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Synthesis and Characterisation of a Very Low-Coordinate 
Diferrous [2Fe-2S]0 Unit 
C. Schneider,a S. J. Groß,b S. Demeshko,b S. Bontempsc F. Meyer,b C. G. Wernckea*

Here we present the synthesis of a unique diferrous [2Fe–2S]0 
complex with only three-coordinate iron ions via reduction of a 
four-coordinate diferric [2Fe–2S]2+ complex with concomitant 
ligand loss. The obtained compounds were thoroughly examined 
for their properties (e.g. by 57Fe Mössbauer spectroscopy and 
magnetic susceptibility measurements). Facile cleavage of the 
[2Fe–2S] rhombus, commonly seen as rather stable, by CS2 is also 
shown.

Iron sulphur units are an omnipresent structural motif in 
numerous metalloproteins such as ferredoxins, Rieske centres 
(Figure 1, A)1,2 and bacterial nitrogenases (Figure 1, B)3–5. Their 
function ranges from electron transport, over small molecule 
activation, to sensing functions in different proteins.6 In the last 
decade there has been an extensive development in the 
synthesis of molecular [2Fe–1S],7,8 [2Fe–2S]9–13 and [4Fe–4S]14–

17 clusters with mostly four-coordinate iron ions to contribute 
to the understanding of their reactivities and electronic 
structures.18 Thereby, the impact of changes in the metal ions’ 
oxidation state is of special interest. However, this is highly 
challenging on a synthetic level, especially for ligated, smaller 
Fe2S1-2 units, which can be seen as essential elements of all 
higher nuclearity Fe/S clusters.9 Furthermore, Fe/S clusters with 
low-coordinate iron sites are of particular interest for potential 
substrate activation, mostly inspired by the unique Fe–S–Fe belt 
units in the nitrogenase FeMo cofactor (Figure 1, B).19 
Recently we reported the synthesis of a series of [2Fe–1S] 
complexes D (Figure 1) via reaction of elemental sulphur with 
the linear iron(I) complex [FeL2]- (L = -N(Dipp)(SiMe3)) and its 
subsequent, stepwise oxidation.20 Despite their interesting 
electronic and magnetic features, the complexes were mostly 
inert towards nitrogenase relevant substrates which we 
attributed to the sterically demanding silylamide ligands. 
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Figure 1. Central iron containing co-factor of the Rieske protein (A) and the nitrogenase 
(B) as well as examples of model compounds bearing different iron oxidation states (C 
and D).

Therefore, we were interested in using the sterically less 
demanding K{18c6}[Fe(N(SiMe3)2)2] [FeI] (18c6 = 18-crown-6),21 
which was already shown as suitable platform for bond 
activation22–24. 
The reaction of a solution of [FeI] in Et2O with 1/16 S8 for 16 h 
led to a dark red solution, which afforded orange crystals upon 
storage at -30 °C for several days. X-ray diffraction analysis 
revealed the formation of the iron(II) bis-µ-sulphido complex 
K{18c6}[(Me3Si)2N)Fe(-S)]2, 1, (Scheme 1, Figure 2, left) 
instead of the envisioned mono-µ-sulphido complex. 

Scheme 1. Synthesis of complexes 1 and 2.
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Figure 2. Molecular structures of 1 (left) and 2 (right) in the solid state. H atoms and the 
K+(18c6) cations in structure 2 are omitted for clarity.

The [2Fe–2S] motif itself is well known in coordination and 
bioinorganic chemistry ([2Fe-2S] ferredoxins and Rieske-type 
clusters), where the iron ions are four coordinated. Few 
synthetic [2Fe–2S] clusters with five-coordinate metal ions are 
also known.25 In contrast, 1 is a unique example of a [2Fe–2S] 
cluster with three-coordinate metal ions, each surrounded by 
two sulphido and one amido ligand. Accordingly, the core is 
found in an all-ferrous state, which is rarely achieved in case of 
[2Fe-2S] clusters.10 Aside from 1 the known iron(I) trisamide 
K{18c6}[Fe(N(SiMe3)2)3] [FeII(NR2)3]26 was found, which 
indicated that [FeI] acts not only as the reaction site but also as 
external reductant and amide scavenger. The formation of a bis-
µ-sulphido compound instead of the envisioned monosulphido 
complex is likely due to the lowering of the steric demand of the 
silylamide -ligands and the stability of the [2Fe–2S] core. 
Insights into the formation of 1 was obtained by reacting [FeI] 
with equimolar amounts of sulphur. Upon storing the pentane 
layered reaction solution at -30 °C the iron(III) complex 
K{18c6}[(Me3Si)2N)2Fe(-S)]2, 2, was isolated as a dark red 
crystalline solid (Figure 2, right) . When 2 was treated with two 
equivalents of [FeI] the reduced complex 1 was obtained. 
The diferric bis(-sulphido) complex 2 features two 
tetrahedrally coordinated iron(III) ions (τ4=0.97). The Fe–S 
distances (Table 1) of the [2Fe–2S] core are with 2.2235(5) – 
2.2343(5) Å in line with other diferric [2Fe–2S] 
complexes.9,11,15,27 In contrast, in 1 both iron ions of the [2Fe–
2S] core are coordinated by only one additional amide ligand, 
which is an unprecedented structural motif. In addition, only a 
singular example of a structurally characterized fully reduced 
[2Fe–2S]0 core was reported so far by some of us, using a 
dianionic, chelating amide ligand (Figure 1, C).10 The 
coordination geometry around both three-coordinate iron ions 
in 1 is best described as Y-shaped (N–Fe–S 126.89° and 125.72°; 
S–Fe–S 107.83°). 2 experiences substantial structural changes of 
the [2Fe–2S] rhombus upon reduction to 1. While we observe 
only a slight expansion of the Fe–S distance to 2.363 (5) Å, the 
Fe–Fe distance is reduced to 2.6494(5) Å, which is accompanied 
by contraction of the Fe–S–Fe angle from 79.491(2)° to 
72.617(18)° and widening of the S–Fe–S angle from 99.813(2)° 
to 107.784(14). This behaviour is in contrast to previously 
reported series of isostructural [2Fe–2S]2+,1+,0 complexes11 with 
a virtually unchanged [2Fe–2S] core. For 1 the observed changes 
can be attributed in part to the loss of anionic amide ligands.

Table 1. Selected bond lengths (Å) and angles (°) of complexes 1 and 2.

Compound 1 2

Fe–S 2.363(5) 2.2343(5)

Fe–Fe 2.6494(5) 2.8564(6)

Fe–N 1.9638(16) 2.0139(1)

Fe–S–Fe 72.617(18) 79.491(2)

S–Fe–S 107.784(14) 99.813(2)

N–Fe–S
126.89(5)
125.72(5)

110.78(4)
111.46(4)

Further, the acute angle Fe–S–Fe in 1 is likely caused by the 
Lewis acidic nature of the K+{18c6} cations. The relatively short 
K–S distance of 3.1430(6) Å is smaller than the sum of the van 
der Waals radii of both elements and points towards a 
significant contribution of the cation in the stabilization of the 
superreduced [2Fe–2S]0 core. The beneficial role of the Lewis 
acidic K+{18c6} cation was also substantiated for the formation 
of 1 itself. Reaction of the K{crypt.222} derivative of [FeI] with 
S8 gave 2 but did not effectuate subsequent reduction to 1, 
which was also not possible using KC8. As such we speculate that 
the reduction is intimately connected to the ligand dissociation, 
thus avoiding a highly negatively charged tetraligated [2Fe-2S] 
complex. The possible presence of a plausible mixed-
valent/mixed-coordinate intermediate of the type [2Fe–2S]1+ 
could not be substantiated, despite several attempts.
Based on the chemical reduction of 2 by [FeI] we investigated 
the electrochemical behaviour of 2 via cyclic voltammetry 
(supporting info). The cyclic voltammogram shows a 
quasireversible redox event at –1.8 V vs. Fc/Fc+ (figure S5), 
which is the typical region for FeII/III redox events of similar 
compounds.9,11,15,28 The signal are broadened with high peak 
potential difference of 0.6 V, which indicates substantial 
structural changes, as evidenced via the formation of 1. This 
observation, as well as the fact that there is just one broadened 
event instead of two well separate ones for each iron centre is 
in line with previous reports about the redox behaviour of [2Fe–
2S] cores bearing monodentate anionic ligands.15,28 Another 
interesting feature of the cyclic voltammogram of 2 is an 
irreversible oxidation (E = −0.7 V) only showing up after the 
oxidation at –1.53 V took place. 
Complexes 1 and 2 were also characterized by zero-field 57Fe 
Mössbauer spectroscopy. The Mössbauer spectrum of 2 shows 
a doublet with an isomer shift of δ = 0.35 mm/s and a 
quadrupole splitting of|ΔEQ| = 0.60 mm/s (figure S7), clearly 
confirming the presence of four-coordinate, high-spin 
iron(III).9,11 The isomer shift is higher than for the established -
ketiminato (δ = 0.29 mm/s, |ΔEQ| = 1.06 mm/s)9 and 
benzimidazolato11 (δ = 0.24 mm/s, |ΔEQ| = 0.87 mm/s) diferric 
[2Fe-2S] complexes, which we attribute to the -donor 
character of the amido ligands as well as the slightly longer Fe–
N and Fe–S bonds in case of 2. The diferrous complex 1 shows a 
doublet with an isomer shift δ = 0.50 mm/s and a quadrupole 
splitting of|ΔEQ| = 0.56 mm/s (Figure 3). To the best of our 
knowledge Mössbauer data for three coordinate iron(II) 
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Figure 3. Mössbauer spectrum of 1 at 80 K. Parameters for 1: δ = 0.50 mm/s, |ΔEQ| 
= 0.56 mm/s.

featuring this specific coordination of two sulfides along with 
one amide ligand is absent in literature. However, it is in line 
with previously reported three coordinate high spin iron(II) 
complexes [FeII(NR2)3]− (δ = 0.59 mm/s, |ΔEQ| = 0.60 mm/s), 
[FeII(S(Tripp))3]− (Tripp= 2,4,6-triisopropylphenyl) (δ = 
0.57 mm/s, |ΔEQ| = 0.81 mm/s), and the dianionic [2Fe–1S]2+ 
complex D (δ = 0.59 mm/s, |ΔEQ| = 0.22 mm/s) (Figure 1).20,25,28 
The isomer shift of a neutral nacnac based [2Fe–1S]2+ complex 
is significantly higher (δ = 0.86 mm/s, |ΔEQ| = 0.58 mm/s).29 
Temperature dependent magnetic susceptibility measurements 
(SQUID) of 2 revealed an almost linear increase of χMT with 
temperature from 0.3 cm3 K mol-1 at 70 K (S = 0 ground state) to 
0.7 cm3 K mol-1 at 295 K (figure S8), indicating strong 
antiferromagnetic coupling between the two iron(III) centers. 
The coupling constant J = –187 cm-1 is in line with previously 
reported all ferric [2Fe-2S] complexes (J = –179 cm-1 11; J = 
−209 cm-1 9) and was determined using Ĥ = −2JŜA∙ŜB with g1 = g2 
= 2.15. For 1 also a diamagnetic ground state (S = 0) is observed 
with a linear increase of χMT vs. the temperature from 
0.06 cm3Kmol-1 at 80 K to 0.17 cm3Kmol-1 at 295 K (Figure 4). 
The curve is fit best with J = -348 cm-1 (g1 = g2 = 2). We 
tentatively attributed the larger J value of 1 to the substantially 
shorter Fe-Fe distance (ΔdFe–Fe = −0.207 Å) with the added 
electrons in 1 residing in magnetically non-interacting d-
orbitals.

Figure 4 Variable-temperature magnetic susceptibility of solid 1 in the range 2–295 K (B 
= 0.5 T). The coupling constant J = –348 cm-1 was determined using Ĥ = −2JŜA∙ŜB with g1 
= g2 = 2.0 (fixed).

For diferrous Rieske clusters only weak antiferromagnetic 
coupling with J around −30 cm-1 was observed,31 and −J ≥ 40 
cm−1 was derived from 57Fe Mössbauer spectra of a CrII-treated 
ferredoxin.32 Similarly, for the previously reported type C 
diferrous [2Fe–2S] cluster −J ≥ 30 cm−1 was estimated based on 
applied field Mössbauer data.10 This stresses the unusual 
electronic structure of 1 with an exceptionally strong 
antiferromagnetic coupling between its three-coordinate iron 
ions, that is even significantly more pronounced than in 
complexes with shorter Fe–Fe distances for which metal-metal 
bonding is implied.33–35 The 1H-NMR spectrum of 1 shows a 
resonance at 3.50 ppm for the crown ether, as well as a broad 
paraagnetically shifted signal at -2.41 ppm (w1/2 = 533.0 Hz) for 
the hmds ligand (Figure S6). 2 exhibits no resonance for the 
hmds ligands due to the even stronger paramagnetic nature of 
its Fe3+ ions (Figure S7). The UV-Vis spectrum of 1 shows a single 
band at 505 nm (ε = 1699 L/mol cm), while no distinct band 
beyond 400 nm is observed for 2 (Figure S1).
Recently, we observed the facile rupture of the central Fe–S unit 
by CS2, a known competitive inhibitor of the FeMo-cofactor of 
the nitrogenase,36–38 in a series of [2Fe–1S] complexes under 
thiocarbonate formation. As this behaviour was so far not 
reported on, we were curious if CS2 might also break up a [2Fe–
2S] motif. Indeed, reaction of 2 with an excess of CS2 in THF led 
to the isolation of the thiocarbonato complex 
K{18c6}[((Me3Si)2N)2Fe(ƞ2-CS3) 3 (Scheme 2). In 3 the iron ion is 
coordinated by the two anionic silylamide ligands and a 
bidentate thiocarbonato ligand in a tetrahedral fashion. 

Scheme 2. Reaction of 2 with CS2 to the thiocarbonate complex 3.

We suppose that the K+{18c6} cation plays a key role in the CS2 
activation. The flexible, monodentate amide ligands allow a 
Lewis acid base interaction between K+ and a sulphide ligand 
similar to the one observed in the solid state structure of 1 
(Figure 2). This would lead to elongation of the Fe–S bond 
followed by the insertion of the substrate and the rupture of the 
[2Fe–2S] core. The unique stabilizing role of K+{18c6} became 
also obvious for the formation of 3 as analogous experiments 
with the crypt.222 derivative of 2 only led to decomposition. 
The result of the analogous reaction of 1 with CS2 remained 
elusive to this date.
In conclusion, the reaction of K{18c6}[Fe(N(SiMe3)2)2] with 
elemental sulphur leads to the formation of the bis-µ-sulphido 
diferric complex 2. The complex can be reduced further by 
K{18c6}[Fe(N(SiMe3)2)2] to the all ferrous form 1, which 
uniquely features a [2Fe–2S]0 core with only three-coordinate 
iron ions due to decoordination of amide ligands. Magnetic 
susceptibility measurements revealed sizeable 
antiferromagnetic coupling of the iron ions in both [2Fe–2S] 
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complexes, with an extraordinarily strong antiferromagnetic 
coupling (J = −348 cm-1) for the reduced complex 1. Reactivity 
studies of the diferrous complex 2 with CS2 resulted in the 
surprising cleavage of the [2Fe–2S] unit, otherwise perceived as 
relatively robust, under thiocarbonate formation. In all these 
studies, the decisive role of the Lewis acidic K+{18c8} counter 
ion, in transformation of the iron sulphur motif is revealed. 
Further analysis of the physical and chemical properties of 1 is 
under current scrutiny.
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