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The commonly occurring iron ± sulfur cluster coresÐrhom-
boidal Fe2S2, cuboidal Fe3S4, and cubane-type Fe4S4Ðhave
been synthesized in research directed toward an understand-

In conclusion, we have developed a novel procedure for the
demetalation of tricarbonyl(h4-cyclopentadienone)iron com-
plexes, which proceeds by a ligand exchange initiated by
sodium hydroxide. The X-ray analysis of an intermediate
dimeric complex revealed an extraordinary nearly square-
planar coordinated sodium ion.

Experimental Section

General procedure for the demetalation of the bicyclic tricarbonyl(h4-cy-
clopentadienone)iron complexes 1 by NaOH-initiated ligand exchange: A
solution of complex 1 (0.478 mmol) in THF (8 mL) and aqueous 1m NaOH
(4 mL) was stirred for 2.5 h under an argon atmosphere. Then 1-iodo-
pentane was added (0.15 mL, 228 mg, 1.15 mmol) and the yellow solution
turned brown. After stirring the mixture for an additional 15 min under
argon, H3PO4 (0.15 mL) was added, the organic layer was separated, and
the aqueous layer was extracted with diethyl ether. The combined organic
layers were dried over Na2SO4 and filtered through a short path of silica
gel. After addition of Na2S2O3 (200 mg) and Celite (200 mg) the filtrate
was stirred slowly in the air for 3 h in the presence of daylight. Filtration
through a short path of Celite, evaporation of the solvent, and flash
chromatography (pentane/diethyl ether) of the residue on silica gel pro-
vided the free ligand 6.
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ing of the formation, structure, and function of these clusters
in biology.[1] Our current endeavors are directed toward the
synthesis of more complicated metal site structures, described
as bridged cluster assemblies[2] and including the two cluster
types in the MoFe protein of nitrogenase.[3] The P-cluster 1
contains an Fe8S7 core formed by two cuboidal Fe4S3 frag-
ments bridged by a central sulfur atom, with additional
bridging by two cysteinyl sulfur atoms.[4] The FeMo cofactor
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(FeMoco) cluster 2 has an MoFe7S9 core with cuboidal Fe4S3

and MoFe3S4 clusters bridged by three m2-S atoms. The
P-cluster appears to mediate electron transfer from the Fe
protein to FeMoco, which is the catalytic site.[5]

Recently, we reported a compositional analogue of FeMoco
in the form of the sulfido-bridged double cubane core [Fe4S4-
S-MoFe3S4].[6] The symmetrical double cubane [MoFe3S4-S-
MoFe3S4] has also been prepared. In these species, the
individual clusters are bridged by m2-sulfide units and are in
their oxidized states ([Fe4S4]2�, [MoFe3S4]3�). The iron
populations of as-isolated FeMoco (S� 3/2) and P-cluster
(PN state) are substantially reduced. For the cofactor, the 57Fe
isomer shift of d� 0.47 mm sÿ1 at 4.2 K[7] is not inconsistent
with trigonal FeIIS3 coordination,[8] and a recent 57Fe ENDOR
analysis leads to the valence description MoIV�FeIII� 6 FeII.[9]

The isomer shifts of the P-cluster (d� 0.64 mm sÿ1 at 4.2 K)
are consistent with an all-FeII PN state.[10] Consequently, we
have initiated a second synthetic approach to FeMoco and
P-cluster utilizing as precursors cubane-type clusters in more
reduced states.

The rhomb-bridged double cubane [(Cl4cat)2Mo2Fe6S8-
(PEt)6][11] (3) is one of several species whose reduced cores
([Fe4S4]1�, [MoFe3S4]2�) are stabilized in isolable compounds
by phosphane ligation.[12] A suspension of 3 in acetonitrile was
treated with two equivalents of (Et4N)(SH) to give a dark
solution (Scheme 1). Evaporation of solvent to remove PEt3
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Scheme 1. Preparation of (Bu4N)2(Et4N)6[4]. 1. Stirring in CH3CN at room
temperature for 12 h followed by evaporation of all volatile components
(CH3CN, PEt3, H2S) in vacuo. 2. Extraction of the solid residue with NMF,
addition of solid (Bu4N)(PF6), and crystallization from NMF/diethyl ether.

and H2S followed by extraction of the solid residue with N-
methylformamide (NMF) afforded a black solution, whose
major component could be crystallized after addition of
(Bu4N)(PF6). Vapor diffusion of diethyl ether into the solution
for three days caused separation of black crystals of (Bu4-

N)2(Et4N)6[(Cl4cat)6(Et3P)6Mo6Fe20S30] ´ 9 NMF in 33 % yield.
This compound contains cluster 4 and was identified crystallo-
graphically; the NMF molecules are uncoordinated. This is
the highest nuclearity Fe ± S or heterometallic Fe ± S cluster
currently known. Certain of its fragments are of interest in
relation to the P-cluster of nitrogenase.

Two perspectives of the [Mo6Fe20S30]8ÿ core of 4 are
presented in Figure 1, from which it is evident that the
structure is centrosymmetric with idealized C2h symmetry. The

Figure 1. Front (left) and side views (right) of the Mo6Fe20S30 core of
cluster 4, which has crystallographic inversion symmetry and idealized C2h

symmetry. The upper and lower Mo2Fe6S9 fragments (Figure 2) are
connected to the central Mo2Fe8S12 fragment (Figure 3) by six m3-Fe-S
bridges. Terminal ligands on the molybdenum atoms are omitted for clarity.
Selected mean bond lengths [�] for the distorted octahedral Mo(Cl4cat)-
(PEt3)S3 coordination unit: MoÿO 2.126(8), MoÿP 2.63(3), MoÿS 2.37(3).

initial double cubane structure of precursor 3 has undergone
fracture and rearrangement, resulting in removal of terminal
ligands at the iron sites; in this sense, 4 resembles the cyclic
cluster [Na2Fe18S30]8ÿ.[13] The sulfur atoms divide into the
bridging modes 2� m2� 24� m3� 2� m5� 2� m6 . The struc-
ture can be described in terms of three fragments: The upper
and lower fragments Mo2Fe6S9 are symmetry-related and have
the structure shown in Figure 2. The central fragment
Mo2Fe8S14 (see Figure 3) is connected to the upper and lower
fragments by six m3-SÿFe bridges (2.230(4) ± 2.273(5) �)
involving S(8,14,15) and their symmetry-related counterparts.
Within both types of fragments, the FeÿS distances increase in
the order Feÿm2-S<Feÿm3-S<Feÿm5-S9Feÿm6-S.

The Mo2Fe6S9 fragment (Figure 2) has idealized Cs sym-
metry and contains two MoFe3S4 cubane units, as does 3.
However, one sulfur atom is common to both, resulting in an
S(9)Fe6(1 ± 6) grouping and a m6 bridging function for S(9).
Atoms Fe(2,5) and Fe(1,4) are additionally bridged by m2-S(7)
and m3-S(8). Consequently, S(9) is shared by eight nonplanar
rhomb-like Fe2S2 units, an opposite pair of which
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Figure 2. Structure of the upper and lower Mo2Fe6S9 fragment of cluster 4
with idealized Cs symmetry. Atom m3-S(8) bridges to Fe(7a) of the central
fragment and atoms m3-S(14,15), which bridge to Fe(3,6), are part of that
fragment (Figure 3); atom S(7) is bound to two Fe atoms in a m2 manner. At
Mo(1,2), the catecholate chelate rings and coordinated P atoms of PEt3

ligands are indicated. Selected (mean) bond lengths [�] and angles [8]:
MoÿFe 2.74(1), intracubane FeÿFe 2.74(2), Fe(1)ÿFe(4) 2.635(3),
Fe(2)ÿFe(5) 2.681(3), FeÿS(9) 2.40(2), Fe(1,2,4,5)ÿS(9) 2.39(1),
FeÿS(1 ± 6) 2.24(2), Fe(2,5)ÿS(7) 2.190(8); Fe(3)-S(9)-Fe(6) 145.3(2),
Fe(2)-S(7)-Fe(5) 75.5(1), Fe(1)-S(8)-Fe(4) 71.9(1), Fe-S(9)-Fe 69.0(6).
Atoms (n) and (na) are related by symmetry.

(Fe2(1,2)S2(3,9) and Fe2(4,5)S2(5,9)) are faces of the MoFe3S4

cubanes. The S(7,8) bridging interactions force a large Fe(3)-
S(9)-Fe(6) angle of 145.3(2)8. Intracubane bond angles at S(9)
occur in the range of 68.9 ± 70.48. The intracubane mean
MoÿFe (2.74(1) �) and FeÿFe distances (2.74(2) �) are both
substantially longer than the corresponding mean values in 3
(2.677(5) and 2.639(2) �,[11] respectively). However, intra-
cubane FeÿS distances are unchanged (2.24(2) �). The m6-S
bridging mode is precedentedÐin [Ni9S(StBu)8]1ÿ [14] the core
topology resembles that of 2Ðbut is otherwise unknown in
Fe ± S clusters.

The most striking feature of the Mo2Fe6S9 fragment is its
structural resemblance to the Fe8S7(SR)2 portion of the
P-cluster 1, whose composition can be derived by replacing
Mo(Cl4cat)(PEt3) with FeII(SR) and S(7,8,14,15) with RSÿ.
The topologies of the fragment and 1 are clearly similar but
with some structural differences. In the PN state, the central
sulfur atom exhibits unsymmetrical 5� 1 coordination with
one long FeÿS bond of 2.9 �,[4] and is best considered as m5-S.
In the fragment, the six FeÿS(9) distances are in the range of
2.381(4) ± 2.429(5) � with a mean of 2.40(2) �; the sulfur
atom is clearly m6-S. Otherwise, the adjacent FeÿFe separa-
tions in the PN state obtained from X-ray (2.4 ± 2.8 �)[4] and
EXAFS analyses[15] (mean values 2.57, 2.75 �) cover the range
observed for the fragment (2.635(3) ± 2.771(3) �).

Certain distortions not found elsewhere in the Mo2Fe6S9

fragment occur at Fe(1,4/2,5), which are bound to m2-S(7)/m3-
S(8). The FeS4 units are distorted toward trigonal-pyramidal
coordination with S(9) as the axial ligand. At these sites,
differences between axial and mean equatorial bond lengths
are 0.16 ± 0.17 �, axial bond angles average to 105(1)8, and the
range of equatorial bond angles is 103 ± 1248. Distortions of
this type occur in FePS3 sites of Mo/V-Fe-S clusters.[16]

Limiting elongated distortion generates trigonal-planar coor-
dination, similar to that observed for six iron sites in 2. Note
that the structures of 1 and 2 are formally interconvertible.

Movement of the m5-S atom out of the center of the Fe6

trigonal prism with attendant cleavage of four FeÿS bonds and
transformation of tetrahedral FeS4 into trigonal FeS3 sites
recovers the topology of the cofactor core. Signs of this
transformation are integrated into the structure of the
Mo2Fe6S9 fragment, whose structure could be interpreted as
transitional between P-cluster and FeMoco topology.

The structure of the central Mo2Fe8S12 fragment of cluster 4
is presented in Figure 3. Metric parameters of the molybde-
num coordination unit and analogous Feÿm-S interactions are

Figure 3. Structure of the central Mo2Fe8S12 fragment of cluster 4 with a
crystallographic inversion center and idealized C2h symmetry. Atoms m3-
S(8,8a) are parts of two Mo2Fe6S9 fragments, and atoms m3-S(14/14a) and
m3-S(15/15a) bridge to Fe(6/6a) and Fe(3/3a), respectively, of those
fragments. Selected (mean) bond lengths [�] and angles [8]: Fe(7)ÿS(12)
2.292(4), Fe(8 ± 10)ÿS(12) 2.346(2), Fe(10)ÿS(15a) 2.275(4),
Fe(10)ÿFe(10a) 3.462(3); Fe(7)-S(12)-Fe(10) 132.5(2), S(12)-Fe(10)-
S(12a) 85.0(2), Fe(10)-S(12)-Fe(10a) 95.0(2), S(14)-Fe(10)-S(12a)
126.9(2), S(15a)-Fe(10)-S(12) 124.5(2).

practically identical to those shown in Figure 2. Two MoFe3S4

cubanes are linked through symmetry-related S(12)-Fe(10/
10a)-S(12a) bridges that generate an interior Fe2S2 rhomb in
which Fe(10,10a) are additionally bridged to the cubanes over
two m3-S atoms. Tetrahedral coordination at these atoms is
severely distorted by two S-Fe-S angles near 1258. In the
Mo2Fe8S12 fragment, the cubane units do not share a common
atom, but S(12) performs a m5 function by bridging within the
cubane and the central rhomb. A relationship does exist
between the central and terminal fragments in that m5-S(12)
may be related to m6-S(9) and m3-S(14,15) to m2-S(7)/m3-S(8).
Possibly one fragment is an intermediate in the formation of
the other. Note that Mo2Fe8S12 can be formally recovered
from Mo2Fe6S9 by insertion of Fe(10,10a) and S(12a,14a,15a)
and attendant structural rearrangement.

The zero-field Moessbauer spectrum of polycrystalline
complex 4 at 150 K in Figure 4 A consists of a doublet (d�
0.47 mm sÿ1, quadrupole splitting DEQ� 0.8 mm sÿ1) and a
(non-Lorentzian) linewidth of 0.45 mm sÿ1. The broad lines
suggest that DEQ values of the six inequivalent iron sites differ
somewhat and occur in the range of 0.75 ± 1.1 mm sÿ1. The
lines in the spectrum at 4.2 K are even broader and have
broad wings reminiscent of paramagnetic relaxation. To
determine whether 4 is diamagnetic or paramagnetic, the
cluster has been studied in applied fields up to 8.0 T. The
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Figure 4. Moessbauer spectra of polycrystalline complex 4. A) Spectra in
zero field at 150 K (hash marks) and 4.2 K (solid circles). B) Spectrum at
4.2 K in a parallel applied field of 8.0 T. The solid line above the data is a
simulation assuming that all iron sites reside in diamagnetic environments.
The solid line drawn through the data is a simulation assuming one site with
DEQ� 0.8 mm sÿ1, d� 0.52 mm sÿ1, and h� 1 (see text). The simulation
assumes that the compound is paramagnetic with the undetermined
ground-state spin S and involves zero-field splitting parameters and an A
tensor chosen such that Hint(x)�ÿ4 T and Hint(y)�Hint(z)� 0. The
simulated spectrum is meant to illustrate how the shape of the high-field
spectrum may arise.

spectrum in Figure 4 B has a rather odd shape. While the
splitting conforms to that of a diamagnet, there is additional
intensity in the middle of the spectrum which cannot be
explained by assuming, for instance, inequivalent iron sites.
The increased intensity in the center of the spectrum at 8.0 T,
however, can be understood as follows: If the asymmetry
parameter of the electric field gradient tensor, h� (VxxÿVyy)/
Vzz , has the value 1.0, the component of the field gradient
along x is zero. If there is a negative internal magnetic field of
Hint�ÿ4 T along x, the effective field Heff�Hint�Happlied will
be Heff��4 T. Because there is no quadrupole splitting along
x, the x direction contributes a single line in the center of the
spectrum that is broadened by the action of Heff. The solid line
through the data (Figure 4 B) was obtained by assuming one
iron site with h� 1 and Hint(x)�ÿ4.0 T. The spectra of 4
exhibit magnetic features at 4.2 K, but it is not clear whether
the system of 20 iron sites should be considered as an isolated
paramagnet with unknown ground state spin or whether
incipient long range magnetism gives rise to the internal
magnetic field observed at 4.2 K.

We have demonstrated that reaction of 3 with HSÿ induces
substantial structural rearrangement to afford 4, whose frag-
ments can be related to different stages of the reaction. Taking
the isomer shifts of FeIII ± rubredoxin (0.25 mm sÿ1) and FeII ±
rubredoxin (0.70 mmsÿ1) as criteria, the iron sites of 4 (d�
0.52 mm sÿ1 at 4.2 K) have an oxidation state of �2.4.[17] The
Mo2Fe6S9 fragment provides the closest synthetic approach
thus far to the topology of the P-cluster 1. The Moessbauer
spectrum of the PN state shows sites with DEQ� 3.0 mm sÿ1

(two sites), 1.3 mm sÿ1 (one site), and 0.9 mm sÿ1 (five sites).
Cluster 4 exhibits the sites with small DEQ values character-
istic of the P-cluster, but not the sites corresponding to the

large DEQ values. Lastly, we associate the formation of higher
nuclearity Fe ± S and Mo-Fe-S clusters (FenSn, n� 8, 16;[12b]

3,[11] 4) with their dominant FeII character.

Experimental Section

All operations were carried out under a pure dinitrogen atmosphere;
solvent was removed in vacuo at room temperature. NMF (Aldrich) was
stored over NaHCO3 and distilled in vacuo. A solution of (Et4N)(SH)
(99 mg, 0.61 mmol; Aldrich, recrystallized from acetonitrile/diethyl ether)
in acetonitrile (20 mL) was added with stirring onto solid [(Cl4cat)2Mo2-

Fe6S8(PEt3)6] (600 mg, 0.30 mmol).[11] The brown suspension was stirred
overnight, causing most of the solid to dissolve. The mixture was taken to
dryness to remove H2S and PEt3. The solid residue was dissolved in
acetonitrile (10 mL), the solution was stirred for 2 h, and the solvent was
evaporated. The black residue was extracted with acetonitrile (20 mL). The
extract was filtered through Celite, and (Bu4N)(PF6) (80 mg, 0.21 mmol)
was added to the filtrate, which was then reduced to dryness. The black
residue was extracted with a minimal volume (4 mL) of NMF/diethyl ether
(1/1 v/v). Vapor diffusion of diethyl ether into the extract over 3 d resulted
in the separation of a highly crystalline solid, which was collected, washed
with NMF/diethyl ether (1/1 v/v) and diethyl ether, and dried in vacuo. The
product was obtained as 200 mg (33 % based on Fe) of an air-sensitive black
crystalline solid, (Bu4N)2(Et4N)6[(Cl4cat)6(PEt3)6Mo6Fe20S30] ´ 9NMF. UV/
Vis (acetonitrile): lmax (eM)� 224 (350 000), 316 (146 000), 450 nm
(111 000mÿ1 cmÿ1); cyclic voltammetry (acetonitrile, 20 mV sÿ1, V vs.
SCE): ÿ0.45, ÿ0.78 (oxidation), ÿ1.01, ÿ1.35, ÿ1.56, ÿ1.69 (reduction).
Isomer shifts of 57Fe are relative to that of iron metal at 298 K.

Diffraction-quality crystals were grown by diffusion of diethyl ether into
the NMF extract obtained as described above. Crystal data for (Bu4N)2-
(Et4N)6[4] ´ 9NMF: C170H327Cl24Fe20Mo6N17O21P6S30, Mr� 6636.55 gmolÿ1,
monoclinic, space group P21/c, a� 19.3022(3), b� 18.3633(1), c�
36.9683(4) �, b� 91.501(1)8, V� 13099.0(3) �3, Z� 2. Data were collected
on a Siemens SMART diffractometer (MoKa , 153 K). Of the 59074
reflections measured, 22676 were employed in structure solution and
refinement. An empirical absorption correction was applied (SADABS).
The structure was solved by direct methods and difference Fourier maps,
and was refined by a full-matrix least-squares treatment on F 2. All non-
hydrogen atoms were described anisotropically except for those of
disordered solvate molecules and cations. Hydrogen atoms at calculated
positions with thermal parameters 1.2� those of bonded carbon atoms
were included in the final refinement. Because of disorder, some cation and
solvate molecule atoms were refined on split positions. At convergence,
R1� 0.0868, wR2� 0.1956, and GOF� 1.099. Crystallographic data (ex-
cluding structure factors) for the structure reported in this paper have been
deposited with the Cambridge Crystallographic Data Centre as supple-
mentary publication no. CCDC-116378. Copies of the data can be obtained
free of charge on application to CCDC, 12 Union Road, Cambridge
CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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