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ABSTRACT 

Among all enzymatic metallocofactors, those found in nitrogenases, the P- and L-/M-clusters, stand out for 

their structural complexity. They are assembled by proteins of the Nif gene cluster from Fe2S2 rhombs—

the smallest building blocks in FeS cluster chemistry—through a sequence of reactions constructing a Fe8S8 

precursor. This fundamental transformation is unknown in chemical synthesis, impeding our understanding 

of how enzymes selectively build such elaborate inorganic molecules. Here, we report the rational stepwise 

assembly of [Fe8S8]n+ (n=2,4,6) clusters from [Fe2S2]2+ rhombs, within an extensive cyclic synthetic 

network. We identify a [Fe8S8]4+ cluster of unique topology, for which we coin the term “interlocked” 

double-cubane (ildc). This topology is not unprecedented in enzymes, as the ildc is a molecular analogue 

of the K-cluster, a proposed biosynthetic precursor to both the P- and M-clusters. Its synthesis, along with 

the characterization of all related intermediates, offers key insights into the mechanisms governing the 

assembly of these cofactors, advancing our understanding of both enzymatic and synthetic FeS cluster 

construction. 
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INTRODUCTION 

Iron-Sulfur (FeS) clusters act as enzymatic metallocofactors in many critical metabolic processes.1-

3 While bi-, tri- and tetra-metallic FeS cofactors occur frequently, larger ones are rarer, and 

primarily found in nitrogenases and nitrogenase-like enzymes, as the octa-metallic P- and L-/M-

clusters.4-7 To the best of our knowledge, only one other metalloenzyme bearing such a large FeS 

cofactor has been discovered and structurally characterized, namely the double-cubane cluster 

protein (DCCP).8-10 Since the first compositional and, later on, structural characterizations of these 

metallocofactors,11-13 the fundamental understanding of their biosynthesis and their synthetic 

replication attracted sustained interest.6,7,14-19 However, molecular model compounds for such 

large FeS clusters remain scarce. Notable examples include the fusion of two catechol- or 

tris(pyrazole)borate- (Tp-) and phosphine- or chloride-supported MFe3S4 (M=V,Mo,W) 

heterocubanes20,21 to form edge-bridged double-cubanes22-27 which can be converted to M2Fe6S7 

clusters, bearing a µ6(S2–) ligand, upon treatment with hydrosulfide/-selenide.28-32 Additionally, P-

cluster models of the type Fe8S(7-x)Ox (x=0,1)17,33-40 can be synthesized through the nonpolar 

assembly of [Fe(N(SiMe3)2)2] in presence of bulky aryl-thiols, amides, or (in some cases) 

phosphine ligands and elemental sulfur. Unfortunately, the mechanism of formation for these 

Fe8S7 clusters remains elusive,35-37 and well-defined transformations have only been observed to 

occur in the reverse direction, cleaving the larger clusters to form the more stable Fe4S4 

assemblies.40 The most recent achievement is a report of the first synthetic cluster containing a 

central μ6-carbide unit, [Et4N][(Tp)2W2S6Fe6(μ6-C)(SPh)3], constructed by fusion of 

WFe3S3C(SiMe3) and WFe3S3 clusters.41 A few examples of all-Fe, ligand-bridged, edge-bridged 

and face-bridged double- and multi-cubanes have been reported by the groups of Holm, Tatsumi 

and Suess.42-46 However, these systems maintained the topological integrity of the Fe4S4 units 

composing them, and are supported by phosphines, N-heterocyclic carbenes and tripodal chelating 

tris(thiolates). 

Beyond the mere replication of the active site,36,38 the sophistication of the P- and M-clusters 

warrants the exploration of new approaches, aimed not only at reproducing their molecular 

structure, but also at reflecting and shedding light onto aspects of their biosynthesis, the 

understanding of which has greatly advanced during recent years:6,7 Even though the P- and M-

clusters mature separately from one another, an evolutionary link may exist between them. Both 
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are assembled by proteins encoded in the Nif gene cluster via fusion of two Fe4S4 (or “Fe4S4-like”) 

synthons, forming an Fe8S8 precursor.6,7,47,48 

 

Figure 1: Selected crystal structures of enzymes involved in M-cluster maturation. (A) Crystal 
structure of the NifU-like protein, Aquifex aeolicus IscU, with a bound [2Fe–2S]-cluster (PDB code 
2Z7E).49 A close-up view of the metallocofactor is shown as well. (B) Crystal structure of Methanotrix 
thermoacetophila NifB with bound RS- and K1-clusters (PDB code 6Y1X).50 A close-up view of the K1-
cluster is shown alongside. (C,D) Crystal structure refinements of Methanobacterium thermoautotrophicum 
NifB with a full complement of FeS cofactors, as proposed by the groups of Ribbe and Hu (C; PDB code 
7JMB)51 and the group of Nicolet (D; PDB code 7BI7).52 For each solution of the structure, a close-up view 
of the K1-/K2-clusters or the K-cluster, respectively, are provided. Images were generated using the 
ChimeraX program suite.53,54 
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While the molecular mechanisms underlying the initial cubane fusion, yielding the Fe8S8 

precursor, remain an active area of investigation, substantial progress has been made in 

understanding the last steps of the M-cluster maturation:6,7,55-60 In a first step, NifS and NifU 

harness Fe and S to produce Fe4S4 clusters via the reductive fusion of two Fe2S2 rhombs (Figure 

1A and 2A).6,7,61-63 Two of these cubane cofactors are subsequently recruited by NifB, site-

differentiated (Figure 1B and 2B)50 and fused to form the Fe8S8 precursor. NifB itself is a radical 

SAM enzyme, which contains three Fe4S4 clusters: one is the radical SAM (RS-) cluster, while the 

other two, referred to as the K1- and K2-clusters, constitute the building blocks for the M-cluster. 

A crystallographic structure of the enzyme with three bound clusters was only recently reported 

by Ribbe, Hu and colleagues, and revealed that the K1-/K2-clusters may be coordinatively 

unsaturated or possibly bound to each other (Figure 1C), forming a double-cubane.51 While it had 

been known that these clusters exhibit non-canonical ligands, their exact coordination environment 

and its dynamics remained a topic of interest.64,65 Based on an alternative refinement of the original 

diffraction data, Nicolet and co-workers proposed another arrangement of the clusters: Rather than 

existing as two discrete Fe4S4 units in close proximity, the K1- and K2-clusters may adopt an 

interlocked configuration, forming a single Fe8S8 cluster, simply termed K-cluster (Figure 1D),52 

which is topologically related to both the P- and the M-cluster architectures, as summarized in 

Figure 2B,C. During subsequent stages, NifB functionalizes the K-cluster with a carbide-ligand 

and a ninth Sulfur atom (derived from SO3
2–), before it is inserted into NifEN. The Iron protein 

(NifH) then delivers a hetero-metal (Mo or V) and a homocitrate ligand, forming the final MFe7S9C 

M-cluster, which is inserted into NifDK (Figure 2C).6,7,55-60 In contrast, the Fe8S8 precursor to the 

P-cluster, which is potentially K-cluster-“like”, matures directly in NifDK via the loss of one of 

its S-atoms (Figure 2D).6,7,66-68 
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Figure 2: Scheme illustrating the stages of P- and M-cluster maturation via a K-cluster intermediate. 
(A-C) Stages of the M-cluster synthesis catalyzed by the enzymes of the Nif gene cluster: (A) Conversion 
of Fe and S into Fe2S2 clusters in NifU and NifS and their reductive conversion into Fe4S4 clusters. (B) First 
steps of biochemical M-cluster maturation: Conversion of site-differentiated Fe4S4 clusters into K1- and 
K2-clusters and their fusion into an interlocked Fe8S8 cluster, termed K-cluster, in NifB. (C) Last steps of 
M-cluster maturation, encompassing installation of the carbide and sulfide ligands in NifB, as well as the 
Mo ion. (D) A hypothetically simple route from a K- or K-“like”-cluster precursor to the PN-cluster via 
S(µ2) removal. This report replicates the stages (A) and (B), while (C) and (D) summarize the (potential) 
fate of the K-cluster towards its conversion to the M- and P-clusters, illustrating its central role. Note that 
we adopted the topology of the K-cluster proposed by Nicolet and coworkers.52 

Inspired by this synthetic pathway, we describe here a cyclic and reversible chemical network of 

FeS cluster interconversions, covering a very fundamental, yet unknown chemical transformation, 

namely the stepwise assembly of synthetic [Fe2S2]2+ clusters—being the simplest FeS building 

blocks—to [Fe8S8]n+ (n=2,4,6) clusters. Among these, the [Fe8S8]4+ cluster exhibits the same FeS 

topology as that proposed for the K-cluster by Nicolet and co-workers (Figure 1D),52 which we 

herein coin an “interlocked” double-cubane. Its ultimate and penultimate precursors are 

themselves Fe8S8 clusters, namely a ligand-bridged [Fe8S8]6+, or an edge-bridged [Fe8S8]2+ double-
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cubane, respectively. Both rather resemble the structure that was proposed by Ribbe, Hu and 

colleagues for the K1-/K2-clusters (Figure 1C).51 Based on the characterization of these clusters’ 

electronic, vibrational and 57Fe nuclear spectroscopic signatures, we propose that they could aid 

the identification of such intermediates in NifB, and NifDK, respectively, while also providing 

fundamental insight into the factors governing their formation and interconversion. 

The initial goal of our synthetic strategy was to achieve site differentiation, as this was proposed 

to play a key role in inducing cluster conversion.50,64 In enzymes, Fe4S4-site-differentiation occurs 

as the regiospecific substitution of a cysteine ligand, typically by histidine,69 driven by an 

asymmetric cofactor binding pocket. Efforts to replicate this behavior, using rigid multidentate 

thiolate ligands46,70,71 or bulky NHCs72,73 have been explored. However, these strategies are not 

transposable to [Fe4S4(RS)4]n– clusters bearing simple monodentate thiolate ligands due to the 

latters’ high symmetry, which prevents precise control over the stoichiometry of ligand 

substitutions. Leveraging our group’s expertise with the Kn[Fe4S4(DmpS)4] (n=0,1,2,3,4) model 

system,74-76 and specifically the oxidation-state dependent determination of the cluster’s Fe-S 

covalency values (α2) using X-ray absorption spectroscopy, we rationalized an original strategy to 

promote ligand exchange, rooted in the cluster’s electronic structure (Figure 3A,B):74 High-valent 

cubanes (i.e. those in the [Fe4S4]3+/4+ oxidation states) are characterized by exceptionally large Fe–

S(thiolate) bond covalencies (>50%). Thus, when the singly occupied ψ*(Fe-SR) orbitals 

(SOMOs) are sufficiently polarized toward S (covalency being >50%), the binding of a less 

covalent ligand to Fe can trigger homolytic cleavage of the Fe-S(thiolate) bond. This process 

reduces the Fe4S4 core by one electron, while the thiolate is oxidized to a radical species (Figure 

3A). Because of the core’s reduction, the remaining Fe-S(thiolate) bonds will be again more 

covalent than before (α2 closer to 50%), and dimerization of the thiolate radical renders the reaction 

irreversible. This ensures that only a specific number of thiolate ligands are exchanged per cluster, 

allowing control of the substitution stoichiometry. Such mechanisms are disfavored in reduced 

cubanes (i.e. those in the [Fe4S4]0/1+ oxidation states), which exhibit low Fe–S(thiolate) bond 

covalencies (<50%), making them prone to (heterolytic) ligand exchange mechanisms because 

their ψ(Fe-L/SR) orbitals are predominantly localized on the ligand or thiolate (Figure 3B).  
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RESULTS 

The synthetic considerations outlined above were successfully implemented to construct the 

synthetic cycle shown in Figure 3C, where repeated site-differentiation and redox chemistry 

enabled FeS cluster conversion. Technical aspects of those syntheses as well as additional 

synthetic efforts and a discussion of the basic characterization data for all shown compounds are 

described in the Methods section (vide infra). Detailed synthetic procedures are compiled in the 

Supporting Information file. 

Figure 3C highlights the central role of the canonical [Fe4S4]2+ complex, K2[Fe4S4(DmpS)4], which 

constitutes the junction, connecting the [2Fe–2S]-to-[4Fe–4S], [4Fe–4S]-site-differentiating, as 

well as [4Fe–4S]-to-[8Fe–8S] cluster interconversion cycles (highlighted in grey, green and brown 

boxes, respectively).  
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Figure 3: Strategy and synthetic network for the FeS cluster conversions in this work. (A) Mechanism 
for oxidatively triggered covalency-driven (reductive) site-differentiation of [Fe4S4(RS)4]n– clusters by an 
arbitrary labile ligand, L, via homolytic bond cleavage. The overall cluster charge (n) reduces by 1, if L is 
anionic, and remains the same, if L is neutral. In contrast, the core reduction level, x, decreases by 1, with 
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each ligand substitution. (B) Electronic origin of redox-neutral ligand loss from a low-valent Fe4S4 complex 
via heterolytic bond cleavage. The overall cluster charge (n) increases by 1, if L is anionic, and remains the 
same, if L is neutral. Both behaviours (those shown in panels A and B, respectively) are ascribed to specific 
[Fe4S4]x+ oxidation states based on our study of the corresponding Fe-Lt (where Lt is an arbitrary terminal 
ligand) bond covalencies (α2).74 (C) Synthetic pathway from a [Fe2S2]2+ complex via canonical and site-
differentiated [Fe4S4]n+ (n=1,2,3) complexes to edge-bridged and ligand-bridged [Fe8S8]2+/6+ double 
cubanes, as well as an interlocked [Fe8S8]4+ cluster, topologically paralleling the proposed K-cluster’s 
architecture, and related to the P- and M-cluster cofactors of nitrogenase. In all clusters, R refers to the 2,6-
dimesitylphenyl residue. Refer to the Supporting Information for the exact synthetic conditions of each 
step. Technicalities and Characterization details are summarized in the Methods section. 

 

Figure 4: Structures and mechanistic conversion of [Fe8S8]n+ (n=2,4,6) clusters. Solid-state molecular 
structures of ebdc (A), lbdc (B) and ildc (C) in crystals of K4[Fe8S8(DmpS)6]·3.5(C7H8), 
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[Fe8S8(DmpS)6]·3(C7H8) and [Fe8S8(DmpS)4], respectively. Displacement ellipsoids are displayed at the 
50% probability level for ebdc and ildc, and at 30% for lbdc, and are only shown for the Fe, S and K atoms. 
Co-crystallized solvent molecules and hydrogen atoms have been omitted for clarity. (D) Proposed 
mechanism for the interconversions of the three Fe8S8 clusters (ebdc, lbdc and ildc). 

As anticipated from the Fe-S(thiolate) bond covalency considerations (Figure 3A), [4Fe–4S]-site-

differentiation is enabled by cluster oxidation (Figure 3A): The redox congeners of 

K2[Fe4S4(DmpS)4] in the [Fe4S4]3+ and [Fe4S4]4+ oxidation states readily undergo homolytic Fe-

S(thiolate) bond cleavage to exchange their DmpS– ligands for the less covalent 1,2,4,5-

tetramethylimidazole (Im*) ligand. Thereby, the cluster core is reduced by one electron per Im* 

ligand, until the [Fe4S4]2+ oxidation state is reached. This enabled the syntheses of 

K[Fe4S4(DmpS)3(Im*)],77 [Fe4S4(DmpS)3(Im*)] and [Fe4S4(DmpS)2(Im*)2], whereby the latter 

two are interconvertible depending on the stoichiometry of Im*, owing to the [Fe4S4]3+ oxidation 

state of [Fe4S4(DmpS)3(Im*)]. Conversely, because the [Fe4S4]2+-(DmpS) bond is more covalent 

than the [Fe4S4]2+-(Im*) bond, Im* ligands are easily substituted from [Fe4S4(DmpS)3(Im*)]– or 

[Fe4S4(DmpS)2(Im*)2] by DmpSK, re-forming K2[Fe4S4(DmpS)4]. 

[2Fe–2S]-to-[4Fe–4S] cluster conversion chemistry occurs upon reaching the all-ferric oxidation 

state:78 [Fe4S4(DmpS)4] readily coordinates four pyridine ligands, resulting in cubane scission, to 

form 2 equivalents of [Fe2S2(DmpS)2(py)2]. Pyridine ligands can be removed reversibly using 

B(C6F5)3, leading to the fusion of the two [Fe2S2]2+ rhombs and re-forming [Fe4S4(DmpS)4], while 

the reduction of [Fe2S2(DmpS)2(py)2] reconstitutes K2[Fe4S4(DmpS)4] through the fusion of two 

transient [Fe2S2]1+ synthons. 

In contrast to the [2Fe–2S]-to-[4Fe–4S] and [4Fe–4S]-site-differentiation cycles, [4Fe–4S]-to-

[8Fe–8S] conversion chemistry is initiated reductively: Addition of one electron and one K+ ion 

to K[Fe4S4(DmpS)3(Im*)] yields the edge-bridged [Fe8S8]2+ double-cubane K4[Fe8S8(DmpS)6] 

(ebdc; Figure 4A) via fusion of two site-differentiated [Fe4S4]1+ cubanes. This result is counter-

intuitive, considering that the Im* substitution of one of the thiolate ligands shifts the cluster’s 

redox potential anodically, which, in turn, suggests an overall better stabilization of lower 

oxidation states. However, ligand-field considerations offer a different perspective regarding the 

reactivity of the cluster: Reduction affords less covalent Fe4S4-ligand bonds,75 enabling the facile 

heterolytic dissociation of the least covalent ligand (arguably Im*) and generating a formally 

coordinatively unsaturated Fe center. The self-coordination of this intermediate via two µ4(S2–) 
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ligands, affording an ebdc, results in a more stable ligand field for the cluster, in which net 

covalency is maximized (i.e. α2 approaching 50%), compared to the one in which Im* ligation is 

maintained. 

ebdc can be reversibly oxidized by up to four electrons. Its fully oxidized congener, however, does 

not possess an edge-bridged architecture. Instead, the four-electron oxidation is accompanied by 

what we hypothesize to be a sliding motion of the two Fe4S4 subclusters, until they symmetrically 

face each other. Concomitantly, two of the µ1(DmpS–) ligands convert to µ2(DmpS–) ligands, 

yielding the ligand-bridged [Fe8S8]6+ double-cubane [Fe8S8(DmpS)6] (lbdc; Figure 4B,D). Though 

lbdc is formally “homoleptic”, the inequivalent DmpS– ligands (bridging and terminal) render it 

site-differentiated. We thus found that the primary coordination sphere is destabilized enough to 

induce spontaneous cluster conversion: Metastable lbdc slowly converts to the “interlocked” 

[Fe8S8]4+ double-cubane, [Fe8S8(DmpS)4] (ildc; Figure 4C), likely through a transition state 

initiated by a tilting motion of lbdc’s two ligand-bridged Fe4S4 subclusters, whereby the µ2(DmpS–

) ligands act as hinges. Simultaneously, two µ3(S2–) ligands rearrange themselves to one µ2(S2–) 

and one µ6(S2–) ligand, while two of the formerly µ1(DmpS–)-ligands undergo reductive 

elimination (Figure 4D). Given the precedence of covalency-driven homolytic Fe-S(thiolate) bond 

cleavage at [Fe4S4]3+/4+ clusters in this work, it seems reasonable to assume that the reductive 

elimination of (DmpS)2 from lbdc—formally composed of two [Fe4S4]3+ clusters—occurs 

homolytically as well. Though ildc appears coordinatively saturated and electrochemically robust 

(Figure S71), it readily converts back to Fe4S4 complexes in presence of competing ligands: 4 

equivalents of Im* “unlock” and cleave the double-cubane, yielding 2 equivalents of 

[Fe4S4(DmpS)2(Im*)2], substitution of which by DmpSK regenerates K2[Fe4S4(DmpS)4] and 

closes the [4Fe–4S]-to-[8Fe–8S] cycle (Figure 3C). 

Beyond these results, our synthetic explorations lead to the adventitious discovery of two other 

species, which are worthy of note, namely the edge-bridged [Fe12S12]0 triple cubane, 

K6[Fe12S12(DmpS)6] (ebtc), and [Fe24S24(DmpS)10]; the latter being—to the best of our 

knowledge—the largest structurally characterized molecular FeS cluster (refer to the Methods 

section and the Supporting Information for additional details).  
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Figure 5: UV-vis electronic absorption, 57Fe NRVS PVDOS and 57Fe Mössbauer spectra of the 8Fe-
8S clusters. (A) UV-vis electronic absorption spectra of 1·10–4 M toluene solutions of lbdc (magenta), ildc 
(yellow) and ebdc (blue), are shown as solid lines. For comparison, the spectra of the canonical and site-
differentiated Fe4S4 and Fe2S2 complexes in the relevant oxidation states are also shown, as dotted lines. 
They include K3[Fe4S4(DmpS)4] (blue), K2[Fe4S4(DmpS)4], K[Fe4S4(DmpS)3(Im*)] and 
[Fe4S4(DmpS)2(Im*)2] (yellow), K[Fe4S4(DmpS)4] and [Fe4S4(DmpS)3(Im*)] (magenta), as well as 
[Fe4S4(DmpS)4] and [Fe2S2(DmpS)2(py)2] (cyan). (B) 57Fe NRVS PVDOS spectra of lbdc, ildc and ebdc, 
respectively (solid coloured lines). For comparison, the spectra of the corresponding canonical cubanes in 
their respective oxidation states are shown alongside, as dotted coloured lines. All spectra were recorded 
on powdered 57Fe enriched (>95%) samples between 30 and 50 K. (C-E) 80 K Mössbauer spectra (vertical 
bars) recorded on a powder sample of the ebdc (C), lbdc (D) and ildc (E) complexes. No external magnetic 
field was applied in C and E, whereas a 0.06 T external magnetic field was applied along the γ-rays’ 
direction in D. Simulations are overlaid as thick grey solid lines and components are displayed above the 
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spectra as colored thin solid lines. The nuclear parameters are the following: (C) Doublet 1 (light blue): 
δ = 0.57 mm s–1, ∆EQ = 1.82 mm s–1; Doublet 2 (medium blue): δ = 0.55 mm s–1, ∆EQ = 1.43 mm s–

1;.Doublet 3 (blue): δ = 0.53 mm s–1, ∆EQ = 1.14 mm s–1; Doublet 4 (dark blue): δ = 0.47 mm s–1, 
∆EQ = 0.59 mm s–1; Common linewidth: Γfwhm = 0.50 mm s–1. (D) Doublet 1 (violet): δ = 0.48 mm s–1, 
∆EQ = 0.81 mm s–1; Doublet 2 (magenta): δ = 0.31 mm s–1, ∆EQ = 0.92 mm s–1; Common linewidth: 
Γfwhm = 0.39 mm s–1. (E) Doublet 1 (brown): δ = 0.34 mm s–1, ∆EQ = 0.89 mm s–1; Doublet 2 (yellow): 
δ = 0.68 mm s–1, ∆EQ = 2.57 mm s–1; Common linewidth: Γfwhm = 0.43 mm s–1. 

We hypothesized that the change in the topology of the Fe8S8 clusters would be reflected in their 

spectroscopic properties. To this end, the electronic, vibrational and 57Fe nuclear spectroscopic 

signatures of ebdc, lbdc and ildc were compared by UV-vis electronic absorption, 57Fe NRVS and 
57Fe Mössbauer spectroscopy, respectively (Figure 5). While ebdc and lbdc exhibit UV-vis 

electronic absorption spectra with features at similar energies as their [Fe4S4]1+/[Fe4S4]3+ redox 

congeners, ildc is characterized by electronic transitions that are atypical for an FeS cluster 

possessing equal numbers of FeII and FeIII ions, and thus, an average oxidation state of Fe2.5: The 

intense peak at 467 nm falls within the range of the maxima observed for the more oxidized, Fe2.75 

containing clusters,75 and the shoulder at 631 nm is equally unusual (Figure 5A). Similarly, the 
57Fe PVDOS spectra of ebdc and lbdc appear close to those of the canonical [Fe4S4]1+/3+ complexes, 

respectively, but, once again, ildc shows distinct vibrational bands, which differ from the modes 

observed for its [Fe4S4]2+ counterpart (Figure 5B).79 The most notable differences are evident in 

the region of the spectrum associated with FeS bending and twisting (or “breathing”) motions, 

around 80-220 cm–1. This illustrates that, while ebdc and lbdc are formally Fe8S8 clusters, their 

vibrational (and electronic) behavior closely resembles that of cubanes because they retain intact 

Fe4S4 building blocks. Conversely, the FeS skeleton of ildc is topologically rearranged, rendering 

its properties distinct from those of Fe4S4 complexes. A mode at ca. 200 cm–1 is of further interest, 

because FeS cubanes usually display minimal intensity in this region.80 Similar vibrations have 

however been observed for the M-cluster, which possesses a µ6(C4–) ligand and an associated 

cluster breathing mode around 180-190 cm–1.81 The µ6(S2–) ligand in ildc may induce breathing 

modes at comparable energies, as they were shown to depend more on the cluster’s topological 

architecture than on the nature of the interstitial atom.81 

To further understand the asystematic electronic and vibrational properties of ildc, compared to 

ebdc and lbdc, the valence topology of the three Fe8S8 clusters was rationalized by 57Fe Mössbauer 

spectroscopy (Figure 5C-E): ebdc and lbdc exhibit zero-field 80 K powder spectra with two main 

absorption lines (Figure 5C,D), while ildc shows four (Figure 5E). Regardless of the simulation 
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model (details are summarized in the Methods section), the average isomer shift of the spectra, 

δavg, coincides well with the formal average Fe oxidation state.75 However, while the simulations 

of the spectra of ebdc and lbdc suggest delocalized Fe valences (δi between 0.46 and 0.72 mm s–1 

for ebdc and between 0.31 and 0.48 mm s–1 for lbdc), which is typical for Fe4S4 complexes, the 

unique simulation of the ildc’s spectrum, shown by the brown and yellow doublets in Figure 5E, 

presents 0.34 mm s–1 and 0.68 mm s–1 isomer shifts, respectively. These values are substantiated 

by the analysis performed on the 5.7 K spectra recorded with a 0.06 to 7 T magnetic field applied 

along the γ-rays’ direction (Figure 6), evidencing a diamagnetic ground state with localized ferric 

and ferrous sites.82-84 Therefore, we establish an unusual valence trapping in ildc, for which a bond-

valence sum analysis of the crystallographic structure85,86 suggests that [Fe3,Fe4] are in the +II 

and Fe1 and Fe2 in the +III oxidation states (Table S10). 
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Figure 6. 5.7 K Mössbauer spectra of ildc. Experimental data (black vertical bars) were recorded on a 
powder sample of [Fe8S8(DmpS)4] using a 0.06 (A), 2 (B), 4 (C) and 7 T (D) external magnetic field applied 
parallel to the γ-beam. The simulated spectra are overlaid as thick grey solid lines. They were obtained 
considering two equally contributing diamagnetic sites, their contributions being displayed above the 
spectra as colored thin solid lines. Nuclear parameters: Site 1 (brown): δ = 0.36(1) mm s–1, ∆EQ = –
0.89(3) mm s–1, η = 0.8(1); Site 2 (yellow): δ = 0.70(1) mm s–1, ∆EQ = –2.63(3) mm s–1 , η = 0.5(1); 
Common linewidth: Γfwhm = 0.34 mm s–1 at 0.06, 2 and 4 T, Γfwhm = 0.36 mm s–1 at 7 T. 
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DISCUSSION 

The sequence of reactions required to traverse the entire network of FeS cluster conversions shown 

in Figure 3C—arguably the most extensive and systematic network reported to date—offers 

valuable insights into potential mechanisms at stake in the biogenesis of the nitrogenase P- and M-

cluster cofactors. All three octa-Fe clusters (ebdc, lbdc and ildc) can serve as molecular models 

for the Fe8S8 K-cluster, the structure of which remains a topic of discussion (vide supra), and 

together, may represent molecular snapshots of the [4Fe–4S]-to-[8Fe–8S] fusion occurring in 

NifB.6,7 We envision that our analysis of the clusters’ essential spectroscopic fingerprints (Figure 

5) will aid in confirming, respectively disproving their involvement in the corresponding cofactor 

maturation processes. For this, particularly the trapped valences in ildc should represent a useful 

spectroscopic feature. However, we would like to point out that among the three Fe8S8 complexes, 

ildc is distinct because it exhibits the identical FeS topology as that proposed most recently by 

Nicolet and colleagues.52 Incidentally, the latter is also the one most closely related to that of the 

P- and M-clusters. Our results show that such a topology can be systematically assembled through 

stepwise synthesis, beginning from an [Fe2S2]2+ complex as the simplest FeS cluster building 

block. This involves approximately nine fundamental chemical steps, the exact number of which 

depends on whether they occur in a concerted or stepwise manner: 

(1) Reduction of two [Fe2S2]2+ clusters to [Fe2S2]1+ clusters; 

(2) Fusion of two [Fe2S2]1+ clusters to form a canonical [Fe4S4]2+ cluster; 

(3) 1-Electron oxidation to a [Fe4S4]3+ cluster; 

(4) Reductive site-differentiation of the canonical cluster by a labile non-canonical ligand, 

regenerating a [Fe4S4]2+ cluster; 

(5) Reduction, leading to the loss of the labile non-canonical ligand, yielding a coordinatively 

unsaturated [Fe4S4]1+ cubane; 

(6) Fusion of two coordinatively unsaturated cubanes to form an edge-bridged double-cubane; 

(7) Oxidation of the edge-bridged double-cubane; 

(8) Rearrangement of the cluster architecture into a ligand-bridged double-cubane through a 

sliding motion; 
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(9) “Interlocking” of the two Fe4S4 subclusters by mobilization of the µ3(S2–) ligands and a 

tilting motion along the hinge provided by the two bridging ligands, concomitant with 

reductive elimination of disulfide. 

The cluster conversions summarized above are exclusively driven by alternating redox- and site-

differentiation reactions. This alternation repeatedly destabilizes the FeS cluster’s primary 

coordination sphere, sequentially forcing it to relax into a new, more stable structure, while also 

increasing its size. In a broader context, this leads us to stress that two key factors govern FeS 

cluster conversion chemistry: (i) the FeS cluster’s ligands, and (ii) its oxidation state. In enzymes, 

these are controlled by the residues accessible in the cofactor binding pocket and the local 

electrochemical potential. We also rationalized that the cluster oxidation state, and the associated 

ligand covalencies control whether Fe4S4 site-differentiation occurs homolytically or 

heterolytically: Polarized bonds (α2 being <50% or >50%) are prone to cleave either homolytically, 

if α2 is >50%, or heterolytically, if α2 is <50% (with respect to the ligand). In between, highly 

covalent bonds (α2≈50%) are stable, rendering [Fe4S4]2+ complexes the thermodynamic sink of 

FeS cluster conversion chemistry. This was exactly reflected in the reactivity observed in this 

work, where we demonstrated homolytic Fe-ligand bond cleavage for [Fe4S4]3+ and [Fe4S4]4+ 

complexes versus heterolytic bond cleavage in [Fe4S4]1+, as well as that observed in previous 

studies, where we reported the aggregation of [Fe4S4]0 clusters via (heterolytic) loss of DmpS– 

ligands.76 Given that the reduction potential of the DmpS– ligand (ca. –1.2 to –1.4 V vs. NHE; 

Figure S58) closely matches that of cysteinate (–1.38 to –1.45 V vs. NHE),87 it appears plausible 

that similar considerations could govern the reactivity of natural Fe4S4 cofactors. 

Furthermore, we suggest that the ildc, or a topologically similar cluster, could represent a key 

intermediate at which the biosynthetic pathway of the P- and M-cluster cofactors diverge. 

Considering the uncertainties surrounding whether the K1-/K2-clusters fuse to an interlocked 

topology before or after the C-atom transfer from SAM,56 and whether the 8th sulfur of the P-

cluster is lost prior to, during, or following cluster interlocking,66,67 it is plausible that an 

interlocked topology of fused Fe4S4 synthons serves as a precursor in both biosynthetic pathways, 

aligning with the fact that they are thought to be evolutionarily related.47,48 
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CONCLUSION 

Altogether, this work introduced an original approach to control FeS cluster conversion chemistry 

through alternating redox- and site-differentiation reactions. Based on this, we replicated the initial 

steps of M-cluster maturation, starting from a Fe2S2 cluster, and ultimately arriving at a mimic for 

the Fe8S8 K-cluster, within a reversible synthetic cycle. The isolation and characterization of all 

stable intermediate products allowed rationalizing the conditions driving each of the required 

(electro-)chemical steps and provides a framework to better understand and identify similar 

intermediates in the biogenesis of the P- and M-clusters. 
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DATA AVAILABILITY 

The Supporting Information file (in PDF format) contains all synthetic procedures, experimental 

details, and characterization data relevant to this work. This includes UV-vis electronic 

absorption spectra, 1H and 13C NMR spectra, cyclic voltammograms, elemental analyses, single-

crystal X-ray diffraction structures and further discussions on some of the spectroscopic and 

synthetic results. All raw data as it is shown in the figures of the main manuscript text and/or the 

Supporting Information file will be provided by the authors upon request. The Supporting 

Information file can be found online free of charge. All molecular structures derived from single-

crystal X-ray diffraction analyses are deposited as crystallographic information files (.cif) in the 

Cambridge Structural Database (CSD) under the accession numbers 2389108-2389127 and 

2389327-2389329. All data were analyzed using standard software plugins whenever 

appropriate, as described in the Methods section or the Supporting Information file. No custom 

code was written. 
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METHODS 

General Considerations 

Detailed synthetic procedures as well as description of the instrumentation and additional 

characterization data for all discussed compounds are provided in the Supporting Information file 

to this article. This also includes elemental analyses, 1H and 13C NMR spectra, cyclic 

voltammograms, 57Fe Mössbauer spectra, as well as details on crystallography and 57Fe NRVS 

spectroscopy. The following sections, however, summarize and discuss the key technical aspects 

of the syntheses presented in the main text of this work, together with a brief discussion of the 

compounds’ basic spectroscopic properties. Unless otherwise stated, all these syntheses were 

carried out using dried and degassed toluene as solvent, under an Ar atmosphere, inside a glovebox. 

Syntheses and Characterizations 

The [2Fe-2S] Cluster 

Upon dissolution of all-ferric [Fe4S4(DmpS)4] in neat pyridine, single-crystalline di-ferric 

[Fe2S2(DmpS)2(py)2] can be isolated in 77% yield from a pyridine solution layered with pentane 

(Figure 3C and S1). It has a characteristic 1H NMR spectrum (Figure S27), accounting for all 

signals of the DmpS– and pyridine ligands, and a UV-vis electronic absorption spectrum in line 

with those of similar synthetic or native [Fe2S2]2+ clusters.88-91 Furthermore, 57Fe Mössbauer 

spectroscopy conducted at 5.3 K and 0.06 T as well as at 5.3 K and 7 T evidences nuclear 

parameters supporting the fact that it contains two high-spin ferric sites, which are 

antiferromagnetically coupled to adopt a S=0 spin ground state: δ=0.31 mm s–1, ΔEQ=0.85 mm s–

1 and η=1.00 (Figure S96). The 0.31 mm s–1 isomer shift value is similar to that observed for ferric 

sites in biological 2Fe-2S clusters presenting a mixed Cys/His coordination as in IscR,92 

MitoNEET93 and Apd1 mutants.94 In analogy to what has been reported by Tatsumi for 

[Fe4S4(N(TMS)2)4]/[Fe2S2(N(TMS)2)(py)2],78 this reaction can be quantitatively reversed by 

treatment of [Fe2S2(DmpS)2(py)2] with stoichiometric amounts of B(C6F5)3 (Figure S7A, S30 and 

S31). However, in contrast to Tatsumi’s system, the Fe4S4 cluster scission does not proceed cleanly 

if pyridine is not used as a neat reagent in great excess (Figures S7B, S28 and S29). 

[Fe2S2(DmpS)2(py)2] can be reduced over 1 equivalent of potassium graphite (KC8), yielding the 

[Fe4S4]2+ cubane complex, K2[Fe4S4(DmpS)4]75 (Figure 3C and S1A), as the product of fusion 
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between two transient [Fe2S2]1+ rhombs. This behavior is reflected in the cyclic voltammogram of 

[Fe2S2(DmpS)2(py)2] recorded in 1,2-difluorobenzene (o-DFB), wherein a cathodic current at –

1.21 V vs. Fc/Fc+ indicates an irreversible chemical step (Figure S59). 

The [4Fe-4S] clusters 

One-electron oxidation of K2[Fe4S4(DmpS)4] with 1 equivalent of [FeCp2]PF6 followed by 

treatment with 1 equivalent of 1,2,4,5-tetramethylimidazole (Im*) results in the formation of the 

3:1 site-differentiated cluster K[Fe4S4(DmpS)3(Im*)] (Figure 3C). The K+ ion can be sequestered 

from the complex into 18-crown-6 ether or [2.2.2]-cryptand, yielding well-separated cation-anion 

pairs. The oxidation of [Fe4S4(DmpS)3(Im*)]– preserves the [Fe4S4]2+/3+ architecture, forming 

[Fe4S4(DmpS)3(Im*)], which can be further site-differentiated to the [Fe4S4(DmpS)2(Im*)2] cluster 

by treatment with an additional equivalent of Im* (Figure 3C). Alternatively, 

[Fe4S4(DmpS)2(Im*)2] can be synthesized from all-ferric [Fe4S4(DmpS)4], upon treatment with 2 

equivalents of Im* (Figure 3C). Treatment of [Fe4S4(DmpS)2(Im*)2] with stoichiometric amounts 

of DmpSK causes substitution of the Im* ligands, restoring the canonical [Fe4S4]2+ cubane, 

K2[Fe4S4(DmpS)4], via K[Fe4S4(DmpS)3(Im*)] as intermediate (Figure S57). 

All the site-differentiated cubane clusters present 1H NMR (and 13C NMR, where applicable) 

spectra, accounting for the protons on all ligands (Figures S32-S38 and S41-S45). Additionally, 

all Fe4S4 complexes, save for [2.2.2]K[Fe4S4(DmpS)3(Im*)], have been structurally characterized in 

the solid state by single-crystal X-ray diffraction analyses (Figures S76-S79). Between 

[Fe4S4(DmpS)4]2–, [Fe4S4(DmpS)3(Im*)]– and [Fe4S4(DmpS)2(Im*)2], sequential Im* substitution, 

decreases the net extinction of the UV-vis electronic absorption spectrum as it concomitantly 

becomes broader and absorbs over a wider energy range (Figure S15A). Thereby, however, the 

energy position of the extinction maxima appears to remain constant. Between [Fe4S4(DmpS)4]– 

and [Fe4S4(DmpS)3(Im*)], The UV-vis electronic absorption spectra are similar, but the main 

extinction maximum redshifts from 469 nm in [Fe4S4(DmpS)4]– to 489 nm in 

[Fe4S4(DmpS)3(Im*)]. Furthermore, cyclic voltammetry evidences that each Im* substitution of 

one of the thiolate ligands shifts the cluster’s redox potential by ca. +450 mV (Figure S60-S67), 

both for the [Fe4S4]2+/3+ and the [Fe4S4]1+/2+ redox couples. In analogy to our previous work, the 

voltammograms appear different in presence and absence of K+ cations in the electrolyte, as we 

demonstrate, for example for [Fe4S4(DmpS)3(Im*)]0/1– (Figure S63). 
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Among all [Fe4S4]n+ oxidation states, the all-ferric one appeared to hold a special place, because 

it exhibited a broad array of reactivity: As detailed in the Supporting Information, a variety of 

conditions involving the presence of neutral, weak N-donor molecules (besides Im*) leads to 

reductive site-differentiation, cluster scission, FeS cluster aggregation, or even cluster disruption 

via Fe-removal from the cubane core (Figure S4). 

The [8Fe-8S] clusters 

Reduction of K[Fe4S4(DmpS)3(Im*)] over 1 equivalent of KC8 results in the formation of the edge-

bridged [Fe8S8]2+ double-cubane, K4[Fe8S8(DmpS)6] (ebdc, Figure 3C and 4A) in which the 

[Fe4S4]1+ complex preferably undergoes self-fusion rather than maintaining its 3:1 site-

differentiated structure with a bound Im* ligand. ebdc is characterized by a poorly resolved 1H 

NMR spectrum, both in THF-d8, and in C6D6, suggesting a dynamic behavior in solution as well 

as strong paramagnetism and its UV-vis electronic absorption spectrum shows a nearly featureless 

rise in extinction at lower wavelength, with two discernible shoulders at 405 and 336 nm (Figure 

5A). In the solid state, ebdc crystallizes in the space group 𝑃𝑃1�, containing two cubanes linked via 

one of their respective edges. Both are coordinated by three DmpS– ligands, yet they display 

distinct coordination environments in the second sphere: One of the cubanes maintains close 

contacts with three K+ ions (K2, K3, K4), whereas the other interacts closely with only one K+ ion 

(K1) and shares another (K2) with the first cubane. The cyclic voltammogram of ebdc recorded in 

a 0.1 M solution of [nBu4N][PF6] in o-DFB exhibits a large number of quasi-reversible redox waves 

between –1.88 V and –0.11 V vs. Fc/Fc+ (Figure S68A). The near perfect overlap of two 

consecutive scans of the voltammogram at all the investigated scan rates (from 10 mV s–1 to 1 V 

s–1) suggests that all observed processes are chemically reversible. By analogy with what we had 

described for the canonical Fe4S4 complexes,75 the scan rate dependency of the anodic peak 

potentials of the four oxidative events (Figure S68B) is associated with the kinetics of K+ ion de-

coordination from the structure. In addition, and similar to the behavior of other K+-ion containing 

FeS clusters reported by us,75,76 the voltammogram of ebdc appears different if recorded in a 0.1 M 

K[BArF24] solution in THF as supporting electrolyte (Figure S69). 

Stirring of a toluene solution of ebdc over 4 equivalents of [FeCp2]PF6, followed by fast 

crystallization of the product from the concentrated mother liquor by layering with pentane, leads 

to the formation of single-crystals of the ligand-bridged double-cubane, [Fe8S8(DmpS)6] (lbdc, 
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Figure 4B). In the solid state, lbdc crystallizes in the space group 𝑃𝑃21/𝑐𝑐, exhibiting two [Fe4S4]3+ 

cubanes bridged via two µ2(DmpS–) ligands (Figure 4B). The four-electron oxidation is reversible, 

as demonstrated by treating lbdc with 4.1 equivalents of KC8, which results in the regeneration of 

ebdc (Figure 3C). In C6D6 solution, the lbdc’s bridging ligands are clearly distinguishable by their 
1H NMR spectroscopic signature which differs from that of the terminal µ1(DmpS–) ligands 

(Figure S51). This strongly suggests that the ligand-bridged structure is preserved in solution, with 

the inequivalence of the two sets of signals arising from distinct magnetic environments around 

the bridging and terminal ligands.95 Obtaining such a ligand-bridged structure is only possible in 

toluene, or other non-coordinating solvents. Dissolution of lbdc in THF immediately leads to the 

scission of the double-cubane and the formation of 3:1 site-differentiated [Fe4S4(DmpS)3(THF)3], 

in direct analogy with the reactivity observed with the all-ferric cubane [Fe4S4(DmpS)4]77 (Figure 

S84). lbdc is further characterized by an electronic absorption spectrum with a large molar 

extinction coefficient of its maximum (46.9·103 at 471 nm; Figure 5A), which has a similar energy 

as that observed for lbdc’s canonical and 3:1 site-differentiated redox congeners.75 The cyclic 

voltammogram of lbdc, recorded in o-DFB, is very close to that of the canonical all-ferric cubane, 

[Fe4S4(DmpS)4], showing two quasi-reversible features at –1.00 V and –0.18 V as well as a broad 

current response between them, at –0.52 V, and an irreversible reduction at –2.34 V vs. Fc/Fc+ 

(Figure S70). Notably, our attempts to generate Fe8S8 clusters in oxidation states between [Fe8S8]2+ 

(that of ebdc) and [Fe8S8]6+ (that of lbdc) by treating ebdc with <4 equivalents of oxidant were 

unsuccessful, as we repeatedly crystallized either one or the other (or a canonical Fe4S4) complex 

from the reaction mixture. This indicates the occurrence of redox disproportionation and ligand-

scrambling equilibria. 

Upon prolonged standing of a dilute toluene solution of lbdc layered with pentane, single-crystals 

of the interlocked double-cubane, [Fe8S8(DmpS)4] (ildc, Figure 3C and 4C), form as the main 

product, albeit in low yield (ca. 15-40%, depending on the duration of the crystallization process). 

Relatedly, monitoring a dilute C6D6 solution via 1H NMR spectroscopy over the course of 10 days 

shows that it slowly forms ildc as major product, firmly establishing lbdc as a metastable 

intermediate in the pathway to ildc (Figures S54-S56 and Note S4). The corresponding 1H NMR 

spectrum of ildc, recorded in C6D6 solution, shows a complex set of signals in the diamagnetic 

region of the spectrum (Figure S49). This complexity arises from the different coordination-modes 

of the two sets of DmpS–-ligands: Two of these (S8) coordinate in a µ1- and two (S6 and S7) in a 
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µ2-fashion (Figure 4C). Additional splitting of some of the signals suggests that the rotation of the 

mesitylene groups is sterically hindered, rendering the endo/exo-Me protons of the µ2(DmpS–) 

ligand inequivalent. In the solid state, ildc crystallizes in the space group 𝑃𝑃21/𝑚𝑚, only half of the 

molecule present in the asymmetric unit. Unfortunately, our efforts to accelerate and promote the 

formation of ildc with heat or light irradiation have so far been unsuccessful. Alternative synthetic 

routes were also explored, starting from [Fe4S4(DmpS)4] and [Fe4S4(DmpS)2(Im*)2], but they also 

failed (refer to the Supporting Information file for additional details). Notably, however, we 

observed that, in analogy to the reduction of K[Fe4S4(DmpS)3(Im*)] yielding ebdc, the reduction 

of [Fe4S4(DmpS)2(Im*)2] over 2 equivalents of KC8 yields an edge-bridged [Fe12S12]0 triple-

cubane K6[Fe12S12(DmpS)6] (ebtc; Figure S3). Furthermore, while removal of Im* from 

[Fe4S4(DmpS)2(Im*)2] by B(C6F5)3 does indeed occur, forming Im*·B(C6F5)3 (Figure S86), the 

resulting putative coordinatively unsaturated [Fe4S4(DmpS)2] cubanes do not fuse and interlock in 

a well-defined manner. Instead, this reaction led to the identification of [Fe24S24(DmpS)10] among 

the reaction products, which is—to the best of our knowledge—the largest molecular FeS cluster 

ever characterized by single-crystal X-ray diffraction (Figures S2 and S87), spanning ca. 2 nm in 

diameter, and the product of uncontrolled FeS cluster aggregation. Similarly, attempts to generate 

lbdc by treating [Fe4S4(DmpS)3(Im*)]77 with B(C6F5)3 (Figure S17) were also unsuccessful. These 

failed attempts underscore the importance of the formation of lbdc from ebdc in a controlled 

fashion, and in absence of coordinating molecules, for its subsequent conversion to ildc. 

ildc exhibits a UV-vis electronic absorption spectrum, characterized by an intense peak at 467 nm 

and a shoulder at 631 nm. Its cyclic voltammogram recorded in a 0.1 M solution of [nBu4N][PF6] 

in DCM exhibits two quasi-reversible currents at –0.58 and –1.19 V vs. Fc/Fc+, putatively marking 

the reductions of the [Fe8S8]4+ core to the [Fe8S8]3+ and [Fe8S8]2+ oxidation states, respectively. 

Despite this apparent robustness at the electrochemical timescale, ildc’s structural integrity is not 

maintained upon treatment with a competing ligand: Addition of 4 equivalents of Im* to a toluene 

solution of ildc leads to the formation of [Fe4S4(DmpS)2(Im*)2] (Figure 3C and S79), resulting 

from the “unlocking” and scission of the structure.  
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Simulation of [8Fe-8S] Mössbauer spectra 

The low- or zero-field 80 K powder spectra of ebdc, lbdc and ildc are displayed in Figure 5C-E as 

black vertical bars. Whereas two absorption lines are observed for ebdc and lbdc, four are detected 

for ildc. Due to the large linewidth and the lack of symmetry of ebdc according to its solid-state 

structure, a simulation is presented in Figure 5C assuming four doublets, sharing the same 

linewidth and contribution (see the overlaid grey line). The proposed solution is obviously not 

unique (refer to the Supporting Information, Figures S97 and S98, Note S6 and Table S11, for a 

discussion). However, all the simulations present the same average isomer shift value, namely 

0.53 mm s–1. This high value indicates a major ferrous character and is indeed similar to those 

observed for [Fe4S4]1+ clusters.75,96-98 Two doublets in a 1:1 ratio allowed to reproduce the 

spectrum of lbdc (Figure 5D). Those displayed in Figure 5D present isomer shifts that differ by 

more than 0.1 mm s–1, while a 0.05 mm s–1 difference is determined for the other pairing (Figure 

S99). Similarly to ebdc, whatever the simulation, a 0.39 mm s–1 average isomer shift value is 

deduced. This value indicates a higher oxidation state for this cluster and is consistent with 

[Fe4S4]3+ cubanes.75,99,100 In contrast, the four distinct lines in the ildc’s spectrum can be paired in 

a single way, forming two equally contributing nested doublets (Figure 5E) with 0.34 mm s–1 and 

0.68 mm s–1 isomer shift values, respectively. In contrast, the two intertwined doublets are 

centered at 0.09 and 0.93 mm s–1, which are unreasonably low and high isomer shift values, 

respectively, for Fe ions in sulfide-/thiolate-ligated tetrahedral environment. The four 5.7 K spectra 

reproduced in Figure 6 were simultaneously simulated using a homemade program (see Supporting 

Information). In analogy to the simulation of the zero-field 80 K spectrum, two diamagnetic Fe 

sites were considered in a 1:1 ratio. It can be noticed that the line positions are satisfyingly 

reproduced but not the intensities. We thus suspected the contribution of a close lying 

paramagnetic excited state. Accordingly, four Fe sites with fictitious 1/2-electronic spin and 

interacting by pairs were considered to reproduce the spectra recorded at 2, 4 and 7 T. The same 

anisotropic exchange interaction was assumed in the two pairs in order that the four sites 

experienced the same spin ladder (𝑆𝑆𝑎𝑎� 𝐽𝐽𝑎𝑎𝑎𝑎�  𝑆𝑆𝑏𝑏� convention). Anisotropy then allowed introducing a 

ZFS effect in the excited S=1 state. To reduce the number of unknowns, isotropic hyperfine 

interactions were considered. This hypothesis led to significant improvement of the simulation of 

the 7 T-spectrum, and only to a marginal one at lower field (see Supporting Information; Figure 
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S100). Therefore, while this model sustained the hypothesis of magnetic contributions, it may still 

be too restricted to reproduce all the observed features.  

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 29 

REFERENCES 

1 Boncella, A. E. et al. The expanding utility of iron-sulfur clusters: Their functional roles 
in biology, synthetic small molecules, maquettes and artificial proteins, biomimetic 
materials, and therapeutic strategies. Coordination Chemistry Reviews 453, 214229, 
doi:10.1016/j.ccr.2021.214229 (2022). 

2 Beinert, H., Holm, R. H. & Münck, E. Iron-Sulfur Clusters: Nature's Modular, 
Multipurpose Structures. Science 277, 653-659, doi:10.1126/science.277.5326.653 (1997). 

3 Johnson, D. C., Dean, D. R., Smith, A. D. & Johnson, M. K. STRUCTURE, FUNCTION, 
AND FORMATION OF BIOLOGICAL IRON-SULFUR CLUSTERS. Annual Review of 
Biochemistry 74, 247-281, doi:10.1146/annurev.biochem.74.082803.133518 (2005). 

4 Einsle, O. & Rees, D. C. Structural Enzymology of Nitrogenase Enzymes. Chemical 
Reviews 120, 4969-5004, doi:10.1021/acs.chemrev.0c00067 (2020). 

5 Trncik, C., Detemple, F. & Einsle, O. Iron-only Fe-nitrogenase underscores common 
catalytic principles in biological nitrogen fixation. Nature Catalysis 6, 415-424, 
doi:10.1038/s41929-023-00952-1 (2023). 

6 Ribbe, M. W., Hu, Y., Hodgson, K. O. & Hedman, B. Biosynthesis of Nitrogenase 
Metalloclusters. Chemical Reviews 114, 4063-4080, doi:10.1021/cr400463x (2014). 

7 Burén, S., Jiménez-Vicente, E., Echavarri-Erasun, C. & Rubio, L. M. Biosynthesis of 
Nitrogenase Cofactors. Chemical Reviews 120, 4921-4968, 
doi:10.1021/acs.chemrev.9b00489 (2020). 

8 Jeoung, J.-H. & Dobbek, H. ATP-dependent substrate reduction at an [Fe8S9] double-
cubane cluster. Proceedings of the National Academy of Sciences 115, 2994-2999, 
doi:10.1073/pnas.1720489115 (2018). 

9 Jeoung, J.-H., Nicklisch, S. & Dobbek, H. Structural basis for coupled ATP-driven electron 
transfer in the double-cubane cluster protein. Proceedings of the National Academy of 
Sciences 119, e2203576119, doi:10.1073/pnas.2203576119 (2022). 

10 Jeoung, J.-H. & Dobbek, H. in Encyclopedia of Inorganic and Bioinorganic Chemistry     1-
14 (2024). 

11 Burns, R. C., Holsten, R. D. & Hardy, R. W. F. Isolation by crystallization of the MoFe 
protein of Azotobacter nitrogenase. Biochemical and Biophysical Research 
Communications 39, 90-99, doi:10.1016/0006-291X(70)90762-X (1970). 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 30 

12 Mortenson, L. E., Morris, J. A. & Jeng, D. Y. Purification, metal composition and 
properties of molybdo-ferredoxin and azoferredoxin, two of the components of the 
nitrogen-fixing system of Clostridium pasteurianum. Biochimica et Biophysica Acta (BBA) 
- General Subjects 141, 516-522, doi:10.1016/0304-4165(67)90180-8 (1967). 

13 Kirn, J. & Rees, D. C. Crystallographic structure and functional implications of the 
nitrogenase molybdenum–iron protein from Azotobacter vinelandii. Nature 360, 553-560, 
doi:10.1038/360553a0 (1992). 

14 Holm, R. H. & Lo, W. Structural Conversions of Synthetic and Protein-Bound Iron–Sulfur 
Clusters. Chemical Reviews 116, 13685-13713, doi:10.1021/acs.chemrev.6b00276 (2016). 

15 Lee, S. C., Lo, W. & Holm, R. H. Developments in the Biomimetic Chemistry of Cubane-
Type and Higher Nuclearity Iron–Sulfur Clusters. Chemical Reviews 114, 3579-3600, 
doi:10.1021/cr4004067 (2014). 

16 Venkateswara Rao, P. & Holm, R. H. Synthetic Analogues of the Active Sites of 
Iron−Sulfur Proteins. Chemical Reviews 104, 527-560, doi:10.1021/cr020615+ (2004). 

17 Ohki, Y. Synthetic Analogues of the Active Sites of Nitrogenase and [NiFe] Hydrogenase. 
Bulletin of the Chemical Society of Japan 87, 1-19, doi:10.1246/bcsj.20130207 (2014). 

18 Ohki, Y. & Tatsumi, K. New Synthetic Routes to Metal-Sulfur Clusters Relevant to the 
Nitrogenase Metallo-Clusters. Zeitschrift für anorganische und allgemeine Chemie 639, 
1340-1349, doi:10.1002/zaac.201300081 (2013). 

19 Bjornsson, R., Neese, F., Schrock, R. R., Einsle, O. & DeBeer, S. The discovery of Mo(III) 
in FeMoco: reuniting enzyme and model chemistry. JBIC Journal of Biological Inorganic 
Chemistry 20, 447-460, doi:10.1007/s00775-014-1230-6 (2015). 

20 Fomitchev, D. V., McLauchlan, C. C. & Holm, R. H. Heterometal Cubane-Type MFe3S4 
Clusters (M = Mo, V) Trigonally Symmetrized with Hydrotris(pyrazolyl)borate(1−) and 
Tris(pyrazolyl)methanesulfonate(1−) Capping Ligands. Inorganic Chemistry 41, 958-966, 
doi:10.1021/ic011106d (2002). 

21 Coucouvanis, D. et al. Synthesis, characterization, and reactivity of new clusters that 
contain the [MFe3S4]0 core, M = molybdenum, tungsten. A weakly perturbed [MFe3S4]0 
unit structurally and electronically analogous to the reduced three-ion centers in 
ferredoxins. Journal of the American Chemical Society 114, 2472-2482, 
doi:10.1021/ja00033a023 (1992). 

22 Demadis, K. D., Campana, C. F. & Coucouvanis, D. Synthesis and Structural 
Characterization of the New Mo2Fe6S8(PR3)6(Cl4-cat)2 Clusters. Double Cubanes 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 31 

Containing Two Edge-Linked [MoFe3S4]2+ Reduced Cores. Journal of the American 
Chemical Society 117, 7832-7833, doi:10.1021/ja00134a039 (1995). 

23 Han, J., Koutmos, M., Ahmad, S. A. & Coucouvanis, D. Rational Synthesis of High 
Nuclearity Mo/Fe/S Clusters:  The Reductive Coupling Approach in the Convenient 
Synthesis of (Cl4-cat)2Mo2Fe6S8(PR3)6 [R = Et, nPr, nBu] and the New [(Cl4-
cat)2Mo2Fe2S3O(PEt3)3Cl]·1/2(Fe(PEt3)2(MeCN)4) and (Cl4-cat)2Mo2Fe3S5(PEt3)5 
Clusters. Inorganic Chemistry 40, 5985-5999, doi:10.1021/ic0104914 (2001). 

24 Hauser, C., Bill, E. & Holm, R. H. Single- and Double-Cubane Clusters in the Multiple 
Oxidation States [VFe3S4]3+,2+,1+. Inorganic Chemistry 41, 1615-1624, 
doi:10.1021/ic011011b (2002). 

25 Berlinguette, C. P., Miyaji, T., Zhang, Y. & Holm, R. H. Precursors to Clusters with the 
Topology of the PN Cluster of Nitrogenase:  Edge-Bridged Double Cubane Clusters 
[(Tp)2Mo2Fe6S8L4]z:  Synthesis, Structures, and Electron Transfer Series. Inorganic 
Chemistry 45, 1997-2007, doi:10.1021/ic051770k (2006). 

26 Scott, T. A. & Holm, R. H. VFe3S4 Single and Double Cubane Clusters: Synthesis, 
Structures, and Dependence of Redox Potentials and Electron Distribution on Ligation and 
Heterometal. Inorganic Chemistry 47, 3426-3432, doi:10.1021/ic702372f (2008). 

27 Pesavento, R. P., Berlinguette, C. P. & Holm, R. H. Stabilization of Reduced 
Molybdenum−Iron−Sulfur Single- and Double-Cubane Clusters by Cyanide Ligation. 
Inorganic Chemistry 46, 510-516, doi:10.1021/ic061704y (2007). 

28 Berlinguette, C. P. & Holm, R. H. Edge-Bridged Mo2Fe6S8 to PN-Type Mo2Fe6S9 Cluster 
Conversion:  Structural Fate of the Attacking Sulfide/Selenide Nucleophile. Journal of the 
American Chemical Society 128, 11993-12000, doi:10.1021/ja063604x (2006). 

29 Zuo, J.-L., Zhou, H.-C. & Holm, R. H. Vanadium−Iron−Sulfur Clusters Containing the 
Cubane-type [VFe3S4] Core Unit:  Synthesis of a Cluster with the Topology of the PN 
Cluster of Nitrogenase. Inorganic Chemistry 42, 4624-4631, doi:10.1021/ic0301369 
(2003). 

30 Zhang, Y. & Holm, R. H. Synthesis of a Molecular Mo2Fe6S9 Cluster with the Topology 
of the PN Cluster of Nitrogenase by Rearrangement of an Edge-Bridged Mo2Fe6S8 Double 
Cubane. Journal of the American Chemical Society 125, 3910-3920, 
doi:10.1021/ja0214633 (2003). 

31 Zhang, Y. & Holm, R. H. Structural Conversions of Molybdenum−Iron−Sulfur Edge-
Bridged Double Cubanes and PN-Type Clusters Topologically Related to the Nitrogenase 
P-Cluster. Inorganic Chemistry 43, 674-682, doi:10.1021/ic030259t (2004). 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 32 

32 Osterloh, F., Achim, C. & Holm, R. H. Molybdenum−Iron−Sulfur Clusters of Nuclearities 
Eight and Sixteen, Including a Topological Analogue of the P-Cluster of Nitrogenase. 
Inorganic Chemistry 40, 224-232, doi:10.1021/ic000617h (2001). 

33 Hashimoto, T., Ohki, Y. & Tatsumi, K. Synthesis of Coordinatively Unsaturated 
Mesityliron Thiolate Complexes and Their Reactions with Elemental Sulfur. Inorganic 
Chemistry 49, 6102-6109, doi:10.1021/ic100692v (2010). 

34 Ohta, S., Ohki, Y., Hashimoto, T., Cramer, R. E. & Tatsumi, K. A Nitrogenase Cluster 
Model [Fe8S6O] with an Oxygen Unsymmetrically Bridging Two Proto-Fe4S3 Cubes: 
Relevancy to the Substrate Binding Mode of the FeMo Cofactor. Inorganic Chemistry 51, 
11217-11219, doi:10.1021/ic301348f (2012). 

35 Moula, G., Matsumoto, T., Miehlich, M. E., Meyer, K. & Tatsumi, K. Synthesis of an All-
Ferric Cuboidal Iron–Sulfur Cluster [Fe(III)4S4(SAr)4]. Angewandte Chemie International 
Edition 57, 11594-11597, doi:10.1002/anie.201803679 (2018). 

36 Moula, G. et al. Synthesis of a Nitrogenase PN-Cluster Model with [Fe8S7(μ-Sthiolate)2] Core 
from the All-Ferric [Fe4S4(Sthiolate)4] Cubane Synthon. Angewandte Chemie International 
Edition 60, 15792-15797, doi:10.1002/anie.202102369 (2021). 

37 Ohki, Y., Tanifuji, K., Yamada, N., Cramer, R. E. & Tatsumi, K. Formation of a 
Nitrogenase P-cluster [Fe8S7] Core via Reductive Fusion of Two All-Ferric [Fe4S4] 
Clusters. Chemistry – An Asian Journal 7, 2222-2224, doi:10.1002/asia.201200568 (2012). 

38 Ohki, Y., Sunada, Y., Honda, M., Katada, M. & Tatsumi, K. Synthesis of the P-Cluster 
Inorganic Core of Nitrogenases. Journal of the American Chemical Society 125, 4052-
4053, doi:10.1021/ja029383m (2003). 

39 Ohki, Y., Ikagawa, Y. & Tatsumi, K. Synthesis of New [8Fe-7S] Clusters:  A Topological 
Link between the Core Structures of P-Cluster, FeMo-co, and FeFe-co of Nitrogenases. 
Journal of the American Chemical Society 129, 10457-10465, doi:10.1021/ja072256b 
(2007). 

40 Ohki, Y. et al. Synthesis, Structures, and Electronic Properties of [8Fe-7S] Cluster 
Complexes Modeling the Nitrogenase P-Cluster. Journal of the American Chemical 
Society 131, 13168-13178, doi:10.1021/ja9055036 (2009). 

41 Xu, Y.-Y. et al. Controlled Synthesis of Cluster Mimics of Nitrogenase FeMo-cofactor. 
ChemRxiv, This content is a preprint and has not been peer-reviewed, 
doi:10.26434/chemrxiv-2024-sk258 (2024). 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 33 

42 Goh, C., Segal, B. M., Huang, J., Long, J. R. & Holm, R. H. Polycubane Clusters:  
Synthesis of [Fe4S4(PR3)4]1+,0 (R = But, Cy, Pri) and [Fe4S4]0 Core Aggregation upon Loss 
of Phosphine. Journal of the American Chemical Society 118, 11844-11853, 
doi:10.1021/ja9620200 (1996). 

43 Zhou, H.-C. & Holm, R. H. Synthesis and Reactions of Cubane-Type 
Iron−Sulfur−Phosphine Clusters, Including Soluble Clusters of Nuclearities 8 and 16. 
Inorganic Chemistry 42, 11-21, doi:10.1021/ic020464t (2003). 

44 Brown, A. C. & Suess, D. L. M. An Iron–Sulfur Cluster with a Highly Pyramidalized 
Three-Coordinate Iron Center and a Negligible Affinity for Dinitrogen. Journal of the 
American Chemical Society 145, 20088-20096, doi:10.1021/jacs.3c07677 (2023). 

45 Rao, P. V., Bhaduri, S., Jiang, J., Hong, D. & Holm, R. H. On [Fe4S4]2+−(μ2-SR)−MII 
Bridge Formation in the Synthesis of an A-Cluster Analogue of Carbon Monoxide 
Dehydrogenase/Acetylcoenzyme A Synthase. Journal of the American Chemical Society 
127, 1933-1945, doi:10.1021/ja040222n (2005). 

46 Terada, T. et al. Tridentate Thiolate Ligands: Application to the Synthesis of the Site-
Differentiated [4Fe-4S] Cluster having a Hydrosulfide Ligand at the Unique Iron Center. 
Chemistry – An Asian Journal 7, 920-929, doi:10.1002/asia.201200039 (2012). 

47 Brigle, K. E., Weiss, M. C., Newton, W. E. & Dean, D. R. Products of the iron-
molybdenum cofactor-specific biosynthetic genes, nifE and nifN, are structurally 
homologous to the products of the nitrogenase molybdenum-iron protein genes, nifD and 
nifK. Journal of Bacteriology 169, 1547-1553, doi:10.1128/jb.169.4.1547-1553.1987 
(1987). 

48 Fani, R., Gallo, R. & Liò, P. Molecular Evolution of Nitrogen Fixation: The Evolutionary 
History of the nifD, nifK, nifE, and nifN Genes. Journal of Molecular Evolution 51, 1-11, 
doi:10.1007/s002390010061 (2000). 

49 Shimomura, Y., Wada, K., Fukuyama, K. & Takahashi, Y. The Asymmetric Trimeric 
Architecture of [2Fe–2S] IscU: Implications for Its Scaffolding during Iron–Sulfur Cluster 
Biosynthesis. Journal of Molecular Biology 383, 133-143, doi:10.1016/j.jmb.2008.08.015 
(2008). 

50 Fajardo, A. S. et al. Structural Insights into the Mechanism of the Radical SAM Carbide 
Synthase NifB, a Key Nitrogenase Cofactor Maturating Enzyme. Journal of the American 
Chemical Society 142, 11006-11012, doi:10.1021/jacs.0c02243 (2020). 

51 Kang, W. et al. X-Ray Crystallographic Analysis of NifB with a Full Complement of 
Clusters: Structural Insights into the Radical SAM-Dependent Carbide Insertion During 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 34 

Nitrogenase Cofactor Assembly. Angewandte Chemie International Edition 60, 2364-
2370, doi:10.1002/anie.202011367 (2021). 

52 Jenner, L. P., Cherrier, M. V., Amara, P., Rubio, L. M. & Nicolet, Y. An unexpected P-
cluster like intermediate en route to the nitrogenase FeMo-co. Chemical Science 12, 5269-
5274, doi:10.1039/D1SC00289A (2021). 

53 Goddard, T. D. et al. UCSF ChimeraX: Meeting modern challenges in visualization and 
analysis. Protein Science 27, 14-25, doi:10.1002/pro.3235 (2018). 

54 Pettersen, E. F. et al. UCSF ChimeraX: Structure visualization for researchers, educators, 
and developers. Protein Science 30, 70-82, doi:10.1002/pro.3943 (2021). 

55 Hu, Y. & Ribbe, M. W. Biosynthesis of nitrogenase FeMoco. Coordination Chemistry 
Reviews 255, 1218-1224, doi:10.1016/j.ccr.2010.11.018 (2011). 

56 Sickerman, N. S., Ribbe, M. & Hu, Y. in Iron Sulfur Clusters in Chemistry and Biology 
Vol. Volume 1 Characterization, Properties and Applications  (ed Tracey Rouault)  191-
204 (De Gruyter, 2017). 

57 Wiig, J. A., Hu, Y. & Ribbe, M. W. NifEN-B complex of Azotobacter vinelandii is fully 
functional in nitrogenase FeMo cofactor assembly. Proceedings of the National Academy 
of Sciences 108, 8623-8627, doi:10.1073/pnas.1102773108 (2011). 

58 Wiig, J. A., Hu, Y. & Ribbe, M. W. Refining the pathway of carbide insertion into the 
nitrogenase M-cluster. Nature Communications 6, 8034, doi:10.1038/ncomms9034 
(2015). 

59 Tanifuji, K. et al. Tracing the incorporation of the “ninth sulfur” into the nitrogenase 
cofactor precursor with selenite and tellurite. Nature Chemistry 13, 1228-1234, 
doi:10.1038/s41557-021-00799-8 (2021). 

60 Hu, Y. et al. Nitrogenase Fe protein: A molybdate/homocitrate insertase. Proceedings of 
the National Academy of Sciences 103, 17125-17130, doi:10.1073/pnas.0602651103 
(2006). 

61 Zheng, L., White, R. H., Cash, V. L., Jack, R. F. & Dean, D. R. Cysteine desulfurase 
activity indicates a role for NIFS in metallocluster biosynthesis. Proceedings of the 
National Academy of Sciences 90, 2754-2758, doi:10.1073/pnas.90.7.2754 (1993). 

62 Smith, A. D. et al. NifS-Mediated Assembly of [4Fe−4S] Clusters in the N- and C-
Terminal Domains of the NifU Scaffold Protein. Biochemistry 44, 12955-12969, 
doi:10.1021/bi051257i (2005). 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 35 

63 Yuvaniyama, P., Agar, J. N., Cash, V. L., Johnson, M. K. & Dean, D. R. NifS-directed 
assembly of a transient [2Fe-2S] cluster within the NifU protein. Proceedings of the 
National Academy of Sciences 97, 599-604, doi:10.1073/pnas.97.2.599 (2000). 

64 Rettberg, L. A. et al. Identity and function of an essential nitrogen ligand of the nitrogenase 
cofactor biosynthesis protein NifB. Nature Communications 11, 1757, 
doi:10.1038/s41467-020-15627-9 (2020). 

65 Rettberg, L. A. et al. Probing the coordination and function of Fe4S4 modules in nitrogenase 
assembly protein NifB. Nature Communications 9, 2824, doi:10.1038/s41467-018-05272-
8 (2018). 

66 Hu, Y., Fay, A. W., Lee, C. C. & Ribbe, M. W. P-cluster maturation on nitrogenase MoFe 
protein. Proceedings of the National Academy of Sciences 104, 10424-10429, 
doi:10.1073/pnas.0704297104 (2007). 

67 Lee, C. C. et al. Stepwise formation of P-cluster in nitrogenase MoFe protein. Proceedings 
of the National Academy of Sciences 106, 18474-18478, doi:10.1073/pnas.0909149106 
(2009). 

68 Corbett, M. C. et al. Comparison of Iron-Molybdenum Cofactor-deficient Nitrogenase 
MoFe Proteins by X-ray Absorption Spectroscopy: IMPLICATIONS FOR P-CLUSTER 
BIOSYNTHESIS*. Journal of Biological Chemistry 279, 28276-28282, 
doi:doi.org/10.1074/jbc.M403156200 (2004). 

69 Bak, D. W. & Elliott, S. J. Alternative FeS cluster ligands: tuning redox potentials and 
chemistry. Current Opinion in Chemical Biology 19, 50-58, 
doi:10.1016/j.cbpa.2013.12.015 (2014). 

70 Stack, T. D. P. & Holm, R. H. Subsite-differentiated analogs of biological [4Fe-4S]2+ 
clusters: synthesis, solution and solid-state structures, and subsite-specific reactions. 
Journal of the American Chemical Society 110, 2484-2494, doi:10.1021/ja00216a023 
(1988). 

71 Daley, C. J. A. & Holm, R. H. Reactions of site-differentiated [Fe4S4]2+,1+ clusters with 
sulfonium cations: reactivity analogues of biotin synthase and other members of the S-
adenosylmethionine enzyme family. Journal of Inorganic Biochemistry 97, 287-298, 
doi:doi.org/10.1016/S0162-0134(03)00280-0 (2003). 

72 Brown, A. C. & Suess, D. L. M. Controlling Substrate Binding to Fe4S4 Clusters through 
Remote Steric Effects. Inorganic Chemistry 58, 5273-5280, 
doi:10.1021/acs.inorgchem.9b00360 (2019). 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 36 

73 Bostelaar, T. M., Brown, A. C., Sridharan, A. & Suess, D. L. M. A general method for 
metallocluster site-differentiation. Nature Synthesis 2, 740-748, doi:10.1038/s44160-023-
00286-7 (2023). 

74 Grunwald, L., Abbott, D. F. & Mougel, V. Gauging Iron–Sulfur Cubane Reactivity from 
Covalency: Trends with Oxidation State. JACS Au 4, 1315-1322, 
doi:10.1021/jacsau.4c00213 (2024). 

75 Grunwald, L. et al. A complete biomimetic iron-sulfur cubane redox series. Proceedings 
of the National Academy of Sciences 119, e2122677119, doi:10.1073/pnas.2122677119 
(2022). 

76 Grunwald, L., Inoue, M., Carril, P. C., Wörle, M. & Mougel, V. Gated electron transfers 
at synthetic iron-sulfur cubanes. Chem 10, 365-387, doi:10.1016/j.chempr.2023.09.023 
(2024). 

77 Ohki, Y. et al. Synthetic analogues of [Fe4S4(Cys)3(His)] in hydrogenases and 
[Fe4S4(Cys)4] in HiPIP derived from all-ferric [Fe4S4{N(SiMe3)2}4]. Proceedings of the 
National Academy of Sciences 108, 12635-12640, doi:10.1073/pnas.1106472108 (2011). 

78 Tanifuji, K., Tajima, S., Ohki, Y. & Tatsumi, K. Interconversion between [Fe4S4] and 
[Fe2S2] Clusters Bearing Amide Ligands. Inorganic Chemistry 55, 4512-4518, 
doi:10.1021/acs.inorgchem.6b00352 (2016). 

79 Cramer, S. P., Xiao, Y., Wang, H., Guo, Y. & Smith, M. C. in NASSAU 2006. (eds E. E. 
Alp & C. I. Wynter) 47-54 (Springer Berlin Heidelberg). 

80 Xiao, Y. et al. Dynamics of an [Fe4S4(SPh)4]2− cluster explored via IR, Raman, and nuclear 
resonance vibrational spectroscopy (NRVS)-analysis using 36S substitution, DFT 
calculations, and empirical force fields. Dalton Transactions, 2192-2201, 
doi:10.1039/B513331A (2006). 

81 Xiao, Y. et al. How Nitrogenase Shakes − Initial Information about P−Cluster and FeMo-
cofactor Normal Modes from Nuclear Resonance Vibrational Spectroscopy (NRVS). 
Journal of the American Chemical Society 128, 7608-7612, doi:10.1021/ja0603655 (2006). 

82 Bill, E. Iron-sulfur clusters—new features in enzymes and synthetic models. Hyperfine 
Interactions 205, 139-147, doi:10.1007/s10751-011-0411-8 (2012). 

83 Clémancey, M., Blondin, G., Latour, J.-M. & Garcia-Serres, R. in Metalloproteins: 
Methods and Protocols   (eds Juan C. Fontecilla-Camps & Yvain Nicolet)  153-170 
(Humana Press, 2014). 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 37 

84 Pandelia, M.-E., Lanz, N. D., Booker, S. J. & Krebs, C. Mössbauer spectroscopy of Fe/S 
proteins. Biochimica et Biophysica Acta (BBA) - Molecular Cell Research 1853, 1395-
1405, doi:10.1016/j.bbamcr.2014.12.005 (2015). 

85 Brown, I. D. in The Chemical Bond in Inorganic Chemistry   (ed I. David Brown) 0 (Oxford 
University Press, 2016). 

86 Brown, I. D. Recent Developments in the Methods and Applications of the Bond Valence 
Model. Chemical Reviews 109, 6858-6919, doi:10.1021/cr900053k (2009). 

87 Zhu, Q., Costentin, C., Stubbe, J. & Nocera, D. G. Disulfide radical anion as a super-
reductant in biology and photoredox chemistry. Chemical Science 14, 6876-6881, 
doi:10.1039/D3SC01867A (2023). 

88 Mayerle, J. J., Denmark, S. E., DePamphilis, B. V., Ibers, J. A. & Holm, R. H. Synthetic 
analogs of the active sites of iron-sulfur proteins. XI. Synthesis and properties of complexes 
containing the iron sulfide (Fe2S2) core and the structures of bis[o-xylyl-α,α'-dithiolato-μ-
sulfido-ferrate(III)] and bis[p-tolylthiolato-μ-sulfido-ferrate(III)] dianions. Journal of the 
American Chemical Society 97, 1032-1045, doi:10.1021/ja00838a015 (1975). 

89 Ballmann, J., Dechert, S., Demeshko, S. & Meyer, F. Tuning Electronic Properties of 
Biomimetic [2Fe-2S] Clusters by Ligand Variations. European Journal of Inorganic 
Chemistry 2009, 3219-3225, doi:10.1002/ejic.200900101 (2009). 

90 Baumann, B. et al. Structure of Synechococcus elongatus [Fe2S2] Ferredoxin in Solution. 
Biochemistry 35, 12831-12841, doi:10.1021/bi961144m (1996). 

91 Van, V. et al. Iron-sulfur clusters are involved in post-translational arginylation. Nature 
Communications 14, 458, doi:10.1038/s41467-023-36158-z (2023). 

92 Fleischhacker, A. S. et al. Characterization of the [2Fe-2S] Cluster of Escherichia coli 
Transcription Factor IscR. Biochemistry 51, 4453-4462, doi:10.1021/bi3003204 (2012). 

93 Golinelli-Cohen, M.-P. et al. Redox Control of the Human Iron-Sulfur Repair Protein 
MitoNEET Activity via Its Iron-Sulfur Cluster. Journal of Biological Chemistry 291, 7583-
7593, doi:10.1074/jbc.M115.711218 (2016). 

94 Stegmaier, K. et al. Apd1 and Aim32 Are Prototypes of Bishistidinyl-Coordinated Non-
Rieske [2Fe–2S] Proteins. Journal of the American Chemical Society 141, 5753-5765, 
doi:10.1021/jacs.8b13274 (2019). 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/


 38 

95 Skeel, B. A. & Suess, D. L. M. Exploiting Molecular Symmetry to Quantitatively Map the 
Excited-State Landscape of Iron–Sulfur Clusters. Journal of the American Chemical 
Society 145, 10376-10395, doi:10.1021/jacs.3c02412 (2023). 

96 Middleton, P., Dickson, D. P. E., Johnson, C. E. & Rush, J. D. Interpretation of the 
Mössbauer Spectra of the Four-Iron Ferredoxin from Bacillus stearothermophilus. 
European Journal of Biochemistry 88, 135-141, doi:10.1111/j.1432-1033.1978.tb12430.x 
(1978). 

97 Lindahl, P. A., Day, E. P., Kent, T. A., Orme-Johnson, W. H. & Münck, E. Mössbauer, 
EPR, and magnetization studies of the Azotobacter vinelandii Fe protein. Evidence for a 
[4Fe-4S]1+ cluster with spin S=3/2. Journal of Biological Chemistry 260, 11160-11173, 
doi:10.1016/S0021-9258(17)39160-3 (1985). 

98 Roncaroli, F. et al. Cofactor composition and function of a H2-sensing regulatory 
hydrogenase as revealed by Mössbauer and EPR spectroscopy. Chemical Science 6, 4495-
4507, doi:10.1039/C5SC01560J (2015). 

99 Middleton, P., Dickson, D. P. E., Johnson, C. E. & Rush, J. D. Interpretation of the 
Mössbauer Spectra of the High-Potential Iron Protein from Chromatium. European 
Journal of Biochemistry 104, 289-296, doi:10.1111/j.1432-1033.1980.tb04427.x (1980). 

100 Dilg, A. W. E. et al. Comparison and characterization of the [Fe4S4]2+/3+ centre in the wild-
type and C77S mutated HiPIPs from Chromatium vinosum monitored by Mössbauer, 57Fe 
ENDOR and EPR spectroscopies. JBIC Journal of Biological Inorganic Chemistry 6, 232-
246, doi:10.1007/s007750000191 (2001). 

 

https://doi.org/10.26434/chemrxiv-2024-pnftw ORCID: https://orcid.org/0000-0001-7710-1326 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-pnftw
https://orcid.org/0000-0001-7710-1326
https://creativecommons.org/licenses/by-nc-nd/4.0/

