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We have been interested in developing strategies for
designing new open-framework architectures. One such
strategy is the case of the sulfate tetrahedron and its
utilization as a primary building unit, in place of the silicate
or the phosphate tetrahedron commonly employed for the
purpose.[1,2] Our efforts in this direction have enabled us to
obtain organically templated open-framework metal sulfates
under hydrothermal conditions with one-dimensional chain
structures as well as two-dimensional layered structures.[3] In
the case of iron sulfates, Fe is present generally in the þ 2 or
the þ 3 oxidation state; they all show the presence of
antiferromagnetic interactions. In this communication, we
report the successful synthesis of organically templated
mixed-valent iron sulfates of the compositions,
[H2N(CH2)4NH2]2[Fe

III
2 FeII3 F12(SO4)2(H2O)2] (1) and

[HN(CH2)6NH][FeIIIFeII2 F6(SO4)2]¥[H3O] (2), with novel struc-
tural features and magnetic properties. In particular, 2 is an
unusual example of an iron compound with a perfect Kagomÿ
structure. The discovery of such an unusual Kagomÿ lattice is
significant considering the current interest in these com-
pounds[4] and the fact that iron compounds possessing the
Kagomÿ lattice generally contain Fe in a single oxidation
state.

The asymmetric unit of 1 contains four crystallographically
distinct iron atoms and one sulfur atom. The fluorine and
oxygen neighbors are coordinated octahedrally to the Fe
atoms (Fe(1)F5O, Fe(2)F4O2, Fe(3)F2O2(H2O)2 and Fe(4)-
F4O2). The structure of 1 is constructed from the anionic
framework layers of [FeIII2 FeII3 F12(SO4)2(H2O)2]4�. The Fe(2)-
F4O2 and Fe(4)F4O2 octahedra are vertex-shared through
trans-Fe-F-Fe linkages to form an infinite chain along the
a axis. Such chains are connected by an edge-shared trimer of
two Fe(1)F5O and one Fe(3)F2O4 octahedra to yield a layered
network in the ac plane. In the trimer, the Fe(3)F2O4

octahedra are flanked by two Fe(1)F5O octahedra. Such
connectivity creates a triangular lattice formed by Fe(1)F5O,
Fe(2)F4O2, and Fe(4)F4O2 octahedra. The SO4 tetrahedron
caps the triangular lattice, creating a 10-membered aperture

within the layer, as shown in Figure 1a. The layers are stacked
one over the other along the b axis in AAAA fashion and are
held together by hydrogen bonding interactions with the
diprotonated piperazine (PIP) molecules residing in the
interlamellar space (see Figure 1b). The bond lengths and

angles indicate perfect octahedral geometry around FeII -
centers and a slightly distorted geometry for the FeIII centers.
Bond-valence sum (BVS) calculations[5] (Fe(1)¼ 3.03, Fe(2)¼
2.02, Fe(3)¼ 1.98, and Fe(4)¼ 2.05) and the average Fe�O/F
bond lengths indicate the oxidation state of Fe(1) to be þ 3,
and the remaining Fe centers to be þ 2. The positions of the
fluorine atoms find indirect support from BVS calculations
(F(1)¼ 0.616, F(2)¼ 0.563, F(3)¼ 0.896, F(4)¼ 0.804, F(5)¼
0.786 and F(6)¼ 0.74). The mixed-valent nature of 1 was also
confirmed by Mˆssbauer spectroscopy. DC magnetic suscept-
ibility data (at 100 Oe) show a sharp magnetic transition
around 15 K and what appears to be a ferrimagnetic transition
at around 3 K, the field-cooled (FC) and the zero-field-cooled
(ZFC) data being identical (Figure 2a). The inverse suscept-
ibility data recorded at 5 kOe (Figure 2b) show a linear
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Figure 1. a) Polyhedral view of the [FeIII2 FeII3 F12(SO4)2(H2O)2]4� layer in 1,
viewed perpendicular to the ac plane. Here, Fe(1) is in the þ 3 oxidation
state and the remaining iron atoms are in the þ 2 state. Note the
symmetrical capping of the sulfate tetrahedra in the triangular lattice and
the 10-membered aperture within the layer; b) Structure of 1 showing the
presence of the amine group located in the interlayer space.



behavior at high temperatures, which yields a negative Curie
temperature (Tc¼�86 K). These data also reveal a transition
to a canted antiferromagnetic state at low temperatures.

The asymmetric unit of 2 contains 28 non-hydrogen atoms,
of which 21 belong to the inorganic framework and seven
belong to the extra-framework guest molecules; one extra-
framework oxygen atom belongs to the hydronium ion. The
structure of 2 consists of anionic layers of vertex-sharing
FeIIIF4O2 and FeIIF4O2 octahedra and tetrahedral SO4 units,
which are fused together by FeIII/II-F-FeIII/II and FeIII/II-O-S
moieties. Each FeIII/IIF4O2 unit shares four of its FeIII/II�F
vertices with similar neighbors, with the FeIII/II-F-FeIII/II bonds
roughly aligned in the ab plane. The FeIII/II�O bond is canted
from the ab plane and this FeIII/II�O vertex effectively forces a
three-ring trio of apical FeIII/II�O bonds closer together to
allow them to be capped by the SO4 tetrahedra. The three-
and six-rings of octahedra result from the in-plane connec-
tivity, as shown in Figure 3a. The layers in 2 are typical of a
Kagomÿ lattice with hexagonal tungsten bronze-type sheets [6]

of vertex-sharing FeIII/IIF4O2 octahedra, as shown in Figure 3b.
The amine molecules are present between the layers just as in
1. The structure of 2 is akin to that of the mineral jarosite[7]

where all of the Fe atoms are in the þ 3 oxidation state. The
Fe�O bond lengths in 2 are in the range 2.003(3)±2.149(3) ä
((Fe(1)�O)av 2.140(3), (Fe(2)�O)av 2.146(3), and (Fe(3)�O)av

2.011(3) ä), and the Fe�F bond lengths are in the range
1.906(2)±2.157(2) ä ((Fe(1)�F)av 2.081(2), (Fe(2)�F)av
2.080(2), and (Fe(3)�F)av 1.936(2) ä). BVS calculations
(Fe(1)¼ 1.93, Fe(2)¼ 1.92, and Fe(3)¼ 3.01) as well as the
average bond distances indicate that the oxidation state of
Fe(1) and Fe(2) is þ 2 and that of Fe(3) is þ 3. The positions
of the six F atoms are also supported by the bond valence
calculations (F(1)¼ 0.734, F(2)¼ 0.669, F(3)¼ 0.797, F(4)¼
0.70, F(5)¼ 0.76, and F(6)¼ 0.71). Thus, the framework
stoichiometry of the [FeIIIFeII2 F6(SO4)2] unit with a �3 charge
requires the amine to be doubly protonated, in addition to the
presence of the hydronium ion. Mˆssbauer spectra also
confirm the presence of the FeII and FeIII states in the ratio 2:1.

The Kagomÿ lattice in 2 is unusual in several respects. There
is 100% occupation of the iron sites[8] and this is the first
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Figure 2. a) Temperature dependence of the DC magnetic susceptibility of
1measured at 100 Oe under field-cooled (FC) and zero-field-cooled (ZFC)
conditions; b) Temperature variation of the inverse DC susceptibility
measured at 5 kOe.

Figure 3. a) Ball-and-stick representation of a section of
[FeIIIFeII2 F6(SO4)2]3� in 2, which shows the presence of the 3- and 6-rings;
the 3-rings are capped by the sulfate tetrahedra; b) Polyhedral view of the
2D network of corner-sharing iron octahedra in 2, viewed perpendicular to
the ab plane. Here, Fe(1) and Fe(2) are in the þ 2 oxidation state and Fe(3)
is in the þ 3 state.



example of a Kagomÿ lattice where the Fe centers are found
in two oxidation states. Extensive protonation of the OH sites
in jarosite results in vacancies in the Fe lattice, but we seem to
be able to overcome this problem by replacing OH groups
with fluorine atoms. The magnetic behavior of 2 is quite
different from that of 1 and is even more complex. Compound
2 shows magnetic frustration, as typified by the divergence in
the FC and ZFC magnetization data shown in Figure 4a. The
spin-freezing temperature (Tf) is around 12 K.[9] AC suscept-

ibility measurements confirm a typical spin-glass transition
behavior. The inverse magnetic susceptibility data recorded at
5 kOe are linear at high temperatures giving a negative Curie
temperature (Tc¼�180 K). The data show a ferrimagnetic-
type transition, as can be seen from Figure 4b. This unusual
behavior of 2 requires further study. It may be noted that most
of the Fe compounds with the Kagomÿ lattice show either
spin-glass behavior or long-range antiferromagnetic order-
ing.[4,10,11] The only other Kagomÿ-type structures exhibiting
ferromagnetic features are the vanadium compound reported
by Grohol et al.[12] and the dimeric copper compound
reported by Zaworotko and co-workers[13] The magnetic
moment obtained by extrapolating the high-field [12 T]
portion of M versus H to H¼ 0 is 2.95 mBmol�1 at 10 K for 2
(calcd 9 mBmol�1), compared to 4.8 mBmol�1 for 1 (calcd

16 mBmol�1). It should be noted that other mixed-valent iron
compounds comparable to 2 exhibit entirely different mag-
netic properties. Thus [Fe3F8(H2O)2], with hexagonal bronze-
type layers, is antiferromagnetic (Nÿel temperature, TN¼
157 K) and shows weak ferromagnetism at low temper-
atures.[14] [Fe2F5(H2O)2], with an inverse weberite structure,
is ferrimagnetic (TC¼ 48 K).[15] Na2NiFeF7, with the weberite
structure, is also ferrimagnetic (TC¼ 88 K)[16] while in BaMn-
FeF7, ferromagnetic sublattices of Mn and Fe are coupled
antiferromagnetically giving a TN value of 85 K.[17] In contrast,
compound 2 exhibits a clear spin-glass behavior, as well as
ferrimagnetism.

Besides demonstrating that the sulfate tetrahedron can be
conveniently employed to generate novel organically tem-
plated transition metal sulfates, the present study reveals that
layered mixed-valent iron sulfates have unusual magnetic
properties. The mixed-valent iron Kagomÿ compound de-
serves to be further explored both experimentally and
theoretically.

Experimental Section

The synthesis of 1 and 2 was carried out in teflon-lined acid digestion
bombs with an internal volume of 23 cm3 under constant pressure by
heating the starting mixture at 180 8C for 2 days. Compound 1was prepared
from the following reagents: ferric citrate (1 mmol), piperazine sulfate[18]

(4 mmol), HF (48%, 8 mmol), H2O (50 mmol), and ethylene glycol
(50 mmol). The product (yield 50%), which consisted of red rod-shaped
crystals, was monophasic. Compound 2 was prepared from the following
reagents: ferric citrate (1 mmol), H2SO4 (98%, 4 mmol), 1,4-diazabicy-
clo[222]octane (DABCO, 6 mmol), HF (48%, 4 mmol), H2O (50 mmol),
and n-butanol (30 mmol). The product (yield¼ 40%), consisting of red
hexagonal plate-shaped crystals was monophasic. The identities of 1 and 2
were established by various techniques, which included X-ray crystallog-
raphy. X-ray powder diffraction patterns of 1 and 2were in good agreement
with the simulated patterns based on single-crystal data, indicative of their
phase purity. The Fe:S ratios in 1 and 2 were determined by energy-
dispersive X-ray analysis (EDAX) to be 5:2 and 3:2, respectively, which is
commensurate with their molecular formulas. Furthermore, thermogravi-
metric analysis gave the exact mass losses expected for the removal of
water, amine, and SO3 in both 1 and 2. The final product of the
decomposition of 1 was Fe2O3, which was also verified from its powder
XRD pattern. Complex 2 gave FeO as the final product. The fluorine
analysis was also satisfactory, which indicated that the OH groups are,
generally, replaced by fluorine atoms.

Structure determination: Single-crystal data were collected on a Sie-
mens SMART-CCD diffractometer (graphite-monochromated MoKa radi-
ation, l¼ 0.71073 ä, T¼ 298 K). An absorption correction based on
symmetry-equivalent reflections was applied using SADABS.[19] The
structures were solved by direct methods using SHELXS-86[20] and
difference Fourier synthesis. Full-matrix least-squares structure refinement
against jF2 j was carried out using the SHELXTL-PLUS[21] package of
programs. Hydrogen positions for the bonded water molecule (O(3) in 1) as
well as the extra-framework hydronium ion (O(100) in 2) were located
from the difference Fourier map and placed in the observed position and
refined isotropically. All the remaining hydrogen positions for 1 and 2 were
initially located in the difference Fourier maps, and for the final refinement,
the hydrogen atoms were placed geometrically and held in the riding mode.
The non-hydrogen atoms were refined anisotropically.

Crystal data. 1:Mr¼ 911.72, triclinic, space group¼P�11 (no. 2), a¼ 7.222(2),
b¼ 9.043(2), c¼ 9.463(4) ä, a¼ 94.58(3), b¼ 91.71(2), g¼ 95.08(2) 8, V¼
613.2(3) ä3, Z¼ 2, m¼ 3.204 mm�1, 1calcd¼ 2.469 mgm�3, 1724 unique re-
flections (Rint¼ 0.0208), final R¼ 0.0359, RW¼ 0.0905, GOF¼ 1.043. 2 :
Mr¼ 606.89, orthorhombic, space group¼Pna21 (no. 33), a¼ 12.9269(6),
b¼ 7.4091(3), c¼ 17.5970(8) ä, a¼ b¼g¼ 90 8, V¼ 1685.38(13) ä3, Z¼ 4,
m¼ 2.908 mm�1, 1calcd¼ 2.392 mgm�3, 2362 unique reflections (Rint¼
0.0333), final R¼ 0.0243, Rw¼ 0.0562, GOF¼ 1.000.
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Figure 4. a) DC susceptibility data of 2measured at 100 Oe which displays
the divergence between the ZFC and FC measurements; b) Temperature
variation of the inverse DC susceptibility measured at 5 kOe.
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Non-phosgene processes for the synthesis of carbamates
and/or substituted ureas have attracted increasing interest in
recent years, particularly in the area of green chemistry
because of the environmental concern regarding the use of
highly toxic phosgene.[1] Of the various non-phosgene proc-
esses, one approach involves the catalytic oxidative carbon-
ylation of an amine in the presence of an appropriate catalyst
or catalytic system.[2]

In previous reports, we have demonstrated that alkali
metal-containing selenium compounds, obtained from the
reaction of SeO2 and M2CO3 (M¼ alkali metal) in methanol,
are effective catalysts for the oxidative carbonylation of
aniline to produce phenyl carbamate and diphenylurea.[3] The
major disadvantage of using these selenium compounds is the
difficulty in separating the product and the catalyst from the
reaction mixture, which arises from the coproduction of
insoluble diphenylurea and soluble alkyl phenyl carbamate,
with high conversion of aniline. A further disadvantage is the
formation of small quantities of unknown, highly volatile,
malodorous, and possibly toxic selenium species at relatively
high reaction temperatures.

Recently, there have been a considerable number of papers
regarding ionic liquids and their use in immobilizing volatile,
precious, and/or toxic homogeneous catalysts, thereby im-
proving the stability and facilitating the recovery of the
catalyst.[4]

In this context, the alkali metal-containing selenium com-
pound [KSeO2(OCH3)] can be reacted with 1-alkyl-3-meth-
ylimidazolium chlorides to prepare new imidazolium-based
ionic liquids containing anionic selenium species. The ionic
liquids are found to show surprisingly high activity for the
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CCDC-185168 (1) and CCDC-185167 (2) contains the supplementary
crystallographic data for this paper. These data can be obtained free of
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