4)-Fe(1)-O(3) 102.57(7) Fe(4)-Fe(1)-Fe(2) 118.271(15)
O(2)-Fe(1)-O(3) 90.51(7) Fe(3)-O(1)-Fe(2) 118.93(8)
O(1)-Fe(1)-O(3) 89.68(6) Fe(3)-O(1)-Fe(1) 134.57(9)
O(1)-Fe(2)-O(4) 81.21(7) Fe(2)-O(1)-Fe(1) 99.58(7)
O(1)-Fe(2)-N(1) 59.57(7) Fe(5)-O(2)-Fe(4) 119.13(9)
O(4)-Fe(2)-N(1) 78.93(7) Fe(5)-O(2)-Fe(1) 134.90(8)
N(1)-Fe(2)-Fe(1) 117.89(5) Fe(4)-O(2)-Fe(1) 99.49(7)
N(2)-Fe(4)-Fe(1) 117.86(6) Fe(7)-O(3)-Fe(6) 119.37(8)
N(3)-Fe(6)-Fe(1) 118.95(5) Fe(7)-O(3)-Fe(1) 134.03(8)
Fe(6)-Fe(1)-Fe(4) 119.168(15) Fe(6)-O(3)-Fe(1) 99.27(7)
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to a small amount of paramagnetic impurities and/or very
weak intermolecular magnetic interactions. The magnetiza-
tion curve at 1.8 K unambiguously confirms a paramagnetic
ground state with a total spin ofS ) 5/2.

For compound2, we also measured a single crystal, as
prepared by procedure C, with the magnetic field applied
parallel to the (approximate)C3 symmetry axis of the clusters
and perpendicular to it. After completion of these measure-
ments, the crystal was crushed into pieces to yield a
polycrystalline sample and measured. The results for the

temperature dependence oføT and the magnetization curves
at 1.8 K are presented in Figure 5. The data clearly
demonstrate a significant magnetic anisotropy of the easy-
axis type due to zero-field splitting in the ground state of2.
Figure 6 shows the magnetization curves of the crushed
sample as measured at temperatures of 1.8, 2.4, 3.5, 5.0, and
7.5 K, plotted as function ofB/T (B is the magnetic field).
All curves collapse onto each other. Because of the very
strong antiferromagnetic interactions in the cluster at tem-
peratures below 50 K only the ground state is thermally

Figure 2. (Top) Molecular structure of4 in the crystal. H atoms have been omitted for clarity. (Bottom) Side views of the cores in2 (left) and4 (right)
illustrating their structural relationship.
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populated, as confirmed by the near temperature indepen-
dence oføT. Hence, the scaling behavior of the magnetization
curves, which is usually interpreted as evidence for negligible

zero-field splitting, is in seeming disagreement with the
significant magnetic anisotropy visible in Figure 5, but, in
fact, this is not the case, as will be shown below.

The low-temperature magnetism of2 may be described
as that of a singleS ) 5/2 spin with easy-axis anisotropy,
corresponding to the spin Hamiltonian

Figure 3. (a) Temperature dependence of the magnetic susceptibility,
plotted asøT. (b) Low-temperature magnetization curves of three different
polycrystalline samples of compound1 (for the preparation details of the
samples, see the text). The solid lines are guides to the eye.

Figure 4. (a) Temperature dependence of the magnetic susceptibility,
plotted asøT, as determined from different magnetic fields. (b) Low-
temperature magnetization curve of a polycrystalline sample of compound
2. The solid lines are guides to the eye.

Figure 5. (a) Temperature dependence of the magnetic susceptibility,
plotted asøT. (b) Low-temperature magnetization curves of a single-crystal
sample of compound2 for the magnetic field applied parallel and
perpendicular to the clusterC3-symmetry axis and for the crystal crushed
into pieces. The colored solid lines are guides to the eye. The black lines
represent the best-fit curves obtained fromĤS)5/2.

Figure 6. Magnetization curves at the indicated temperatures, plotted as
a function ofB/T, of a crushed single-crystal sample of compound2. The
black lines (which are mostly covered by the data points) represent the
best-fit curves obtained fromĤS)5/2 (the very small difference at the highest
fields could be improved by assuming slightly smallerg factors in the
calculations; it is recalled that the best-fit procedure used here included
both the magnetization andøT curves; a fit to the magnetization curves
alone would produce perfect-fitting curves).
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where thezaxis is perpendicular to the plane of the molecule.
In view of the (approximate) 3-fold symmetry of the clusters,
any orthorhombic magnetic anisotropy [corresponding to a
term E(Ŝx

2 - Ŝy
2) in the spin Hamiltonian] should be small

and was neglected. All of the data forøT and the magnetiza-
tion curves plotted in Figure 5 were least-squares-fitted
simultaneously to the calculated curves obtained from
diagonalizing eq 1. The best-fit results are displayed in Figure
5 as the black solid lines, and the agreement with the data is
excellent. The parameters were obtained asD ) -0.43(2)
K, g⊥ ) 1.99(2), andg| ) 2.02(2). Considering the accuracy
of the determination of the weight of the sample, the values
of the g factors are in perfect accord with the expectation
for FeIII ions. With these best-fit values, also the magnetiza-
tion curves as a function ofB/T were calculated for the
appropriate temperatures. The results are plotted as black
solid lines in Figure 6 and are in full agreement with the
experiment. Hence, even with a small but significant
magnetic anisotropy, an approximate scaling behavior is
observed, which, in turn, implies that through a study of the
deviation from scaling only rather large magnetic anisotropies
may be detected.

During the preparation of this manuscript, a magnetic study
of compound1 appeared.17 The reportedøT and magnetiza-
tion curves are essentially identical with those observed here
for compound2 (Figure 4), but the anisotropy parameters
of the S ) 5/2 ground state were determined from powder
electron paramagnetic resonance (EPR) measurements to be
D ) +0.41 K andE/D ) 0.21. The magnitude ofD is similar
to our finding for compound2 but of opposite sign (we
carefully checked that our measurements cannot be explained
with D > 0). Also, the large ratio ofE/D reported for1 is
inconsistent with its crystallographicC3 molecular symmetry.
The reason for these discrepancies is unclear. Further studies
such as single-crystal EPR measurements are required to
clarify the situation.

Finally, the exchange-coupling situation in compound2
along with the origin of theS ) 5/2 ground state can be
discussed. This is of interest because of the spin frustration
interactions between the Fe sites. Considering the exchange
paths and the approximate 3-fold symmetry, the exchange
model for2 should include four different exchange interac-
tions, J1, J2, J3, andJ4 (see Figure 7). Although the slight
deviation from the 3-fold symmetry will have some influence
on the exchange integrals, the effects will be weak, and for
a discussion of the general behavior, the assumption of a
3-fold symmetry is certainly a very good starting point; see
also refs 9c and 30. The available data, however, do not allow
for the determination of so many exchange constants (in
particular, as they are very strong so that the temperature
dependence oføT reflects just a few low-lying spin states).
Hence, the simplified model withJ1 ) J2 ≡ JR andJ3 ) J4

≡ JC was used, which is based on the rationale that the
frustration in2 originates from the competition between the
exchange interactions on the ring of the outer Fe ions (J1

andJ2) and those between the ring and the central ion (J3

andJ4) and that this key element is correctly incorporated
in the simplified model. The corresponding exchange Hamil-
tonian is given by

which notably corresponds exactly to the heptanuclear
species of the frustrated Heisenberg star introduced in ref
18. The energies ofĤ are easily calculated, as has been noted
already earlier,18,31 with the spin-coupling schemeŜR ) Ŝ2

+ Ŝ3 + Ŝ4 + Ŝ5 + Ŝ6 + Ŝ7, Ŝ ) ŜR + Ŝ1, and the energies
ER(SR,R) of the HamiltonianĤR ) ∑i)2

6 Ŝi‚Ŝi+1 + Ŝ7‚Ŝ2,
which is related to the ring of the outer Fe ions (R is an
additional quantum number for labeling of the different spin
levels with equalSR). The energiesER(SR,R) can easily be
calculated numerically.32 The energiesE(S,SR,R) of the spin
states ofĤ then simply become

In Figure 8, the total spin of the ground state of the
exchange model eq 2 as a function of the exchange constant
JC between the Fe ions on the ring and the central Fe ion
(an antiferromagnetic exchange constantJR was assumed)
is plotted. For strongly ferromagnetic values ofJC, JC/|JR|

(30) Waldmann, O.; Gu¨del, H. U.Phys. ReV. B 2005, 72, 094422.
(31) Waldmann, O.Phys. ReV. B 2000, 61, 6138.
(32) Gatteschi, D.; Pardi, L.Gazz. Chim. Ital. 1993, 123, 231.

ĤS)5/2 ) D[Ŝz
2 - 1

3
S(S+ 1)] + g⊥µB(ŜxBx + ŜyBy) +

g|µBŜzBz (1)

Figure 7. Exchange-coupling model.

Figure 8. Total spinSof the ground state of the exchange model eq 2 as
a function ofJC/|JR|, assuming antiferromagneticJR.

Ĥ ) -JR(∑
i)2

6

Ŝi‚Ŝi+1 + Ŝ7‚Ŝ2) -

JC(Ŝ2 + Ŝ3 + Ŝ4 + Ŝ5 + Ŝ6 + Ŝ7)‚Ŝ1 (2)

E(S,SR,R) ) -JRER(SR,R) -
JC

2
[S(S+ 1) - SR(SR + 1) - S7(S7 + 1)] (3)
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> 4, the ferromagnetic configuration with all spins aligned
parallel, and henceS ) 35/2, becomes the ground state. For
strongly antiferromagnetic values ofJC, JC/|JR| < -4, a
ferromagnetic configuration of the spins on the ring is
realized, with the central spin oriented oppositely, and hence
S ) 6 × 5/2 - 5/2 ) 25/2. A third unfrustrated spin
configuration is obtained for small values ofJC, i.e., for
-0.19< JC/|JR| < +0.27, where aS) 5/2 spin ground state
is obtained. Here, the spins on the outer ring assume an
antiferromagnetic configuration (SR ) 0) to which the central
spin is coupled so weakly that it is not disturbed by the
interactionJC.

For all other values ofJC, frustration is apparently of great
relevance, and with a proper choice ofJC/|JR|, every spin
state betweenS) 1/2 and35/2 can be stabilized. The strongest
frustration, signaled by the minimal spin ground state ofS
) 1/2, is realized in the range-1.10 < JC/|JR| < -0.40.
Interestingly, a furtherS) 5/2 ground state, with a necessarily
frustrated spin configuration, is obtained in the range-1.65
< JC/|JR| < -1.38. Hence, from the observation of anS )
5/2 ground state in compound2, it is not possible to decide
whether the unfrustrated configuration withJC ≈ 0 or the
frustrated configuration withJC ≈ -1.5|JR| is realized. The
temperature-dependentøT curve is of no help here because
only the very lowest spin levels are involved in the weak
upturn of øT at the higher temperatures, which for both
configurations areS) 3/2, 5/2, and7/2 levels. Using eq 3 and
the van Vleck formula, it is easy to calculate the magnetic
susceptibility for anyJC and JR, but the comparison with
the experimental data did not yield any further insights
despite the fact that the exchange constants are numerically
large. From magnetostructural correlations, it was argued that
for compound1 the exchange interactionsJ3 and J4 (and,
hence, alsoJC) should be ferromagnetic,13 which would imply
the nonfrustratedS ) 5/2 ground-state configuration. More
measurements, such as inelastic neutron scattering, would
be needed to clarify the interesting exchange-coupling
situation in2.

Conclusions

We have synthesized hepta- and octanuclear FeIII clusters
1-5 presenting a rare topology. These complexes are an
addition to a very limited number of this class of compounds
described so far, with compound3 representing the first
example of a high-nuclearity Phdea-based complex reported
to date. The nature of the side arm of the diethanolamine
ligands has no influence on the core topology of the FeIII

7

complexes. The synthetic approach employed in the prepara-

tion of 1-3 can be used to synthesize a variety of other
compounds, which will be reported elsewhere.

Concerning the magnetism in compounds1 and 2, the
presence of very strong intramolecular exchange interactions
of overall antiferromagnetic sign can be concluded from the
temperature profiles of the magnetic susceptibility. For2,
the spin of the ground state was determined to beS ) 5/2
and single-crystal magnetic measurements revealed a uniaxial
magnetic ansiotropy in the ground state of the easy-axis type
with D ) -0.43(2) K. With respect to the exchange
interactions in2, it has been shown that theS ) 5/2 ground
state can be either due to a nonfrustrated situation, where
the exchange couplings between the FeIII ions on the outer
ring and the central FeIII ion are rather weak and below a
certain threshold, or due to frustration with competing
interactions on the ring and to the central ion. Further studies
using complementary techniques such as inelastic neutron
scattering are needed to resolve this ambiguity. From a
general perspective, the disklike topology of homonuclear
magnetic centers realized in compounds1 and 2 exhibits
close ties to the theoretical model of a frustrated Heisenberg
star, which is one of the very few solvable models in the
area of frustrated quantum-spin systems. Depending on the
details of the exchange-coupling strengths, all spin ground
states ranging fromS ) 1/2 to 35/2 can be realized in such a
topology. Hence, a slight variation of the exchange interac-
tions by, e.g., a chemical tuning can have pronounced effects
on the spin ground state. This will be an attractive research
topic for future work on odd-numbered disklike metal
clusters.
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