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In pervasiveness of occurrence and multiplicity of function,
iron–sulfur clusters rival the biological prosthetic groups such
as hemes and flavins.[1] Starting from the first spontaneous
self-assembly of the [Fe4S4(SR)4]

2� cluster in 1972,[2] and the
identification of the protein-bound Fe4S4 in the same year, the
study of iron–sulfur clusters has evolved into a mature field in
which the synthetic inorganic chemistry now resembles the
total synthesis of natural products in organic chemistry.[3]

However, the identification of an all-ferrous Fe4S4
0 state in

the Fe protein of nitrogenase,[4,5] which may have important
implications in the mechanism of nitrogen fixation,[6,7] has
posed a great challenge to inorganic synthetic chemists
because when isolated from the protein environment, the
Fe4S4

0 state is difficult to access chemically. For example, the
midpoint potential of [Fe4S4(SPh)4]

3�/4� is �1.72 V versus
saturated calomel electrode (SCE).[8] Holm et al.[9] initiated
the stabilization of the low oxidation states of the Fe4S4 cluster
by using sterically demanding trialkyl phosphine ligands, and
synthesized a number of iron sulfur clusters in the all-ferrous
state. However, the all-ferrous [Fe4S4(PR3)4]

0 cluster was
identified only in solution. Attempts to isolate the cluster in
pure form resulted in ligand loss and the formation of higher
nuclearity clusters.[10] To prevent ligand loss, a p-acid ligand
which can bind the Fe4S4 core through s donation and
stabilize low oxidation states by p backbonding is needed.
The stabilization of the all-ferrous Fe4S4

0 core using CO
resulted in an [Fe4S4(CO)12] cluster[11] containing six-coordi-
nate iron atoms and an Fe···Fe separation of 3.47 9 (com-
pared to 2.73 9 in reduced ferredoxin); this all-ferrous cluster
is thus biologically irrelevant. Herein we report an
[Fe4S4(CN)4]

3� cluster that resembles the protein Fe4S4
+

active sites geometrically and spectroscopically, and possesses
[Fe4S4L4]

2�/3� (L is a mono-anionic ligand) and [Fe4S4L4]
3�/4�

midpoint potentials of �0.4 and �1.38 V versus Ag/AgCl, the
least negative such potentials among all synthetic analogues
of the Fe4S4 protein active sites (For the conversion among
different reference electrodes, see Table 2). These redox
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potentials are less negative than expected and imply a
possible new path to a biologically relevant all-ferrous
[Fe4S4L4]

4� cluster, which is a goal in iron–sulfur protein
analogue chemistry.

The reduction of [Fe4S4Cl4]
2� in the presence of CN�

followed by the addition of Na(BPh4) leads to the formation
of [Fe4S4(CN)4]

3� (1; Figure 1). Cluster 1 can also be made in

higher yield by using [Fe4S4(PiPr3)4]
+ as the starting cluster.[10]

The reaction between [Fe4S4Cl4]
2� and [Bu4N][CN] gave an

unidentified black solid, which showed none of the electro-
chemical characteristics of 1 or of the one-electron oxidized
form of 1. Thus, the substitution of the Cl� ion for the CN� ion
needs to occur after the one-electron reduction of the Fe4S4

2+

core. This result is consistent with the observation that the
reduction of the Fe4S4 core facilitates ligand substitution.[9,10]

Compound 1 crystallizes in space group R3c with the N2,
C2, Fe2, and S2 atoms residing on a threefold axis
(Figure 2).[12] Every unit cell contains six formula units of 1.
The cluster anion has approximate Td symmetry, but is slightly
elongated along the crystallographic threefold axis. Selected
interatomic distances and angles are listed in Table 1.

The Fe�S and Fe···Fe separations of 1 (Table 1) closely
resemble those of the protein Fe4S4

+ core (Fe�S 2.281, 2.285;

Fe···Fe 2.726 9) in C. acidi-urici Fdred (reduced ferredoxin),[13]

and corresponding synthetic analogue [Fe4S4(SPh)4]
3� (Fe�S

2.29, Fe···Fe 2.74)[14] One of the Fe-CN groups is perfectly
linear (crystallographically imposed), and the other three
deviate slightly from strict linearity (Fe-C-N 174.6(3)8). An
IR spectrum of 1 shows an n(C/N) stretch at 2103 cm�1, which
is almost the same as the n(C/N) stretch in [FeII(CN)6]

4�

(2098 cm�1) but quite different from that in [FeIII(CN)6]
3�

(2135 cm�1), which indicates a strong p backbonding and the
predominantly ferrous character of 1.[15]

It is informative to compare the geometric parameters of 1
with those of the recently determined crystal structure of the
all-ferrous Fe4S4

0 form of the nitrogenase Fe protein from
Azotobacter vinelandii (Av Fe protein).[16] The average Fe···Fe
distance of 2.699 9 is slightly longer than that in the Fe4S4

0

cluster in Av Fe protein (2.65 9), implying stronger Fe···Fe
interaction in the all-ferrous state. In contrast, the average
Fe�S separation of 2.288 9 in 1 is slightly shorter than that in
the all-ferrous Av Fe protein cluster (2.33 9), which reflects
the elongation of the Fe�S bonds in a Fe4S4 cluster upon
reduction from Fe4S4

+ to Fe4S4
0. This elongation of Fe�S

bonds has also been observed upon the reduction of the
Fe4S4

2+ state to the Fe4S4
+ state in other synthetic ana-

logues.[14] The exact iron oxidation states in 1 have also been
confirmed by electrochemical, EPR, M@ssbauer, and UV/Vis
studies.

As shown in Figure 3, the cyclic voltammogram of 1 using
glassy carbon as the working electrode shows two reversible
electrochemical pairs. For clarity, the redox potentials have all
been converted into those versus normalized hydrogen
electrode (NHE) and are listed in Table 2. In the following

Figure 1. The preparation of the [Fe4S4(CN)4]
3� cluster 1.

Figure 2. The structure of [Fe4S4(CN)4]
3� thermal ellipsoids set at 50%

probability (see Table 1).

Table 1: Selected interatomic distances [C] and angles [8] for 1.

Fe···Fe Fe�S Fe�C C�N Fe-C-N

2.6906(6) 2.2791(8) 2.031(3) 1.132(4) 174.6(3)
2.2846(10)
2.2863(7)

2.7240(7) 2.3003(7) 2.016(7) 1.21(1) 180

Figure 3. Cyclic voltammogram (100 mVs�1) of [Fe4S4(CN)4]
3� in 0.1m

solution of [Bu4N][PF6] in CH2Cl2. Peak potentials are those versus Ag/
AgCl (E1/2 versus Fc/Fc

+ 0.69 V; Fc= [(C5H5)2Fe]) using a glassy carbon
working electrode. Potentials versus NHE can be found in Table 2.
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discussion, potentials are those versus NHE only. Cluster 1
possesses midpoint potentials of �0.18 and �1.16 V. The
former corresponds to that of the [Fe4S4L4]

2�/3� redox pair,
which is less negative than that of Fdox/Fdred (�0.4 V) in native
proteins;[17] the latter represents E1/2 of the [Fe4S4L4]

3�/4�

redox pair, the closest to that of iron protein of nitrogenase
(�0.8 V).[18] Previously, the least negative [Fe4S4L4]

2�/3�

potential in synthetic analogues was �0.41 V in
[Fe4S4(SC6H4-p-NO2)4]

2�,[19] and that for [Fe4S4L4]
3�/4� was

�1.48 V in [Fe4S4(SPh)4]
2�.[8,19]

Using platinum instead of glassy carbon as the working
electrode, the peak currents of 1 diminish progressively when
a multiple scan is performed. Whether this is due to cyanide
adsorption and polymerization on the platinum surface[20] or
interaction between the clusters and the platinum surface
needs further investigation.

Preliminary EPR (axial, g2= 2.114, gz= 1.897 at 9 K) and
M@ssbauer (d at 4.2 K relative to Fe metal: 0.503, 0.566; DEq :
1.329, 1.869) studies have confirmed the oxidation state of 1.
The spectroscopic features are very similar to those of Fe4S4

+

proteins and their corresponding synthetic analogues,[14] but
the final answer for the ground state needs high-field
M@ssbauer and variable-temperature EPR studies (works
currently under way and will be presented elsewhere). In
addition, the absorption spectrum of 1 in MeCN is featureless,
in agreement with those of all other proteins and synthetic
analogues in the Fe4S4

+ core oxidation state.[1]

The closest examples in the literature to 1 are the
octanuclear complexes [Fe4S4(NC-MLn)4]

2� (M=W and
Mn),[21,22] where the cyanide bridges were reversed and act
as linkers between an Fe4S4 cluster and four other metal
cluster units. The core oxidation state was Fe4S4

2+. The key for
1 remaining monomeric is the reduction of the cluster from
Fe4S4

2+ to Fe4S4
+. It is now possible to use 1 as a secondary

building unit to clusters of higher nuclearities or coordination
polymers by simply oxidizing 1 in the presence of other metal
species with open coordination sites.

A monosubstituted cyanide cluster, [Fe4S4(LS3)(CN)]2�,
was also detected spectroscopically,[23] but 1 represents the
first all-cyanide Fe4S4 cluster.

In summary, we have isolated and characterized the first
all-cyanide Fe4S4 cluster, which resembles the protein Fe4S4

clusters geometrically, electrochemically, and spectroscopi-

cally, and has the least negative [Fe4S4L4]
2�/3� and [Fe4S4L4]

3�/4�

redox potentials among all known synthetic analogues.

Experimental Section
1 Method A : A black crystalline solid of (Bu4N)2[Fe4S4Cl4] (0.293 g,
0.3 mmol) was suspended in THF (2.5 mL) and mixed with a [Bu4N]
[CN] (0.322 g, 1.2 mmol) solution in THF (2.5 mL). Freshly made
potassium benzophenoketyl (0.33 mmol) in THF (2 mL) was added
drop-wise to the mixture, and the mixture was stirred for 15 min. The
addition of Na(BPh4) (0.308 g, 0.3 mmol) in THF (2 mL) caused
precipitation of a white solid, presumably NaCl. The resulting
suspension was stirred for 1.5 h and dried under vacuum to yield a
black solid. The solid was extracted with MeCN (5 mL), and the
extraction was filtered through Celite. Diethyl ether vapor diffusion
into the filtrate caused the precipitation of a black solid and colorless
crystals within three days. The compound was purified through re-
crystallization from MeCN/diethyl ether with minimal amounts of
MeCN to dissolve only the dark solid. Black block crystals of 1
formed after three crystallizations. Yield: 0.145 g (41%).
Method B : A black crystalline solid of (BPh4)[Fe4S4(PiPr3)4]

(0.394 g, 0.3 mmol) was dissolved in THF (2.5 mL), and mixed with a
[Bu4N][CN] (0.322 g, 1.2 mmol) solution in THF (2.5 mL). The
mixture was stirred for 2 h to form a suspension, and then allowed
to settle. The supernatant solution was decanted and the solid was
washed with aliquots of THF and dried under vacuum. The black
residue was dissolved in MeCN (8 mL) and crystallized from MeCN/
diethyl ether yielding black block crystals of 1. Yield: 0.240 g (67%).
Elemental analysis calcd (%) for C52H108N4Fe4S4: C 52.79, H 9.20, N
8.28, S 10.84; found: C 52.57, H 9.22, N 7.98, S 10.87.
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