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Iron-sulfur proteins are ubiquitous in nature, acting as electron carriers and catalysts. Hence, a plethora of
synthetic analogs has been prepared to serve as active site models. However, the physical properties and func-
tions of FeS clusters are substantially influenced by their interaction with the protein matrices and solvent media.
Deeper insight is obtained from studying the various synthetic FeS clusters with improved aqueous stability and
artificial protein maquettes, which have been prepared. This review examines the effect of aqueous media on the

stability and redox chemistry of biomimetic analogs and artificial [Fe4S4] proteins.

1. Introduction

Iron-sulfur (FeS) proteins constitute a large and diverse class of
proteins. Due to their ability to accept and donate single electrons, they
typically function as one-electron-transfer mediators in small redox
enzymes or as part of electron transfer chains in larger enzymes of res-
piratory and photosynthetic systems.[1,2] In recent years, new discov-
eries revealed their involvement in processes such as sensing molecular
oxygen and iron levels, DNA damage recognition, catalysis, stabilization
of protein structures, and regulation of metabolic pathways, and they
are increasingly recognized as targets for therapy and biotechnological
applications [3-10].

The first synthetic [Fe4S4] cluster was prepared in the 70 s by
Richard Holm. Ever since, these analogs have been used to elucidate the
molecular basis of the active sites of FeS proteins.[11] Furthermore,
synthetic FeS clusters have been utilized outside their biological scaf-
folds in an expanding number of areas, such as biomimetic materials,
redox mediation, and catalysis [12]. The structural diversity of synthetic
FeS clusters far exceeds natural FeS proteins and has systematically been
reviewed in various reports [13-15]. However, synthetic FeS clusters
generally suffer from poor solubility and stability in aqueous media, and
their exploration has largely been restricted to organic solvents.[16,17]
As the solvent used significantly affects the physical properties of FeS
clusters, efforts have been directed toward synthesizing water-stable
synthetic FeS clusters to obtain deeper insight into their electro-
chemical and spectral features. Furthermore, various biomimetic
structures and artificial FeS maquettes have been designed to simulate
their natural counterparts’ redox chemistry and functions, in which
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interaction with water is crucial. In this review, we summarize the
challenges in this endeavor and attempt to elucidate some key differ-
ences between synthetic and protein-embedded [Fe4S4] clusters. Albeit
FeS clusters of numerous nuclearities and their interconversion have
been described, this review focuses exclusively on the [Fe4S4] nuclearity
for simplicity [18].

2. Ligand substitution and protonation in organic solvents

Following the first syntheses of artificial [Fe4S4] clusters, Holm and
coworkers contributed many publications examining their properties
and reactivity. In these reports, they described the substitution of the
thioalkane ligands of the clusters [Fe4S4(SR)4] “R= ethyl (1) or tBu
(2)) with free thioaryls in acetonitrile, Fig. 1.[19-21] The resulting
spectral changes were observed by UV-Vis and 'H NMR. Kinetic ana-
lyses revealed that the tendency for the displacement of a thiolate ligand
roughly correlates with its pKa. Further, the substitution rates increase
upon adding acid. They proposed that the protonation of the coordi-
nated alkyl thiolate is the rate-limiting step, followed by the dissociation
of the alkyl thiol and coordination of the aryl thiolate.

In related studies, Henderson and coworkers examined ligand sub-
stitution reactions of various [Fe4S4(L)4] (L. = SR or Cl) clusters in
acetonitrile by UV-Vis.[22] Rather than using the thiols as both nucle-
ophile and proton source, they added the thiol nucleophiles as thiolates
salts and protonated lutidine (pKa 15.4 in acetonitrile) or pyrrolidin-1-
ium (pKa 21.5 in acetonitrile) as acid. The substitution rate increased
in all cases with higher acid concentrations. In contrast, a correlation
between the nucleophile concentration and reaction rate was only
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Fig. 1. Structures of [Fe4S4(SR)4] clusters susceptible to ligand exchange reactions.
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Fig. 2. Examples of [Fe4S4] clusters with partial stability in aqueous mixtures (p is p-cyclodextrin, and Biot is biotin).

observed for some clusters. Therefore, they suggested that depending on
the nature of the ligands, the substitution proceeds by a dissociative or
associative mechanism. However, in either case, protonating a neigh-
boring bridging sulfur atom (as opposed to the thiolato sulfur atom) is
hypothesized to be the major labilizing effect for the displacement of the
ligand. Using kinetic profiles, they determined the pKa of three
[Fe4S4(L)4] (L= SPh, SEt or Cl) clusters, all of which were between 18
and 19 (in acetonitrile).

More recently, the protonation of [Fe4S4(SC6H2iPr3)4]2’ (3) was
examined in acetonitrile.[23] The authors observed that upon adding
one equivalent of acid, the ligand (SCgHaiPr3)” was protonated and
dissociated from the FeS core. The free thiol was observed using NMR
and was thought to be replaced by a solvent molecule. Therefore, it was
suggested that the protonation occurs at the thiolato sulfur atom (as
opposed to the bridging sulfur atoms of the core). However, they did not
rule out the possibility that the proton initially bound to the bridging
sulfur atom and subsequentially migrated to the thiolato sulfur atom.
They reported a pKa of 14.4 in MeOH. In addition, cluster 3 was found to
undergo proton-coupled electron transfer, (see section 9).

However, the lack of unambiguous spectroscopic features challenges
the elucidation of protonated species. Spectral changes in the UV-Vis
upon protonation have been proposed, nonetheless, the features are

difficult to assign.[24] Further research will be necessary to gain further
insight into the protonation sites and dynamics of the [Fe4S4] clusters.

3. Solvent-assisted ligand dissociation and protonation in water

The stability and protonation of [Fe4S4(SR)4] clusters in water were
first examined by Bruice and coworkers. The aqueous degradation of
[Fe4S4(StBu)4]2’ (4) was studied as a function of pH in a 60:40 mixture
of N-Methyl-2-pyrrolidone and water by UV-Vis, Fig. 2. The kinetic
profiles revealed that the cluster exists as an acid-base pair with a pKa of
3.9.[25] Further, they suggested that two mechanisms are responsible
for the instability of the cluster in water. At low pH (below the pKa of the
cluster), the cluster is protonated and thereby becomes labile, whereas
at higher pH, the thiolate ligands can be exchanged for hydroxyl ions.
The addition of excess ligand prevents the ligand exchange reaction but
not acid-catalyzed hydrolysis. However, the protonation sites (sulfido
vs. thiolato sulfur atom) are not evident from these experiments.[26]
Further, they studied the base-catalyzed degradation of the water-
soluble cluster [Fe4S4(SCH2CHZCOO)4]6‘ (5) in the pH range 8.6 to
10.3 in the presence of a large excess of ligand (3-mercaptopropionic
acid).[27,28] A pKa value of 7.4 was determined. The general feature
that [Fe4S4(SR)4] clusters in aqueous solution are most stable under
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Fig. 3. Hydroxy-ligated [Fe4S4] clusters. a) Structure of [Fe4S4(LSB)OH]2’. b) Active site of aconitase.

slightly basic conditions and in the presence of excess ligand is also
qualitatively stated in other reports.[29-31].

However, the characterization of solvent-coordinated FeS clusters is
non-trivial. Only one example of a synthetic [Fe4S4] species with a hy-
droxy/aqua ligand has been reported thus far, coordinated with a tri-
functional cavitand ligand.[32] These tridentate ligands tightly
coordinate three of the iron atoms of [Fe4S4] cores.[33-35] The ligand
exchange reactions occur at the fourth Fe site, providing access to a
biologically very relevant 3:1 coordination pattern. Accordingly, treat-
ment of [Fe4S4(LS3)Cl]2’ (LS3 = (1,3,5-tris((4,6-dimethyl-3-mercapto-
phenyl)thio)-2,4,6-tris—tolylthio)benzene(3")) with LiOH in a miscible
water-organic solvent mixture led to the coordination of a HoO/OH™
ligand to the unchelated iron atom (6), Fig. 3a.[32] This species was
detected electrochemically and served as a model for the catalytically
active [Fe4S4]-containing enzyme aconitase, which catalyzes the
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isomerization between citrate and isocitrate, Fig. 3b. Its active site
consists of a [Fe4S4] cluster coordinated by three cysteine residues and
one OH" ligand, as observed by X-ray crystallography.[36] The (OH")-
bound iron atom serves as a coordination site for substrate-binding
during catalysis. However, the lability of the hydroxy ligand renders
the unique Fe site unstable. This feature is exploited in nature to inter-
convert the cluster between the active [Fe4S4] and inactive [FesS4]
forms [37].

To increase the solubility of [Fe4S4(SR)4] clusters in water, polar
groups can be installed on the mercaptide ligands. Several such struc-
tures have been reported, including [Fe4S4(SCH2CHOH)4] 2 (7), whose
aqueous stability has been studied by several authors. Under slightly
basic conditions, and in the presence of a large excess of ligand, cluster 7
spontaneously self-assembles from a mixture of the mercaptide ligand,
ferric chloride, and elemental sulfur.[38] However, in the absence of
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Fig. 4. [Fe,S4] metallopeptides based on the consensus sequence.
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Fig. 5. De novo [FesS4] protein maquettes. (15) Reprinted with permission from Ref.[50], Copyright 2018 American Chemical Society. (16) Reprinted with
permission from Ref.[52], Copyright 1997 Wiley-VCH. (17) Reprinted from Ref.[53], Copyright 2010, with permission from Elsevier. (18) Reprinted with permission

from Ref.[55], Copyright 2014 American Chemical Society.

excess ligand, the cluster readily degrades in purely aqueous media, as
observed with UV-Vis studies.[16] Dissolving the cluster in different
mixtures of water and dimethyl sulfoxide revealed that around 60%
dimethyl sulfoxide is necessary for the cluster to remain stable for >12h.
A very similar result was obtained for the cluster [Fe4S4(SCH,CH(OH)
CH;0H)41* (8) [39].

With other clusters of the type [FesS4(SR)4], it was shown that
adding surfactants can increase the aqueous stability.[31,40] It has been
proposed, that the decomposition of FeS clusters in the presence of
amphiphilic molecules is depressed due to the fact, that terminal thiolate
ligands that have dissociated from the core cannot escape the formed
micelles.[40] Another strategy is ligating the [Fe4S4] clusters with very
bulky and hydrophilic thiolate ligands that sterically shield the core.
Several [Fe4S4] clusters with thiophenol ligands linked to p-cyclodextrin
moieties (9) were synthesized and reported to be stable in phosphate
buffer up to 70-120 h.[41] However, Holm and coworkers synthesized a
set of very similar molecules, which were unstable at water contents
above 40% [16,42].

Our group recently reported the synthesis of a fully water-stable
[Fe4S4] cluster, relying on a bidentate 3,5-bis(mercaptomethyl)benzene
ligand linked to a biotin moiety (10).[43] We hypothesize that the
chelating nature of the ligand increases the aqueous stability of the
cluster, as the coordinating thiols remain in proximity of the FeS core in
the event of dissociation due to hydrolytic attack. Cluster 10 was stable
in a borate buffer containing 1% DMSO for >18 h.

4. Towards synthetic models of [Fe;S4] proteins
The first attempts to simulate the first coordination sphere of

[Fe4S4]-containing metalloproteins include the synthesis of [FesS4(N-
Ac-Cys-NHMe)4]2’ (11) by Holm and coworkers, Fig. 4 [21,44]. The
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cluster was reported to be stable in an 80:20 mixture of dimethyl sulf-
oxide and water. Its spectral and redox properties were examined, and it
was found to be the synthetic model, which most closely mimicked FeS
proteins at the time [45].

They continued their exploration to model FeS proteins by synthe-
sizing [FesS4] clusters ligated with the short peptides N-Boc-
GCGGCGGCG-CONHj; (additional tBuS™ ligand at the fourth iron atom)
(12) and N-Boc-GCGGCGGCGGCG-CONH; (13).[45] The sequence is
derived from the so-called consensus sequence CX3CX2CX,C, which is
the most common binding motif of the [Fe4S4] cores in ferredoxins (Fds)
(see section 6).[46] Clusters 12 and 13 were synthesized by reacting
cluster 2 with stoichiometric amounts of the corresponding peptide
ligand to afford the peptide-bound cluster and three or four equivalents
of liberated tBuSH, respectively. However, metallopeptides 12 and 13
were only stable in dimethyl sulfoxide solutions with a water content of
up to 20%. Adding five equivalents of benzenethiol led to the complete
extrusion of the FeS centers.

The first water-stable artificial [Fe4S4] cluster is coordinated by a
peptide consisting of 16 amino acids.[47] The amino acid sequence is
derived from the consensus sequence of Fd from P. aerogenes (CIAC-
GACQ). The authors used this motif to coordinate three out of the four iron
atoms of the [Fe4S4] core. The fourth cysteine, which in Fds is located
towards the C-terminus, is coupled to the consensus motif with a short
EGG linker, leading to the full sequence (NHy-KLCEGGCIACGACGGW-
CONHy) (14). The authors found the intervening amino acid residues
(between the coordinating cysteine moieties) to be crucial for the sta-
bility in water and reconstitution efficiency.[48].

Recently, Falkowski and coworkers have performed phylogenetic
analyses of various Fds and designed constructs containing two [Fe4S4]
binding sites.[49] For this purpose, they divided the consensus-based
binding sequences into N- and C-terminal fragments and created a set
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Fig. 6. Cysteine and glutathione-ligated [Fe4S,4] clusters.
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Fig. 7. Incoporation of [Fe4S4] cores into natural and synthetic proteins. (22) Reprinted from Ref.[66], Copyright 1997 National Academy of Sciences. (23) Adapted
with permission from Ref.[67], Copyright 2016 American Chemical Society. (24) Reprinted from Ref.[43], licensed under CC BY 4.0, published by American

Chemical Society.

of designed motifs. Asymmetric structures were generated by combining
the N- and C-terminal fragments, whereas the respective fragments were
duplicated for symmetric variants. One of the constructs was shown to
shuttle electrons through a designed metabolic pathway. Further, they
examined the backbone dihedral angles of the consensus motifs in
multiple Fds and found the backbone confirmations to alternate between
alpha-left and alpha-right.[50] This geometry was mimicked by a min-
imal de novo dodecapeptide with alternating L and D amino acids, which
can host a [Fe4S4] cluster by surrounding it (15), Fig. 5.

In contrast to the intrapetide coordination in Fds, the [Fe4S4] cluster
of the PsaA/PsaB heterodimer of the Photosystem I (Fx) is interpeptide-
coordinated.[51] Both subunits contain the conserved motif
CDGPGRGGTC and coordinate to the cluster with two cysteine residues
each. The first synthetic analog mimicking this coordination pattern is a
de novo four o-helical bundle.[52] The conserved sequence
CDGPGRGGTC was introduced into the interhelical loops 1 and 3 at the
structure’s apex (16).

In addition, several structures which do not rely on natural FeS
binding motifs have been reported. A de novo structure consisting of an
a-helical coiled-coil fold was designed to host an [Fe4S4] cluster within
the hydrophobic core of the bundle (17).[53] Ghirlanda and coworkers
utilized the design principle to synthesize a protein with two FeS centers
in a pre-organized manner, with the aim of constructing electron con-
duits for engineered redox enzymes (18) (see section 8) [54,55].

Recently, the exploration of [Fe4S4] clusters with cysteine as well as
short cysteine-containing peptide ligands has regained attention. The
cluster [Fe4S4(Cys)4]2’ (19) was found to self-assemble in mixtures of
iron and sulfide precursors and excess cysteine at a slightly basic pH,
Fig. 6 [56]. The authors claim that the assembly proceeded under real-
istic prebiotic conditions, which is intriguing from a perspective of the
evolution of FeS proteins.[57,58] However, besides the [Fe4S4(SR)4]

S

cluster 19, mono- and dinuclear FeS cluster species were observed in the
mixture. A similar result was obtained when different cysteine-
containing peptides were used for cluster assembly in a slightly
different setup.[59] The UV-light-driven synthesis of FeS clusters by
photooxidation of ferrous ions and the photolysis of organic thiols was
examined, whereby different di- and tripeptides served as sulfide source
and terminal ligand. UV-Vis and Mossbauer experiments revealed the
formation of mono- di- and tetranuclear FeS cluster species. Thereby, the
tripeptide glutathione (GSH) is of particular interest, as the dinuclear
cluster [Fe;So(GSH)»]1%™ (20) has been suggested to be involved in
cellular FeS cluster biosynthesis.[60-64] Further, it has been implicated
that the interconversion between cluster [FesSa(GSH)2]®~ 20 and
[Fe4S4(GSH)4]2’ (21) might contribute to the regulation of iron ho-
meostasis [65].

Further, [Fe4S4] clusters have been incorporated into synthetic and
natural proteins usually devoid of FeS centers. For instance, an [Fe4S4]
cluster has been situated in the hydrophobic core of thioredoxin from
Escherichia coli (22), Fig. 7 [66]. The authors identified four amino acid
residues via rational protein design algorithms, which were mutated to
cysteine, forming the primary coordination sphere for an [Fe4S4] cluster.
Similarly, a synthetic bacterial microcompartment shell protein was
identified to be capable of hosting an FeS cluster in its pores upon a
single serine-to-cysteine mutation (23).[67] In the trimeric unit, each
protomer provides one cysteine residue for coordinating one Fe site of
the cluster. The fourth iron site is coordinated by a hydroxide molecule.
Further, our group has incorporated cluster 10 into streptavidin in a
supramolecular approach, exploiting the high affinity of streptavidin for
biotinylated probes (24), [43].

Other developments in the field of artificial FeS metalloenzymes
include the design of mixed-metal clusters and multicofactor metal-
loproteins.[47,68-70] Heterometallic clusters serve as the active site of

Fig. 8. Close-up view of the active sites of a) IspG from Aquifex aeolicus (PDB: 3NOY), b) (R)-2-hydroxyisocaproyl-CoA dehydratase from Clostridium difficile (PDB:
303M), and c) glycerol dibiphytanyl glycerol tetraether — macrocyclic archaeol synthase from Methanocaldococcus jannaschii (representative of the radical SAM
superfamily) (PDB: 7TOM). Coordinating amino acid residues and external ligands are represented as color-coded sticks C: green, O: red, N: blue, Fe: orange, and

S: yellow.
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Fig. 9. Examples of [Fe,S4] clusters, which are reducible to the [Fe,S4]'" and [Fe,S,4]° states.

various highly specific and catalytically-efficient enzymes, including
nitrogenase and carbon monoxide dehydrogenase, and thus are partic-
ularly intriguing. Several reviews on this topic have been published
[15,71-73].

5. Alternative ligands

In a large set of biological [Fe4S4] metalloproteins, the FeS cores are
coordinated exclusively by cysteine residues. In fact, all biological FeS
clusters have at least one cysteine ligand, but other amino acids can
serve as ligands, i.e., histidine and, less commonly, aspartate, glutamate,
arginine, and threonine. Besides, non-amino acid ligands such as
glutathione or water can ligate the FeS core.[74] Strikingly, many
metalloproteins containing an [Fe4S4] active site with a labile (non-
cysteine) ligand or a three-coordinate iron site have unique reactivities,
including aconitase (3 Cys — 1 OH)[37,75], the isoprenoid synthesis
proteins (IspG and IspH) (3 Cys — 1 Glu)[76], (R)-2-hydroxyisocaproyl-
CoA dehydratase (3 Cys — 1 HpO/OH)[77], and the superfamily of
radical S-adenosylmethionine enzymes (SAM) (3 Cys — 1 SAM cofactor)
[78,79], Fig. 8. It has been postulated that such a 3:1 coordination
pattern with a non-saturated unique iron atom may be essential for
reactivity [80].

The selective mutation of a coordinating amino acid in a [Fe4S4]-
containing protein allows for elucidating the effect of the first coordi-
nation sphere ligands on the cluster stability and its redox potential. An
example is a study on Fd from Pyrococcus furiosus, which contains a
[Fe4S4] cluster coordinated by three cysteine and one aspartate residue.
[81] The cluster was found to assemble correctly when the coordinating
aspartate residue D14 was mutated to serine or cysteine, and the redox
potential decreased by 133 mV respectively 58 mV. In contrast, the
mutations D14V, D14H, D14Y, and D14N led to the formation of
[Fe3Sq4].

With the aim of synthesizing artificial [Fe4S4]-containing metal-
loproteins with non-cysteine ligated Fe sites, several FeS maquettes have
been modified by site-directed mutagenesis. However, in the case of
metallopeptide 14, the mutation of a cluster-bound cysteine residue to

histidine or aspartate led to much-decreased yields in cluster assembly.
[82] Further, the products’ EPR spectral parameters and redox poten-
tials were identical to a mutant with a (non-coordinating) alanine res-
idue in the same position. Therefore, the authors propose that the unique
iron atom is likely ligated by hydroxy ions or mercaptoethanol instead of
histidine respectively aspartate. The so-called chemical rescue of site-
modified [Fe4S4] clusters by coordination of an external ligand has
also been observed in mutants of natural FeS proteins.[83] The attempt
to replace a cysteine residue with leucine in a slightly adapted version of
helical bundle 18 led to forming an [Fe3S4] cluster instead of [Fe4S4].
[54,84].

Aside from the peptide-bound examples and cluster 6 (see section 3),
no synthetic cluster with ligands other than thiolates has been studied in
aqueous solutions to the best of our knowledge. In light of the fact that
the stability of FeS clusters in water is challenged by solvolytic substi-
tution reactions, [Fe4S4] clusters bound to ligands with less coordinating
power than thiolates are unlikely to prevent degradation.

6. Reduction of [FesS4] 2+ cores

Despite an increasing understanding of the diverse catalytic func-
tions of [Fe4S4] clusters, they are best known for their ability to facilitate
electron transfer. The rate of electron transfer and remarkably low
reorganization energy arise from the high covalency between the Fe and
S atoms and the strong delocalization of the electrons.[85] Two well-
established redox couples are used by [Fe4S4] proteins for electron-
shuttling processes. The FeS cores of Fds can adopt the redox states
[Fe4S412" and [Fe,S4]'t with potentials ranging from —250 mV to —450
mV.[1] On the other hand, high potential iron-sulfur proteins (HiPIPs)
use the couple [Fe4S4]3+/ [Fe4$4]2+ and operate between +100 mV and
+400 mV. The resting state of both protein classes is [Fe4S4]2+, while
the oxidation of Fds respectively reduction of HiPIPs are not biologically
active.

The so-called super-reduced state [Fe4$4]0 was first discovered by
Holm and coworkers with synthetic clusters in cyclic voltammetry (CV)
experiments.[44] This oxidation state was only observed in synthetic
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Fig. 10. Examples of [Fe,S,] clusters, which are oxidizable to the [Fe4S41%" and [Fe,S41*" states.

analogs until the 90 s when EPR studies showed that the FeS core of the
nitrogenase Fe protein (Fe protein hereafter) could be reduced to
[Fe4S4]° by treatment with two equivalents of methyl viologen.[86]
Ever since, much research has gone into elucidating the spectroscopic
properties and potential biological relevance of the super-reduced state
of the Fe protein.[87-92] Despite recent literature suggesting that it is
probably not physiologically relevant, its examination has yielded pro-
found insight into the unique electronic structure of the highly reactive
[Fe4S4]O species.[93] The [Fe4S4]O core can exist in two different spin
states (S = 4 or 0), and the potentials of the [FesS4] 0/1+ couples were
estimated at-790 mV (S = 4)[94] and -460 mV (S = 0)[86], respectively
(both pH 8). However, most [Fe4S4] proteins do not support the super-
reduced state. Besides the Fe protein, the activator protein of 2-
hydroxyglutarylcoenzyme A dehydratase (HgdC) is the only example for
which the [Fe4S4]° species has been reported [95].

Synthetic [Fe4S4(SR)4] clusters are typically isolated in their ther-
modynamically stable [Fe4$4]2+ state. First studies on their reduction to
the [Fe454]1Jr and [Fe484]0 states date back to the 70 s.[44] The
[Fe4S4]2+/ 1+ reductions were mostly reversible, whereas the [Fe4S4]H/
0 couples were irreversible. Soon thereafter, the isolation of a [Fe4S4]1+
cluster was achieved by treatment of [Fe4S4(SPh)4] 2- (25) with sodium
acenaphthylenide, Fig. 9 [96]. In contrast, all-thiolate ligated [Fe454]0
clusters could only be accessed transiently in electrochemical experi-
ments, exhibiting instability on the time scale of the CV experiments.
[97] A thorough investigation of the redox chemistry of a set of
[Fe4S4(SAr)4] clusters revealed that the [FesS41%+/1F potentials corre-
late with the Hammet parameter of aromatic substituents and that
electron-withdrawing groups lead to more positive potentials.[44,98]
Accordingly, the isolation of [Fe4$4]0 clusters was first achieved using
strong-field ligands, including cyanide (26)[99], CO (27)[100], or car-
bene (28)[101]. However, the substituent effect does not fully explain
the susceptibility of different [Fe4S4(SR)4] clusters to become unstable
in their super-reduced state.

Holm and coworkers investigated the solvent-induced [FesS,]%/1*
potential shift of cluster 7 by CV.[30] Increasing hydration shifted the
redox potential from —~929 mV in pure dimethyl sulfoxide to -509 mV in
pure water (pH 8.4) and the one of cluster 11 from -739 mV to —-489 mV.
The protic environment presumably stabilizes the [Fe4S4(SR)4]3' species
through charge neutralization, thereby increasing the redox potential.
However, the reduced [Fe4S4(SR)4]3’ species appear more susceptible
towards solvent-assisted ligand dissociation in coordinating solvents
than the corresponding dianion, as observed qualitatively in an elec-
trochemical experiment.[32] Differential pulse polarograms of the (3:1)-
type cluster [Fe4S4(LS3)Cl] 2 (29) were recorded, and it was found that
in dimethyl sulfoxide, the reduced [FesS41'" core loses the labile chlo-
ride ligand to form the solvated cluster [Fe4S4(LS3)(MeZSO)]2’, which
does not occur in solvents with less coordinating power such as aceto-
nitrile. However, the ligand dissociation could be suppressed with excess
chloride in the solution.

Hence, non-protic solvents are usually favored for accessing highly
reduced species to avoid hydrolysis.[98,102] Recently, the first all-
thiolate ligated super-reduced cluster [Fe4S4(SDmp)4]4’ (DmpS™ =

2,2",4,4" 6,6"-hexamethyl-1,1":3',1"-terphenyl-2-thiolate) (30) was iso-
lated, and the authors relied strictly on non-coordinating solvents.[103]
In the structure of cluster 30, redox-inert K™ atoms are integrated into
the assembly via cation—r interactions forming a neutral species. The
encapsulation of the K™ atom and the use of non-polar solvents pre-
sumably suppress the generation of ionic species or anion-cation pairs,
which are formed during the degradation of the cluster. Additionally,
the K* atoms might stabilize the negative charge on the sulfido and
thiolato sulfur atoms through Coulomb interactions, reminiscent of
NH---S hydrogen bonds in protein structures (see section 8).

The first example of a [Fe4S4]0 cluster that has been reduced to the
super-reduced state in water is cluster 5.[104] Sykes and coworkers
recorded its cyclic voltammogram in aqueous solution in the presence of
excess ligand and found a quasi-reversible [Fe4S4]2+/ I+ reduction at
-560 mV and a reversible [Fe4S4]1+/ 0 reduction at -950 mV (pH 8.5). In
spectroelectrochemical experiments, the high concentration of the
mercaptide ligand could stabilize the [Fe484]1+ state over the course of
10 min, whereas the [Fe4S4]° species could only be sustained for a
period of 1-2 min.

Hence, besides the substituent effect, several factors are crucial in
stabilizing highly reduced states, including the nature of the solvent,
internal electrostatic effects as well as the susceptibility of the ligand to
dissociate. Besides serving as molecular models for the redox processes
in FeS proteins, the reduction chemistry of synthetic [Fe4S4] clusters is
intriguing for catalytic purposes. The super-reduced [Fe4S4]° species are
of particular interest as they have been shown to activate several small
molecules, including N»2[105], NoHp [106], CoHp [107-109], HT
[109,110], and CO/CO2 [111-113].

7. Oxidation of [Fe4S4] 2+ cores

While the oxidation of Fd cores to [Fe454]3+ triggers the loss of an Fe
atom, HiPIPs use the [Fe4S4]2+/ 3+ redox couple to shuttle electrons.
[114] The FeS core of HiPIPs is buried in a hydrophobic pocket,
shielding it from the solvent and lowering the redox potential (see sec-
tion 8). The all-ferric oxidation state [Fe4S4] 4+ has not been observed in
biological systems thus far.[15].

Synthetic oxidized [FesS413" clusters were first detected electro-
chemically.[115] The cyclic voltammograms of various [Fe4S4(SR)4]
clusters in different solvents revealed that the stability of the [FesS4(-
SR)4]™ ion correlates inversely with the basicity of the solvent.[116] As
the oxidation state of the core increases, it becomes more susceptible to
nucleophilic attack. Accordingly, the oxidized [Fe;S413" species of
cluster 25 could only be accessed in non-polar solvents, including
dichloromethane and toluene but decomposed in coordinating solvents
such as dimethyl sulfoxide and acetonitrile on the CV time scale. Slightly
different results are obtained for clusters with bulky thiolate ligands,
which shield the core from solvents and counter cations. Sterically
demanding ligands lower the [Fe4S4]1%*/3" potential as the hydrophobic
cavity hinders charge neutralization of the more negatively charged
[Fe4S4(SR)4]2’ species.[17,117,118] Accordingly, the isolation of
[Fe484(SR)4]3+ clusters is restricted to examples with bulky thiolate
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Fig. 11. Comparison of redox potentials of synthetic [Fe4S4] clusters in organic solvent and in water, natural [Fe,4S4] proteins, and artificial [Fe4S4] peptides. 'From
Ref. [115], R = alkyl. 2Cluster 10 and metalloprotein 24 not included due to the different first coordination sphere.

ligands.[118] Cluster in the all-ferric [Fe4S4]4Jr oxidation state could
only be isolated with electron-rich ligands, including N
(SiMes3)2[119,120] (31) and Cp[121,122] (32) until recently when the
first all-thiolate ligated super-oxidized cluster [Fe4S4(SR)4]° was iso-
lated using the very bulky Tbt ([2,4,6-tris(bis(trimethylsilyl)methyl)
phenyl]) ligand (33) and relying exclusively on non-coordinating sol-
vents, Fig. 10 [123].

Due to their susceptibility to nucleophilic attack, oxidized [Fe4S4]
species are particularly unstable in water. The aqueous stability of the
cluster [Fe4S4(SAd)4] (34) in different oxidation states was examined by
Tanaka and coworkers.[40] In CV experiments, cluster 34 presented two
reversible redox events in dimethylformamide corresponding to the
redox couples [Fe4S412"/1* and [FesS41%/3*. The cyclic voltammo-
grams were also recorded after adding 3% water. The anodic and
cathodic waves of the [FesS4]%+/ 1+ couple appeared at a similar po-
tential as in dry dimethylformamide, suggesting that the [Fe4S4(-
SAd)4] 2 and [Fe4S4(SAd)4] 3~ jons are stable. In contrast, the waves of
the [Fe4S41%+/3* couple displayed large deviations, indicating that the
[Fe4S4(SAd)4]™ species undergoes hydrolysis. The decomposition of the
[Fe4S4(SAd)4]™ ion could be depressed by the presence of free AdSH in
water/dimethylformamide mixtures or by adding poly[2-(dimethyla-
mino)hexanamide] (PDAH) as a surfactant. No studies of the [Fe4S4]2+/
3+ oxidation in pure water have been reported to the best of our
knowledge.

8. Redox control in artificial Iron-Sulfur proteins and
biomimetic systems

The [Fe4S4]2+/ 1+ redox potentials of synthetic clusters in organic
solvents are substantially more negative than the ones of their biological
counterparts in water. As discussed in section 6, this effect arises partly
from the polarity of the solvent used. However, the potentials of Fds
typically lie in an even more positive range (=450 to —250 mV) than the
values of synthetic clusters in water (e.g., cluster 7: -509 mV; cluster 11:
-489 mV), Fig. 11. Denaturing Fds in water-solvent mixtures causes a
potential shift into the range of synthetic [Fe4S4] clusters, suggesting

% Bt

that redox chemistry is also governed by the protein structure.[30]
Thereby, important factors include solvent accessibility, hydrogen
bonds and dipoles from backbone amides in proximity to the cluster, and
electrostatic effects.[124,125] Several reviews on the redox control of
[Fe4S4] proteins have been published, and this section will focus on
studies of artificial FeS Proteins and biomimetic systems
[1,74,126-128].

All HiPIPs structurally analyzed to date have a very similar fold
around the buried active site, and large deviations are only found in
loops far away from the FeS center.[129] Comparable to synthetic
clusters with bulky thiolate ligands (see section 7), the hydrophobic
pocket in HiPIPs shields the [Fe4S4] core from solvent access and sta-
bilizes the oxidized [Fe4S4]3+ cluster. In a mutagenesis study of HiPIP
from Chromatium vinosum, it could be shown that the mutation of a
tyrosine residues to a polar amino acid near to the FeS core resulted in
faster hydrolysis and oxidative degradation of the cluster.[130] It is
suggested that the polar amino acid residues disrupt the hydrophobic
cavity, which usually protects the cluster from solvents. The [Fe4S4]1%"/
1+ couple of HiPIPs usually lies outside the physiological range. How-
ever, the potential of the [Fe4S4]2+/ 1+ couple from Chromatium could be
shifted to substantially more positive potentials in 70% dimethyl sulf-
oxide than in water, presumably due to the denaturation of the protein
and increased solvent-accessibility [131].

Gorman and coworkers synthesized a series of [Fe4S4] clusters with
benzenethiol ligands substituted with amphiphilic dendrimers.[132]
The redox potentials were measured in dimethyl sulfoxide-water mix-
tures, and the change in redox potential was compared to the non-
dendritic analog 25. A decrease of the [Fe4S4]2+/ I+ redox potential
with increasing water content was observed for both systems. However,
the shifts of the dendritically encapsulated clusters were much smaller
than for cluster 25. They hypothesize that the dendrimers create a hy-
drophobic microenvironment around the core, reminiscent of the
solvent-shielded active sites in HiPIPs.

In contrast, the reduced [Fe4S4] I+ state is stabilized in Fds, and in the
case of Hdgc or the Fe protein, even [Fe4S4]°. The crystal structure of the
Fe protein has been resolved in the redox states [Fe4S4]1+ and [Fe4S4]°.

SAr Z-Cys-Gly-Ala-OMe Z-Cys-G
A ~. Cve Gl Ala -Cys-Gly-OMe
/\'.:eF// s %£Cys-Gly-Ala-OMe Ng  ZCys-Gly-OMe
-~ —|—-Fe /\":el-:/—/_ P %
e —
}’—| ........ S./Fe\ / \SAr \ l I \ ‘ Fe I
"""" H ~5=|—Fe o
YN '\{ Pl ~s _Z-Cys-Gly-Ala-OMe Lo ‘ /Fe\ _Z-Cys-Gly-OMe
S e S
o \7// | |S
d Z-Cys-Gly-Ala-OMe Z.Cys-Gly-OMe
35 36 37

Fig. 12. [Fe4S4] clusters used to examine the effect of internal H-bonds.
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Table 1
Reported [FesS41%"/1" and [FesS41**/° redox potentials of synthetic FeS clusters
and metallopeptides in water (all potentials in mV vs. NHE).

[FesS41%+/1+ [FesS41 0 pH Reference

Cluster 5 -560 -950 8.5 [104]
Cluster 7 -509 8.4 [30]
Cluster 10 -146 -817 8.2 [43]
Cluster 11 -489 8.4 [30]
Peptide 14 -350 8 [47]
Peptide 15 -450 8.5 [50]
Peptide 16 -422 8.3 [52]
Peptide 18 -479 7.5 [54,55]
Peptide 24 -108 =317 8.2 [43]

Fe Protein -310 -460 8 [86]

[133] As expected, minimal conformational changes were observed in
both the protein backbone and the FeS core. Factors believed to
contribute to stabilizing the [Fe484]0 core in the Fe protein and Hdgc
include a large number of H-bonds to the thiolato sulfur atoms as well as
the high solvent accessibility of the FeS cores.[95,134] Additionally, the
clusters are located at the positive end of two N-terminal helix dipoles,
which might additionally support the highly reduced core.[95,135].
Aiming to simulate the NH---S hydrogen bonds to protein-embedded
clusters in a synthetic [Fe4S4] cluster, Nakamura and coworkers syn-
thesized a cluster with benezethiol ligands substituted with two
(NHOCMe) groups in the ortho positions (35), Fig. 12 [136]. The two
amide moieties were found to form NH:--S bonds to the thiolate moi-
eties, which results in a positive shift of the [Fe;4S41%"/1* and [Fe4S413"
Z* couples. Additionally, the hydrogen bonds protected the cluster from
thiolate ligand dissociation. Further, the group studied the redox prop-
erties of two [Fe4S4] clusters, which were ligated with the short peptides
Z-Cys-Gly-Ala-OMe (36) and Z-Cys-Gly-OMe (37) derived from Fd of
P. aerogenes.[137] The redox potential of cluster 36 in dichloromethane
revealed a temperature dependence, whereas the one of cluster 37 was
constant. In contrast, neither of the clusters showed a temperature-
induced shift in dimethylformamide. The authors surmised that the
backbone of alanine in cluster 36 forms an NH---S bond with one of the
thiolate moieties. However, the hydrogen bond is only supported in
solvents with low dielectric constants, such as dichloromethane.
Solomon and coworkers investigated the Fe-S covalency of two Fds
(from Bacillus thermoproteolyticus and Prococcus furiosus), two HiPIPs
(from Chromatium vinosum and Etothiorhodospira halophila I), and cluster
1 by K-edge x-ray absorption spectroscopy.[138] The Fe-S covalencies
had previously been shown to directly correlate with the redox potential
as weaker Fe-S bonds destabilize the oxidized state more than the
reduced state, thus raising the midpoint potentials.[139] Accordingly,
they found that both the iron-thiolato and iron-sulfido covalencies of
HiPIPs are much increased compared to Fds. To assess the effect of the
NH---S bonds from the protein backbone independently of the H-bonds
from water molecules, they subjected denatured HiPIP to the same
experiment, which led to a significant decrease in the measured co-
valencies compared to the native protein. In contrast, the lyophilization
of Fd led to an increase in Fe-S covalencies compared to the protein in
solution. From these findings, they surmised that hydration is the major
reason for the reduced FeS covalency in Fds. Similarly, they compared
the FeS covalency of the synthetic cluster 1 in acetonitrile, dime-
thylformamide, and N-methylformamide. While the dielectric constant
influenced the covalency only marginally (acetonitrile vs. dime-
thylformamide), switching from dimethylformamide to N-methyl-
formamide (H-bond donating) led to a substantial decrease. This
supports the hypothesis that H-bonds to the thiolate and sulfide moieties
substantially decrease the Fe-S covalency of the core. Thus, the Fe-S
covalency can be used as a probe for the electrostatic effects of the H-
bonds around a cluster. Accordingly, a linear correlation between redox
potential and Fe-S covalency was established based on a set of synthetic
FeS clusters. However, with this model, the midpoint potential of Fd of
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Bacillus thermoproteolyticus was estimated approximately 350 mV too
low. This discrepancy was attributed to non-local electrostatic effects
around the FeS core.

Also in artificial [Fe4S4] proteins, the protein environment leads to
substantial positive shifts of the [Fe4S41>™/1* potentials compared to
synthetic clusters, Table 1. The [Fe4S4]12/!" potential of protein met-
allopeptide 14 was measured to be — 350 mV (pH 8).[47,82] As ex-
pected, this value lies in the range of natural Fds, as the structure is
based on the consensus sequence of the Fd of P. aerogenes. In contrast,
the structure of maquette 16 is derived from the Fx cluster of Photo-
system I, which has the lowest known [Fe4S4]2+/ 1+ potential with a
biological role (=705 mV).[140] However, the [Fe4S4] 2+/1+ potential of
maquette 16 was measured to be —422 mV (pH 8.3)[52], which is sub-
stantially more positive than the natural counterpart. It is hypothesized
that the different solvent accessibility and H-bonding patterns in
maquette 16 are responsible for the more positive potential. The
[Fe4S41>™/1* midpoint potential of the de novo maquette 18 was
measured at —-479 mV (pH 7.5).[55] It was shown to transfer electrons to
oxidized cytochrome ¢, thus mimicking the function of natural Fds.
Furthermore, laser flash photolysis experiments suggest that the
oxidized maquette 18 interacts electronically with an excited porphyrin-
based photosensitizer.

Significant effects of the protein environment could also be observed
in CV experiments with cluster 10 and the artificial metalloprotein 24.
[43] The cyclic voltammogram of cluster 10 presented a reversible
[Fe4S41%™/1* reduction event with a half-wave potential of —146 mV in
aqueous borate buffer, followed by a second irreversible reduction at
—817 mV presumably corresponding to the [Fe4S4]1'*° couple. Upon
incorporation of cluster 10 into the protein scaffold and generation of
the artificial metalloprotein 24, the [Fe4S4]1%/1* couple shifted by +38
mV to —108 mV. However, the [Fe4S4]1+/ 0 reduction was even more
strongly affected, and a second reversible redox event centered at —317
mV was observed in the cyclic voltammogram of protein 24. It is hy-
pothesized that H-bonds from close-lying amino acid residues, and
potentially the preconfinement of the ligand by the protein scaffold, may
stabilize the [Fe,S4]° state, lowering the [FesS4]1*7° potential and
ensuring a reversible redox process.

In contrast, artificial metalloprotein 22 supports the [FesS4]%+/3*
oxidation, whereas the presence of reducing agents leads to the degra-
dation of the FeS center.[66] The redox potential could not be measured,
but a lower limit of +300 mV was determined by EPR studies. This value
lies within the range of HiPIPs. The low [Fe4S4]2+/ 3+ potential is
attributed to the hydrophobic environment of the core, the unavail-
ability of the backbone amides for H-bonds, and the orientation of the
amide dipoles around the cluster.

The remarkable redox activity of the de novo metallopeptide 15 ex-
emplifies the large influence that secondary interactions can have on
redox turnover stability.[50] The curved backbone effected by the
alternative L- and D-aminoacids provides stabilization of the cluster
through a hydrogen bond network, and the cluster withstands hundreds
of redox cycles. A [Fe4S41%*/1" redox potential of —450 mV (pH = 8.5)
was measured.

9. Proton-coupled electron transfer

In recent years, the propensity of FeS clusters to facilitate proton-
coupled electron transfers (PCET) has increasingly been recognized.
Besides its significance in fundamental biological processes, this feature
is intriguing for applications in organic synthesis, small molecule acti-
vation, and solar energy conversion.[141,142] Several classes of FeS
proteins have been reported to undergo PCET, including the 2 Cys/2 His-
ligated [FeySy] Rieske cluster[143], the 3 Cys/1 His-ligated [FexSs]
protein of MitoNEET|[144], and the 3 Cys-ligated [Fe3S4] cluster of Fd I
of Azotobacter Vinelandii[ 145,146]. Extensive studies of Rieske proteins
have highlighted the importance of the histidine ligand, which serves as
a proton carrier through the PCET process.[74] In contrast, the His-
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using a [Fe4S4]-based PCET mediator.[151].

ligated [Fe4S4] clusters of the large respiratory complexes are far less the [Fe4S4] cluster directly, Scheme 1.[149] Fourier-transform infrared
well-characterized. However, several all-thiolate ligated [Fe4S4] clusters spectroscopy revealed that the redox potential shifts by 55 mV per pH
have also been suggested to undergo PCET. unit (in the range pH 5-8), characteristic of PCET. However, some
In the multi-electron reduction of H' to hydrogen catalyzed by the controversy between the different models for the catalytic cycle persists.
[FeFe] hydrogenase, PCET steps are crucial elements of the catalytic [150].
cycle.[147] The active site of the [FeFe] hydrogenase consists of a Similarly, synthetic [Fe4S4] clusters can undergo PCET, including
cubane-type [Fe4S4] cluster covalently linked to a unique [2Fe] cofactor cluster 3, which has been examined in acetonitrile.[23] Upon adding
via a bridging cysteine ligand. During hydrogen reduction, the [Fe4S4]™ acid, the ligand (HSCgH,iPr3) dissociates from the [Fe4S4] cluster and is
cluster is reduced, and the electron is subsequently shuttled to the [2Fe] replaced by a solvent molecule. This species reacts with TEMPO to yield
cluster in a proton-coupled electronic rearrangement step.[148] the oxidized cluster 3 and TEMPOH, Scheme 2a. It is suggested that the
Thereafter, the [Fe4S4] cluster is reduced again, enabling the storage of reaction proceeds by PCET coupled to thiolate association. They also
the second electron needed for hydrogen turnover, which ultimately observed, that the reduced species [Fe4S4(SAr)4] 3~ reacts with TEMPO to
occurs at the [2Fe] cluster. Stripp and coworkers have suggested that the form [Fe4S4(SAr)4] 2~ and TEMPOH in the presence of one equivalent of
initial reduction of the [Fe4S4]1%" cluster is accompanied by a proton- acid. Further, Mougel and coworkers have recently utilized cluster 25 as
ation thereof, as opposed to other models in which the initial proton- a PCET mediator to facilitate electrocatalysis.[151] The [Fe4S4]2+/ 1+
ation takes place at an azadithiolate ligand of the [2Fe] cofactor.[148] potential of the cluster in acetonitrile shifted upon adding increasing
They have examined a cofactor variant, in which the protonation of the amounts of acid, and a pKa of 30.2 in acetonitrile was determined. The

diiron site is blocked, allowing them to address the redox chemistry of FeS-based PCET mediator promoted the generation of a [Mnl(bpy)

10
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(CO)3] hydride species, which selectively reduced CO5 to HCOOH,
Scheme 2b.

In an aqueous PDAH solution, cluster 34 exhibited a one proton per
electron-coupled event for the [Fe4S4]12t/1" as well as the [FeyS413/2"
couples.[40] The potential of the [Fe4S41%*/1* couple shifted by -65 mV
pH™! between pH 6.5 and 9, whereas the [Fe4S413t/%" couple shifted by
—75 mV pH! between pH 7 and 10, suggesting that cluster 34 is singly
protonated in the oxidation state [Fe4S4]2" at neutral to slightly basic
conditions. Upon reduction, the cluster is protonated a second time,
whereas its oxidation is coupled to deprotonation. Similar results were
obtained in studies conducted in aqueous micellar solutions and a
PDACA-water mixture.[152,153].

Further, PCET has also been suggested for an artificial FeS protein.
[154] A slightly adapted variant of maquette 14 (single alanine to
glycine mutation) exhibited a potential shift of -60 mV pH ™! between pH
7 and 9.3. The cluster decomposed below pH 7, however, an upper limit
for the pKa of the oxidized [Fe484]2+ center was estimated at 6.5.

10. Outlook

Synthetic iron-sulfur clusters have served as valuable models for
natural FeS proteins in the research of their geometry and spectroscopic
properties. However, some of the most fascinating properties of the FeS
cores are difficult to elucidate outside of their protein scaffold, including
the vast range of redox potentials as well as the catalytic properties.
Additional challenges are posed by the limited analytical access to
transient species and the susceptibility of the synthetic analogs to
degrade in aqueous media and under catalytic conditions. Further
research on water-soluble structures, site-differentiated syntheses, and
artificial protein structures, as well as the analytical tools to study these,
will be necessary to fully understand and exploit the properties of syn-
thetic [Fe4S4] clusters as electron shuttles, PCET mediators, and
catalysts.
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