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Synthetic iron-sulfur cubanes are models for biological cofactors, which are essential to
delineate oxidation states in the more complex enzymatic systems. However, a complete
series of [FesS,]” complexes spanning all redox states accessible by 1-electron transforma-
tions of the individual iron atoms (7 = 0—4+) has never been prepared, deterring the
methodical comparison of structure and spectroscopic signature. Here, we demonstrate
that the use of a bulky arylthiolate ligand promoting the encapsulation of alkali-metal cat-
ions in the vicinity of the cubane enables the synthesis of such a series. Characterization
by EPR, >’Fe Mossbauer spectroscopy, UV-visible electronic absorption, variable-
temperature X-ray diffraction analysis, and cyclic voltammetry reveals key trends for the
geometry of the Fe,S core as well as for the Mossbauer isomer shift, which both correlate
systematically with oxidation state. Furthermore, we confirm the S = 4 electronic ground
state of the most reduced member of the series, [Fe;S4]’, and provide electrochemical evi-
dence that it is accessible within 0.82 V from the [Fe,S,*" state, highlighting its rele-
vance as a mimic of the nitrogenase iron protein cluster.
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Iron-sulfur (FeS) clusters are ubiquitous metallocofactors, which drive the crucial biological
processes to enable life on earth, ranging from iron homeostasis and gene regulation to
muldelectron transfer and enzymatic catalysis (1-5). Among them, cuboidal FesS4 clusters
bearing cysteine ligands are the most represented structures and are found in a large num-
ber of biological systems as mediators of long-range electron transfers or directly as catalytic
active sites of enzymes. This central role is a consequence of the ability of the Fe,S4 cluster
to undergo redox changes and reversibly mediate electron transfers with low energy barriers
and therefore high efficiency. In natural enzymatic systems, [FesS4]%"***"** oxidation
states have been observed: [Fe,S4'**" is the most frequently encountered redox couple
and acts reductively, the oxidative [Fe S>3+ couple is found in high-potential iron-
sulfur proteins (HiPIPs), while the highly reducing [FesS4]° state has only been found in
the nitrogenase iron protein (FeP). So far, there has been no evidence for the involvement
of all-ferric [Fe;S4** clusters in biological processes (6-8).

The unambiguous identification of redox states and the in-depth understanding of
the inorganic core structures in these natural systems has been directly enabled by the
synthesis and study of well-defined [Fe4S4(SR)4]” molecular analogs (where SR refers
to a thiolate ligand), whose spectroscopic signatures are key to identifying sites sug-
gested in enzymes. However, nearly 50 y after the initial discovery of Fe4S4 models by
Holm and among the hundreds of reported molecular Fe Sy clusters, a synthetic series
of all of the oxidation states accessible by 1-electron transformation of the individual
Fe-atoms, [FesS4]% 234+ with the same ligand set has never been successfully
completed. This prevents the systematic comparison of key parameters such as the core
metrics of the FesS4 motif (5-7). One of the main hurdles to the preparation of such a
synthetic series originates from the challenge to isolate its most reduced member; due
to its extreme sensitivity toward oxidative degradation, [FesS4(SR)4] 4 remains the only
analog of the [FesS4(SR)4]™ (n = 0-4) redox series that was never synthetically iso-
lated. This so-called superreduced all-ferrous state of the Fe;S4 core, [FesS4]°, was first
detected electrochemically in 1984 by Pickett (9) on a synthetic model of the biologi-
cally relevant [FesS4(S9%)41™ site, [FesS4(SPh)4]”™ (10, 11), before being proposed to
exist in the nitrogenase FeP (12-14). Recent studies suggested that the ability of the
FeP to access the superreduced state in operando enables the enzyme to operate at
twice the efficiency in terms of adenosine triphosphate (ATP) consumed per electron
transferred than when operating with the [Fe,S4) 2" couple (2, 15). In addition,
reduction to the all-ferrous state of the FeP isolated from Methanosarcina acetivorans
was shown to catalyze the conversion of C1 substrates such as CO, and CO into
hydrocarbons under ambient conditions (16). Finally, as a biological synthon, the
superreduced FeS cubane has been proposed to play a role during the maturation of
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the nitrogenase P-cluster (17, 18). However, the complexity of
the enzymatic system of FeP has prevented the accurate deter-
mination of key structural and electronic parameters of the
superreduced FeS core, notably 7) the possible electronic
ground states for the all-ferrous FeP, namely S =4 or §=0
(13, 15), i7) the ultraviolet-visible (UV-vis) signature for the all-
ferrous state at 520 nm, which is debated as possibly originat-
ing from the Ti(Ill)-citrate reducing agent used to obtain the
superreduced state, and 77) the metrics of the superreduced
[Fe4S4] core. Hence, the identification of the all-ferrous state in
biological systems triggered an intense quest for well-defined
physiologically relevant molecular models. In 1996, Holm and
coworkers reported that the phosphine supported [Fe;S4]° clus-
ter could be generated transiently in solution, but rapidly aggre-
gates to form the more stable edge-fused all-ferrous [FegSg]®
and [Fe;6S16]° clusters over time (19). A milestone for the
understanding of the geometric and electronic structure of the
[Fe4S4]° unit has been the utilization of nonphysiological cya-
nide and N-heterocyclic carbene (NHC) ligands by Holm and
Deng in 2005 and 2008, respectively, which enabled the struc-
tural characterization of the [Fe;S4]° core in a molecular model
(20-22). The stability of the NHC-supported cubane allowed
for a detailed spectroscopic characterization, revealing parame-
ters reminiscent of biological data (13, 23). Nevertheless, NHC
ligand properties differ significantly from the biologically rele-
vant thiolate ligands; up to 15 to 30% of the metal-carbene
orbital interaction energy originates from m-type metal-ligand
back-bonding (24). On the contrary, thiolate ligands are stron-
ger 6- and 7-donors, creating a much weaker ligand field. This
difference in binding character could alter the reactivity and
spectroscopic properties of the cluster.

In this work, we demonstrate that a careful choice of bulky
thiolate ligand and counter cation as well as strict exclusion of
coordinating solvents enables the synthesis of a series of
thiolate-supported FeS cubanes covering all oxidation states
accessible within the Fe''/Fe"" redox couples of the individual
Fe atoms, ranging from all-ferric ([FesS4]%") to all-ferrous
([Fe4S4]°). This permits a comprehensive analysis of the varia-
tion of the essential structural and electronic properties along
the series by UV-vis absorption, electron paramagnetic reso-
nance (EPR), °’Fe Mossbauer and single-crystal X-ray diffrac-
tion (XRD) analysis.

Results and Discussion

Two rather unique features of the FeS cluster in FeP were pro-
posed to play a role in facilitating its reduction to the superre-
duced state, namely its arrangement at the positive end of four
a-helix dipoles and the distinct hydrogen bonding patterns sur-
rounding the cluster (Fig. 14 and S/ Appendix, Fig. S1) (2).
The latter were found to be modulated upon variation of the
oxidation state, adapting the environment to the cluster charge
(25, 26). Interestingly, similar changes in hydrogen bonding
patterns are also found for oxidized HiPIPs (27). Intending to
mimic these stabilizing effects, we selected the bulky thiolate
ligand DmpS~ (DmpS~ = 2,2",4,4”,6,6"-hexamethyl-1,1":
3’,1"-terphenyl-2'-thiolate) as a suitable candidate because of
its ability to pack redox innocent K* ions into the molecular
assembly formed upon coordination to metal centers by
cation—m interaction (Fig. 14) (28, 29). Even though K* ions
are not H-bonding donors per se, analogies can be drawn
between K* and NH," cations regarding charge and solvation
strength (30).
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Fig. 1. Synthetic strategy used for the isolation and characterization of
the redox series K,[Fe;S4(DmpS),] (n = 0-4). (A) Stabilization of reduced FeS
cubanes in enzymes versus the strategy deployed in this work. (B) Sche-
matic depiction of syntheses, whereby all reactions were carried out in
toluene as solvent. Enzymatic systems and their active redox states rele-
vant for the molecular models are indicated alongside.

A significant number of strategies for [Fe;S4]** cluster syn-
thesis have been reported, but most of them involve the combi-
nation of complex mixtures of sulfide sources, ligands, iron
precursors, and the frequent use of other additives such as
bases. As a consequence, redox-sensitive coordinating solvents
able to dissociate ionic species such as acetonitrile or methanol
are typically required to solubilize these precursors, yet preclude
the isolation of highly reduced clusters. Thus, to perform the
initial cubane assembly in redox-tolerant noncoordinating
media with as few reagents as possible, we developed the syn-
thesis of the mononuclear homoleptic Fel-thiolate complex
K[Fe(DmpS),] (1) (Fig. 1B and SI Appendix, Fig. S30). This
highly reduced Fe! precursor has the potential to act as a two-
electron reductant for the generation of sulfido ligands, s+,
from elemental sulfur, while being also a source of K* counter
ions and bulky DmpS™ ligands (refer to the S/ Appendix for
synthetic and characterization details). However, initial
attempts to generate the [FesS4]*" complex upon the reaction
of 1 with elemental sulfur in toluene instead resulted in the for-
mation of the dimeric complex K;[Fe,S,(DmpS)4] (2) (Fig. 1B
and SI Appendix, Fig. S31). We reasoned that the isolation of
such an Fe,S; dimer resulted from the fact that the high steric
hinderance of DmpS™ deterred its reactivity as a reducing agent,
in contrast to the typical behavior observed in traditional con-
ditions with smaller thiolate ligands, leading to [Fe,S4*F
assemblies (31, 32). Under this assumption, we substituted 1/2
equivalent of 1 for 1/4 equivalents of [Fe(DmpS)(TripS)], (33)
in the aforementioned conditions, which allowed us to isolate
the dark yellow cubane K;[FesS4(DmpS)4] (5) in a 68% yield
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(Fig. 1B). Complex 5 exhibits diamagnetic 'H and >C NMR
spectra accounting for all of the signals of the DmpS-ligand
(S Appendix, Figs. S13-S16). Its UV-vis absorption spectrum
shows two characteristic bands at 340 and 404 nm (see Fig.
4D), similar to other [FesS4]** cubanes supported by aromatic
thiolates (10). In the solid state, 5 crystallizes 2-fold twinned in
the space group P2,2,2 (no. 18) and contains two potassium
ions, which are tightly packed around the central [FesS4l*"
motif (Fig. 2C) aided by cation—r interactions from the sur-
rounding mesityl substituents. These interactions likely play an
important role in preventing the dissociation of the cation-
anion pairs and maintaining 5 as a neutral molecular assembly,
soluble in noncoordinating aromatic solvents.

Starting from 5, the complete redox series could be accessed
chemically (Fig. 1B): the all-ferrous [Fe,S4]° cluster was isolated
as the dark red complex K4[FesS4(DmpS)4] (3) (Fig. 24) upon
reduction of 5 with 2.2 equivalents of potassium graphite, while
the brown singly reduced [FesS4)'™ cluster, K [FesS4(DmpS)4]
(4) (Fig. 2B), was prepared b3y comproportionation of 5 and 3.
The singly oxidized [FesS4]°* cluster was synthesized by the
oxidation of 5 with ferrocenium hexafluorophosphate, yielding
the dark purple complex K[FesS4(DmpS)4] (6) (Fig. 2D). Anal-
ogously, upon treatment of 5 with 2.2 equivalents of ferroce-
nium hexafluorophosphate, the all-ferric [Fe454]4+ cluster was
isolated as dark blue complex [Fe S4(DmpS)s] (7) (Fig. 2E;
refer to the SI Appendix for further details). Thus, each redox
transformation is accompanied by the removal (oxidation) or
the addition (reduction) of an encapsulated K* ion. Such a
modulation of the positive charges surrounding the cluster
parallels well the varying number of H-bonding interactions of
p-sulfido and p'-thiolato ligands to the protein envelope
observed with FesS4 cofactors in biological systems and found
to be key to control the stability and redox potential of their
different oxidation states (2, 25-27).

This analogy is supported by our electrochemical investiga-
tions. Note that in traditional electrolytes, such as ["BuyN]
[PF¢] in tetrahydrofuran (THF) or even in Pickett’s noncoordi-
nating eutectic system, {["BugN][BF,]-3 toluene} (9), K* cati-
ons are displaced due to the large excess of "BusN" cations.
Therefore, as expected based on previous efforts in the field
(7, 34), we were unable to traverse the complete redox series
3-7 by cyclic voltammetry in both of these electrolyte systems
(81 Appendix, Figs. S3-S5 and refer to the SI Appendix for fur-
ther details). To circumvent this problem, we investigated the
electrochemistry of 3 and 6 in THF in the presence of a K*
supporting electrolyte salt, K[BArF,,] (where BArF,4 = tetrakis
[3,5-bis(trifluoromethyl)phenyl]borate). Comparing the open-
circuit potentials of these two individually synthesized
oxidation states of the cubane ([FeS4]%, 3, and [Fe,S4°", 6)
allowed us to straightforwardly assign the redox events (see the
position of the black arrows in Fig. 3). For direct comparison,
the cyclic voltammograms of the [FesS4)®* cluster, 6, recorded
in THF at 100 mV s~} using ["BuyN][PF¢] or K[BArF,4] as
electrolyte salts, and, correspondingly, in the absence and the
presence of K* ions, are combined in Fig. 3. Interestingly,
while only the [FesS41%7* and [Fe S4°H4* redox couples are
accessible using ["BuyN][PF¢], the complete traverse of relevant
oxidation states can be observed using K[BArF,;] within a
potential window, AV, of a mere 1.27 V (where AV =
|EI/Z([FC4S4]3+/4+)—E1/2([Fe454]O/H')|; Fig. 3). Here, all redox
couples appear as quasi-reversible events, as suggested by
Randles-Sevcik analyses (SI Appendix, Fig. S6). Owing to the
stabilizing effect of the K* ions, the half-wave potentials of the
[FesSq”"™, [FesS4"", and [FesS4)*** couples in the K[BArF,]
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containing electrolyte are significantly shifted anodically with respect
to their counterpart in the absence of K* ions (Fig. 3 and S/
Appendix, Table S1). This appears to be particularly pronounced for
the [FesS4”"* redox couple, for which the half-wave potential is
only 0.19 V more cathodic than the [FesSy)"*"** couple. At scan
rates faster than 100 mV s~ ', these 2 redox waves merge into a single
2-clectron reduction event, [Fe;S4]”** (Fig. 3 and SI Appendix, Fig.
S7), which is in agreement with a slow electron transfer rate for the
1-electron reduction of [FesS4*". We suspect this to be a conse-
quence of the timescale of the molecular reorganization of the arylth-
iolate ligands, which is necessary to accommodate the packing of K*
fons into the assembly via the cation—n interaction, but is not signifi-
cantly altered between the [Fe;S4]'" and [FesSy]® species. This simi-
larity is highlighted by the nearly identical molecular architecture of
3 and 4 (same space group and similar unit cell in the solid state;
Fig. 2 A and B). Near 100 mV s, this timescale approaches the
diffusion-limited regime of the voltametric measurement, thus caus-
ing the merging of the two reduction waves. The [FesS4'™ state
could qualify as an entatic state (35): once reached and the reorgani-
zation of arylthiolate ligands is complete, the cluster is preorganized
to facilitate the subsequent reduction to [FeS41°. This unique obser-
vation has significant implications regarding the ATP efficiency of
the FeP. In this regard, three key aspects supporting the role of FeP
as a 2-electron reductant (corresponding to 1 ATP per 1 electron
transferred) have been identified, namely: 7) the FeP possesses not
one, but two symmetrically arranged MgATP binding sites (25,
36), #) it is proposed that the FeP undergoes the same conforma-
tional changes upon both 1- or 2-electron reduction, when the
Ti(ID)-citrate-reduced [FeS4]° or the dithionite-reduced [Fe,S)'™
state are accessed (13, 37, 38), and 7) the ATP/e™ rado approaching
unity was observed in vivo, where complex physiological components
were suggested to promote conformational changes and accordingly
facilitate a more efficient electron transfer mechanism (2, 39). Thus,
under the assumption that the K ion packing described in this
work represents a suitable mimic for H-bonding interactions in
nature (Fig. 1A), our results advocate the possible role of FeP as a
2-electron donor to the MoFeP. More specifically, if the coordination
environment of the natural cofactor fulfills similar criteria as provided
by the 4 rigidly packed K* ions in 3, then the [FesS4]® state could
be accessed with somewhat surprising ease. This is further supported
by the fact that in our model system, the superreduced state,
[FesS4]°, is accessible within a physiologically pertinent potential
window, AV, of 0.82 V (where AV = |E1/2([Fe454]2+/3+)—
El/z([Fe4S4]0/1+)|), as compared to the enzyme’s resting oxidation
state, [FesS4* (2).

Beyond these electrochemical insights, the preparation of
3-7 enables a systematic approach to delineate the essential
spectroscopic signatures of FeS cubanes in varying oxidation
states. These signatures could, in turn, be used to facilitate the
assignment of [FesS4] "t oxidation states in the more complex
biological environments with high certainty.

Compounds 3-7 were therefore characterized by *Fe
Massbauer spectroscopy. Spectra were recorded at 80 K on the
complete series of complexes and are reproduced in Fig. 44. As
usually observed, two main lines are detected in the spectra of
compounds 4-6. Because they present slightly different profiles,
spectra were simulated with two doublets. The nuclear parame-
ters are listed in the SI Appendix, Table S2. In contrast, the
spectrum of 3 presents broader lines evidencing four different
sites. Simulations revealed that the isomer shift values, 8, for
the four sites and the quadrupole splitting values, 4 Eq, vary in
a large domain (8 from 0.57 to 0.71 mm s~ ! and AEq from
0.82 to 2.88 mm s V). In all-ferric 7, the four iron sites cannot
be differentiated. Its nuclear parameters are similar to those
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3/ [Fe,S,°

7/ [Fe,S,*

6/ [Fe,S,*

Fig. 2. Solid-state molecular structures of 3 (A), 4 (B), 5 (C), 6 (D), and 7 (E) in crystals of K4[Fe,S4(DmpS)4]-2HMDSO, Ks[FesS4(DmpS)4]-2HMDSO,
K2[Fe4S4(DmpS)4]-:2HMDSO, K[FesS4(DmpS)4]-CsHg, and [Fe,S4(DmpS)4]-HMDSO, respectively. Cocrystallized solvent molecules as well as hydrogen atoms
were omitted for clarity. Thermal ellipsoids at the 50% probability level are shown only for the Fe, S, and K atoms. Detailed structural parameters of 3-7

are summarized in S/ Appendix, Tables S4-S9 and S11.

reported by Tatsumi and coworkers for the only other all-ferric
cubane reported in the literature (8): & = 0.32 mm s ! (here,
versus 0.33 mm s~ in [FesS4(STbt)4]) and AEG = 1.03 mm st
(here, versus 1.00 mm s ' in [FeS4(STbt)s]). As for [FesS4
(STbt)4] (8), 7 presents an S = 0 ground state, which was evi-
denced by the 5.3-K Mossbauer spectrum recorded using a 7-T
magnetic field applied parallel to the y-beam (SI Appendix, Fig.
S28). A comparison of the 80-K spectra clearly shows a decrease
of the velocity corresponding to the central position of the
absorption upon increase of the oxidation state of the complexes.
Values from the ST Appendix, Table S2, are compiled in Fig. 4C.
The four points are indeed aligned, and a linear fit indicates a
loss of 0.075 + 0.015 mm s~ ' for the isomer shift per additional
ferric ion.

In addition, paramagnetic compounds 3, 4, and 6 were ana-
lyzed by perpendicular-mode EPR spectroscopy. A frozen tolu-
ene solution of 4 exhibits an EPR spectrum consisting of two
components with S = 3/2 and § = 1/2, presenting ¢ values of
(3.05, 2.64, 2.16) and (1.91, 1.98, 2.12), respectively (Fig. 4B;
SI Appendix, Fig. S24A4), and possessing nearly equal weights
both at 6 K and at 10 K. This suggests that both spin states are
possible ground states here, as previously reported for synthetic
and natural [Fe,S]'" systems (40, 41). The § = 3/2 component
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appears to be stronger populated in the solid state, as is evident
from the spectra shown in the SI Appendix, Fig. S24 C, where the
S = 1/2 contribution disappears entirely upon immobilization of
powdered 4 in eicosane. Comparatively, the X-band perpendicular
mode EPR spectrum of 3 exhibits broad transitions at low field
and significantly differs from the S = 3/2 spectrum. Similar to
what had been observed for the S = 4 ground state with biological
Ti(III)-citrate-reduced all-ferrous FeS clusters (13, 42), the absence
of transitions at approximately g = 2, even at temperatures down
to 5 K (87 Appendix, Fig. S23) underlines the integer-spin nature
and, thus, all-ferrous oxidation state of 3. The [Fe,S,°"
cubane, 6, shows a rthombic EPR spectrum with principal g
values of (2.072, 2.042, 2.011) and a visible g-anisotropy,
which is likewise in line with the § = 1/2 electronic ground
state found in biology as well as for previous molecular mod-
els (Fig. 4B; SI Appendix, Fig. S25) (34, 43-45).

Upon sequential 1-electron reduction, the UV-vis absorption
spectra of 3-7 exhibit a decrease in intensity over most of
the visible region, sharing an isosbestic point at approximately
350 nm (Fig. 4D). In the superreduced state, the otherwise fea-
tureless spectrum of 3 shows a pronounced shoulder at
520 nm. The origin of this band, which is also observed in the
Ti(III)-citrate-reduced all-ferrous FeP, had been a topic of
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Fig. 3. Electrochemical traverse of the [Fe,S54]%"+2+/3+4+ redox series.

(Top Two Traces) Cyclic voltammograms of 4 recorded in 5 mM THF solution
containing 0.3 M K[BArF,4] recorded with scan rates of 10 mV s~! and
1V s, respectively. The first scan is shown. (Bottom Two Traces) Cyclic vol-
tammograms of 6 recorded with a scan rate of 100 mV s' in 6 mM THF
solution containing 0.3 M K[BArF,4] (red lines) and in 7 mM THF solution
containing 0.3 M ["BugN][PF¢] (gray lines), respectively, as electrolyte. Dot-
ted lines indicate the half-wave potentials and peak potentials of individual
redox events. Two subsequent scans are shown in shades of red and gray,
respectively. The signal marked by an asterisk only appears after scanning
at oxidative potentials and marks the reductive dissociation of DmpS~
ligand from 7, as reported elsewhere (51).

intense discussion, being attributed either to the all-ferrous FeS
cluster or to the Ti(Ill)-citrate-reducing agent (14). The unam-
biguous observation of this band in the UV-vis spectrum of 3
demonstrates that it constitutes a spectroscopic signature of the
all-ferrous [FesS4]° core itself. Moreover, this band had been
suggested to relate to the § = 4 spin state of the superreduced
FeS core because it was not observed in the putative all-ferrous
S = 0 version of the FeP obtained by reduction with flavodoxin
hydroquinone (15). This is in line with the spin state assign-
ment for 3 proposed here and described below.

Besides the spectroscopic signatures, the solid-state molecular
structures of compounds 3-7, bearing the same thiolate ligand
(Fig. 2A-E), enable a systematic comparison of the metrics of
the core of the FeS cubane. To this end, structural parameters
are summarized in S/ Appendix, Table S11. Within the redox

series 3—6, the Fe4 core volume shows a decrease as the cubane
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is reduced (~0.08[1] A> per electron), in agreement with a
stronger coulomb repulsion between the s ligands and the
reduced Fe centers. Concomitantly, the S; core volume rises
(+0.33[4] A® per electron), as shown in Fig. 4C. Because the
increase in the Sy-volume supersedes the decrease in the Fey-
volume, the total volume of the cubane as well as its surface
area increase upon reduction, confirming the hypotheses of bio-
logical studies (2, 26, 36). The Fe-SR distances increase upon
reduction (SI Appendix, Table S11), in agreement with the red-
shift of the corresponding vibration at 374-390 cm~ ! (46) in
the resonance Raman spectra of 3-7 (SI Appendix, Fig. S12).
In a direct juxtaposition, the [Fe,S4%* cores of 3 and 6,
respectively, exhibit low root-mean-square distances compared
to structure data collected on the corresponding cofactors in
their active redox state (root-mean-square  deviation
[RMSD](3/1G1M) = 0.074 and RMSD(6/1HPI) = 0.048; see
SI Appendix, Fig. S43). Note that aside from the structural dis-
tortion of the FeS core and the packing of K* ions, the overall
connectivity and architecture of clusters 3—7 is invariant across
all five oxidation states, exemplifying the ability of FeS cubanes
to mediate multielectron processes with marginal reorganization
(Fig. 2). The all-ferric cluster 7 identifies as somewhat of
an outlier, exhibiting a smaller S4 core volume, yet also a
smaller Fes core volume compared to its 1-electron reduced
analog, 6. This has been observed previously and can be attrib-
uted to differences in the internal magnetic coupling scheme as
well as the smaller ionic radius of Fe'™ compared to Fe'' (8).
Overall, the data presented here provide a quantitative scale for
systematic geometric changes occurring in the FesS4 core upon
variation of the oxidation state, which could facilitate redox
assignments in the more complex enzymatic environments.
Based on Fig. 4C, we propose two putative observations: 7) The
Fe4-volume appears generally underestimated; and 77) a multi-
tude of biological [FesS4)°t or [FesS4)'t sites—I1HLQ or
1CP2 for example—have been reported with metrics resem-
blant of more reduced forms, [Fe,S,]'" or [FesS4°, respec-
tively, advocating the fact that oxidation state assignments in
protein single crystals are not unambiguous and that the role of
photoreduction in the X-ray beam is perhaps underrated (47).
Based on the results from UV-vis absorption, zero-field >"Fe
Mossbauer and perpendicular-mode EPR spectroscopy presented
above, a § = 4 spin ground state may be suggested for 3. To fur-
ther confirm this assignment, applied-field 7Be  Mossbauer,
parallel-mode EPR, SQUID magnetometry and temperature-
dependent single-crystal XRD analyses were carried out. The 2.5-K
and 7-T >’Fe Mossbauer spectrum of 3 (Fig. 54) is very similar to
that of Ti(IlI)citrate-reduced Azobacter vinelandii (Av2), strongly
advocating the S = 4 ground state (48). Moreover, as for Av2,
upon subtraction of the 10-mT spectrum recorded at 2.5 K
from that recorded at 5.8 K, the resulting difference can be
deconvoluted in doublets, indicating a similar electronic
structure. In contrast to Av2 but in agreement with the 80-K
spectrum shown above, they are four in a 1:1:1:1 ratio (87
Appendix, Fig. $26). The simulation was performed with eight
lines presenting the same linewidth and the same area. Among
the 105 possible pairings, only the one presented in S/
Appendix, Fig. S26, gives four doublets with similar isomer
shifts. The & values lie between 0.57 and 0.69 mm s~ ' (S/
Appendix, Table S3), with a 0.63 mm s ! average value that is
close to that determined for the all-ferrous cluster of Av2
(0.68 mm s '). The quadrupole splitting values, AE, range
from 0.81 to 3.03 mm s ', a larger domain than that of the pro-
tein (1.24-3.08 mm s }). A simulation of the 2.5-K and 7-T
spectrum of 3 is proposed in Fig. 5A4 (see SI Appendix, Fig. S27
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Fig. 4. 57Fe Mossbauer, EPR, UV-vis electronic absorption and geometric data for clusters 3-7. (A) Mossbauer spectra (hatched bars) recorded on powder
samples at 80 K with a 0.06-T external magnetic field applied parallel to the y-beam for 4-7 and at zero-field for 3. Simulations are overlaid as gray solid
lines and deconvolutions are displayed above. See S/ Appendix, Table S2, for the parameter values. Note that for the Mossbauer spectrum of 7, an impurity
accounting for 4% of the total Fe content has been subtracted (5§ = 0.96 mm s, AEq =2.09 mm s, Twhm = 0.25 mm s~ ). (B) X-band perpendicular mode
EPR spectra of 2 mM toluene solutions of 4, recorded at 10 K and 6 (/nset), recorded at 40 K. Data are represented by solid lines and simulations by dotted
ones. For details of the fitting parameters, refer to S/ Appendix, Figs. S24 and S25. (C, Top) Averaged value of the isomer shift issued from the simulations of
the 80-K Mdssbauer spectra upon the averaged oxidation state of the iron ions in complexes 3-7. The gray dotted line is a linear fit of the four experimental
points. Data recorded on selected biological systems are shown as green dots. (C, Bottom) Variation in the Fe, and S, core volumes of selected FeS cubane
containing structures of biological (FeP, 4Fe-4S Fds, and HiPIP) and synthetic origin. Synthetic models of aromatic thiolate supported cubanes span 8, 11,
and 5 examples for [Fe4S4(SAr),, 1= [FesSa(SANLI?, and [Fe,S4(SANLI>, respectively. The data are represented by a gray triangle, dot, and square in the posi-
tion of the arithmetic mean. Bars indicate the maximum and minimum values reported. Data for the redox series 3-7 are shown by red, blue, yellow,
magenta, and cyan diamonds with error bars; refer to S/ Appendix, Table $12, for all values and references. (D) UV-vis electronic absorption spectra of 1.1- 1074 M
toluene solutions of compounds 3 (red), 4 (blue), 5 (yellow), 6 (magenta), and 7 (cyan). Solid gray lines indicate spectra measured along the stoichiometric redox
comproportionation reaction between 3 and 5, which results in the formation of 4.
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Fig. 5. Spectroscopic and structural data for 3. (A) 2.5 K Mdssbauer spectrum recorded on a powder sample of 3 using a 7-T external magnetic field applied
parallel to the y-beam (hatched bars). A simulation is overlaid as a gray solid line, and the corresponding list of parameters is given in S/ Appendix, Table S3.
(B) Low-field region of the parallel-mode EPR spectrum of a 10-mM frozen toluene/cyclohexane (9:1) solution of 3 recorded at 6 K. (C, D) Difference electron
density map (-0.74 e/A3 (red) to 0.751 e/A3 (blue); iso-values in increments of 0.1147 e/A3) of a mean plane through the Fel-position before (C) and after (D)
applying the split model, highlighting the smoothing of the residual electron density upon refining the disorder. (E) Solid-state molecular structure of the
Fe4S4 unit in 3 at 100 K, containing three symmetry equivalent iron-atoms (Fe1 site with an occupancy of 0.797(8)) and one iron atom of the FelA site with
an occupancy of 0.203(8). The disorder described by the split model corresponds to a superposition of this locally ordered unit in four different orientations.

Distances are given in angstroms.

and Table S3 for the deconvolution and the parameter set, respec-
tively). Only site 1 presents positive hyperfine values, while sites
24 have negative values, in fair agreement with the spin align-
ment expected for a § = 4 ground state. The isotropic compo-
nents (4.1, -8.2, —7.4, —8.0 T) are between those determined on
the [FesS4]° cluster isolated with a NHC-based ligand (21) and
those of Av2. The effective magnetic moment, g presents a
value of 8.48 pp at 2 K, which is slightly lower than the expected
spin-only value of 8.94 pp for a nonet, and increases to 9.82 pg at
300 K (87 Appendix, Fig. S29), corroborating the S = 4 assign-
ment. Furthermore, the low field region of the EPR spectrum of a
frozen solution of 3 recorded in parallel mode exhibits two sharp
features with gvalues of 15.8 and 12.2. This agrees with the previ-
ous studies of [FesS4]° clusters with § = 4 ground states, leading
us to attribute these transitions to the ground state doublet
(M, +4) and the first excited doublet (A, +3) of the S = 4 mani-
fold, respectively (Fig. 5B) (13, 21, 42, 48).

Such a § = 4 spin state has been shown to give rise to a
structural distortion of the FesS4 core, resulting in three sym-
metrically equivalent sites and one inequivalent site (3:1 distortion)
(21). This appears at first sight to be incompatible with the single-
crystal XRD data recorded on 3 at 100 K, as the proposed

PNAS 2022 Vol.119 No.31 2122677119

tetragonal space group P42;c (no. 114) imposes a fully sym-
metrical Fe4S4 unit with a single Fe center in the asymmetric
unit. However, a close inspection of the difference Fourier
map for the single-crystal XRD data (S7 Appendix, Fig. S37)
revealed that a single ellipsoid in the position of Fel cannot
properly account for the observed electron density. Instead,
a description applying a split model using two partially occu-
pied Fe sites (Fel and FelA) proved to be superior, as
highlighted by the significant smoothing of the residual elec-
tron density in the difference Fourier map surrounding the
Fel position after applying the split model (Fig. 5C and D).
The final refinement, constraining the sum of the occupan-
cies to 1 and the isotropic displacement parameters for both
split positions to be equal, converges at an occupancy ratio
of 0.797(8):0.203 (8) at 100 K for Fel and FelA, respec-
tively. This Fel:FelA occupancy ratio of 80:20 is slightly
higher than expected for the S = 4 ground state, for which a
75:25 ratio should be adopted. Therefore, the evolution of
the site occupancies was determined from a series of meas-
urements performed at varying temperatures. The extrapola-
tion to 0 K gives an occupancy for Fel of almost exactly
0.75, as it is expected for a fully occupied S = 4 ground state
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(SI Appendix, Fig. S40; for further details, refer to the S/
Appendix). This is in line with the temperature dependence of the
effective magnetic moment, . which also shows a linear
decrease with lower temperature until ~15 K (S/ Appendix, Fig.
S29). FelA therefore corresponds to the antiferromagnetically
aligned iron site of the nonet spin state, which perturbs the tetrag-
onal symmetry (P42;c) of the FesS4 core due to magneto-
structural correlation. This results in a domain of Fe-Fe and Fe-S
distances in 3, ranging from 2.844(6) to 2.5804 (17) A and from
2.557(5) to 2.2877(8) A, respectively (Fig. 5F), being larger than
that of the NHC-based system (22) and similar to what had been
suggested based on computational and spectroscopic studies of the

all-ferrous FeP (SI Appendix, Table S13) (49, 50).

Conclusions

The solid-state structure and spectroscopic signature of
superreduced all-ferrous 3 confirms the broken-symmetry
S = 4 electronic ground state. This provides a decisive argu-
ment in long-standing debates concerning the fundamental
geometric and electronic structure of the hitherto elusive
[FesS4]° oxidation state encountered in natural FeS cubane
cofactors. More broadly, we found that the use of thiolate
ligands promoting the coordination of alkaline cations in the
vicinity of the cubane via the cation—m interaction enables
the synthesis of a complete redox series of biomimetic FeS
cubanes and their study by cyclic voltammetry. This illus-
trates the relevance of using K™ ions to mimic the stabilizing
H-bonding and a-helix dipoles found in natural systems.
The physiologically pertinent potential window observed
here for the reduction of the [FesS4]*" cluster to its all-
ferrous oxidation state supports the possible involvement of
[FesS4]° intermediates in the electron transfer pathway
between the FeP and MoFeP of nitrogenase in operando.
The redox series 3—7 enabled quantitatively uncovering fun-
damental relationships between the oxidation state of the
cubane, its Mossbauer isomer shift, and the volumetric
parameters of the Fe,S4 core. We expect these trends to aid
the assignment of oxidation states of FeS cubanes in the
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pursuing in-depth spectroscopic and theoretical analyses of
3-7, which should lead to a rational understanding of the
variation of their electronic structure.

Materials and Methods
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