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Fifty Years of Inorganic Biomimetic Chemistry: From the
Complexation of Single Metal Cations to Polynuclear Metal
Complexes by Multidentate Thiolate Ligands

Josef Taut,”® Jean-Claude Chambron,*® and Berthold Kersting*®

This article covers 50years of coordination chemistry of
transition metal complexes and metal-sulfur aggregates involv-
ing thiolate-incorporating ligands by reviewing selected exam-
ples. The studies in the coordination chemistry of sulfur-rich
ligands have been undoubtedly triggered and fed by the
concomitant development of bioinorganic chemistry, particu-
larly of iron-sulfur enzymes. The review is broken down in five

1. Introduction

Nature shows numerous examples of metalloproteins and
metalloenzymes that are found in all types of organisms, from
archae to eukaryotes, and that involve metal cations bound at
least to a thiolate ligand RS™, in general from a cysteine residue,
or to sulfide S*7, the latter playing the role of a bridging
monoatomic, dianionic ligand. Thiolate shows also a particular
ability to bridge several metal cations. Compared to other
biologically-relevant ligands, such as those based on oxygen
and nitrogen donor atoms, thiolate ligands are softer but
stronger electron donors, transferring higher electron density
on the bound metal cation, and the metal-thiolate bond has a
higher covalent character. Another pecularity of metal bound
thiolate is its ability to undergo protonation.!" Thiolate ligands
may also stabilize metal ions in high oxidation states. However,
due to their “non-innocent” character ligand-based oxidations
may occur, and this complicates the interpretation of the
observed redox properties.>¥ Metal-thiolate complexes often
display intense colors due to allowed thiolate-to-metal charge
transfer transitions.”! The formation of aggregates or polymers
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sections, which examine complexes of increasing nuclearity,
including binuclear complexes based on compartmental macro-
cyclic ligands. We show also how ligand engineering has
allowed the researchers in the field to control the nuclearity of
the complexes, which was a particularly difficult task for sulfur-
based ligands, as thiolates show a strong tendency to
coordinate to more than one metal cation at once.

with poor solubility and lack of integrity is often seen in the
chemistry of simple alkyl thiols.”’ This drawback can be avoided
by utilising sterically more demanding ligands such as thiophe-
nols with alkyl groups in the ortho-positions to the sulfhydryl
function. Juxtaposing the thiolate donor atoms together with
additional donor atoms (which block open coordination sites)
within a macrocyclic framework is also a powerful strategy to
control the nuclearity of the resulting complexes.®™” Most
thiolate ligands are sensitive to oxidation by air oxygen,
particularly in their deprotonated state, and this often hampers
working with thiolate ligands. Use of appropriate methods
(glovebox, Schlenk techniques) that guarantee O,-free condi-
tions is necessary in order to avoid the unwanted formation of
the various oxidation products (disulphide, sulphenate or
sulphinate).® The consequence of these characteristics of the
metal-sulfur bond is its involvement in metalloproteins showing
a large diversity of functions, such as: Cu and Zn transport and
storage, toxic metal (Cd) sequestration and removal by
metallothioneins;”® electron transfer by ferredoxins (proteins
containing iron-sulfur clusters) and cupredoxins (proteins
containing a type | copper center)."” Other metalloproteins are
involved in the catalysis of many biochemical reactions, most of
them using small molecules: redox catalysis, such as in the case
of dihydrogen (redox processes involving H,/H™ performed by
hydrogenases),"" dioxygen (O, reduction to superoxide and
monooxygenase activity by cytochrome P450),'? superoxide
(dismutation into hydrogen peroxide and oxygen by nickel
superoxide dismutase),™® carbon monoxide (concomitant oxy-
dation of CO to CO, and reduction of an electron acceptor by
water performed by carbon monoxide dehydrogenase),"”
nitrous oxide (reduction of N,O into dinitrogen by nitrous oxide
reductase),”” and dinitrogen (reduction of N, into ammonia by
nitrogenases);"® Lewis acid catalysis, such as in the case of the
conversion of nitrile into amide (Fe or Co nitrile hydratase)"”
and oxydation of alcohols to aldehydes and ketones (Zn alcohol
dehydrogenase),'¥ just to mention a few. Unsurprisingly, most
of the redox processes catalyzed by sulfur-rich metalloenzymes
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are reductions combined with proton transfer processes. We
shall examine now in more detail the active centers of the
metalloproteins exhibiting the highest sulfur-to-metal ratio, that
is, those containing [Fe—S] clusters. These include the various
ferredoxin electron transfer proteins, but also metalloenzymes
involving [Fe—S] clusters, such as the nitrogenases,"® or metal-
loenzymes involving a [Fe—S] cluster in the proximity of a metal
complex subunit in a mixed thiolate environment, such as the
hydrogenases,""” acetyl coenzyme A synthase (ACS) and carbon
monoxide dehydrogenase. In addition, hydrogenases and
nitrogenases are very important metalloenzymes as far as the
hydrogen economy is concerned. The hydrogenases represent
the solution nature has found to use dihydrogen as a molecular
reductant; the nitrogenases, which can work as hydrogenases in
the absence of dinitrogen,® perform the reduction of
dinitrogen into ammonia, one of the sources of nitrogen for the
synthesis of aminoacids, in very mild conditions, while the
industrial production of ammonia relies on the extremely
energy consuming Haber-Bosch process. Therefore, in a period
where it is time to switch from an oil-based economy to an
electricity-based economy, it would be very important to mimic
nature.””

In iron-sulfur proteins the [Fe—S] aggregates or clusters are
held by the thiolate residues of several of the cysteine amino
acids that are part of the backbone of these proteins (Figure 1).
If we except the case of mononuclear rubredoxin®” (Figure 1a),
in which the Fe’" cation forms a complex of tetrahedral
coordination geometry with the thiolate residues of four
cysteine amino-acids, which can be formulated [Fe(Cys),]*", the
smallest iron-sulfur active sites are those of the dinuclear
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ferredoxins® and the Rieske protein,”® which correspond to

the formulae [Fe,S,(Cys),)] (Figure 1b) and ([Fe,S,(Cys),(His).)],
respectively. In each complex the metal centers display a
tetrahedral coordination geometry. As a result, the central plane
formed by the [Fe,S,] diamond is orthogonal to the side planes
defined by the cysteinyl sulfur atoms and the iron cation they
are bound to. Ferredoxins'” as well as the HiPIP (High
reduction Potential Iron-sulfur Protein),*” also contain [Fe,S,]
aggregates. The iron-sulfur clusters have a highly deformed
cubic structure the vertices of which are occupied alternatively
by the Fe cations and the sulfide dianions (Figure 1c). The
roughly tetrahedral coordination sphere of each Fe cation is
completed by the thiolate residue of a cysteine amino acid.
HiPIP and ferredoxins are electron transfer proteins, which can
be found in the protein machinery of bacterial and plant
photosynthesis. There are also [Fe,S,] aggregates that are part
of metalloenzymes, i.e. metalloproteins performing a chemical
transformation, such as quinolinate synthase,” and nitrite™
and sulfite”” reductases, just to mention additional enzymes.
Noticeably, in the latter, one of the four iron cations is
connected to the Fe center of the so-called siroheme through a
sulfide bridging anion, which makes it different from the three
others. Other examples of low nuclearity metalloenzymes are
the already mentioned hydrogenases that reduce two protons
into dihydrogen and vice-versa (Figure 1d)."”! The active site H
of the hydrogenases contains two metal cations, both iron in
[FeFe] hydrogenases,™ a nickel and an iron cation in [NiFe]
hydrogenases (Figure 1Th).”” The coordination sphere of the
Fe?™ cation is completed by two cyanide anions and carbon
monoxide. In the resting state (Ni-Sl,) of the [NiFe] hydro-
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Figure 1. Schematic structures of the active centers (charges omitted) of (a) mononuclear (b) dinuclear and (c) tetranuclear ferredoxins, (d) the [FeFe]

hydrogenase from Clostridium pasteurianum,*”®

nitrogenase of Klebsiella pneumoniae,*'¥ and the (g) M cluster (FeMoco) of the nitrogenase from Azotobacter vinelandii.

genases the Ni*™ cation is bound two four cysteinyl thiolates,
two terminal ones and two that hold the two metal cations
together. This state is able to trigger the heterolytic cleavage of
H,, producing the state Ni—R in which the metal cations are
further bridged by the hydride anion. The initial Ni-SI, state is
restored after release of two protons and two electrons.
Noticeably, in the [FeFe] hydrogenase, the cysteinyl thiolate
bound to one of the Fe atoms is also connected to an [Fe,S,]
cluster, which makes the {[Fe,S,]S(cys)}- ensemble a redox
variable metallothiolate ligand. Similar metallothiolate ligands
are also involved in metalloenzymes such as acetyl coenzyme A
synthase and carbon monoxide dehydrogenase.™ In ACS, the
catalyst for the CO/CH; coupling reaction is multimetallic (A
cluster) and can be formulated as [N2S2]Ni4M’,S(cys)[Fe,S,], the
[N2S2]Niy playing the role of a complex-as-ligand for M,
(Figure 1e).”” Depending on the origin of the enzyme, M', was
identified as Cu” or Zn" in an [(u-S);L] tetrahedral geometry (all
three p-S™ thiolate provided by a metal-bound cysteine,
including two from [N2S2]Ni), or Ni" in a [(u-S);L] square-planar
geometry. Chelation of the single metal cation M found in the
active sites of ACS and carbon monoxide dehydrogenase
through thiolate sulfur and amido nitrogen is secured by the
tripeptide sequences Cys-X-Cys, where X=glycine and M=Ni.
The [N252]M complex subunit is also found in the active site of

Eur. J. Inorg. Chem. 2023, 202200739 (3 of 24)

(e) the acetyl-CoA synthase from Carboxydothermus hydrogenoformans,**® (f) the P (PN state) cluster of the

i [32)

nitrile hydratase (X=serine; M=Co or Fe), which lacks a
proximal [Fe,S,] cluster.

We shall now focus on nitrogenases, in particular the
molybdenum nitrogenase, which represents another example
of reducing enzyme, but at a more complex level, as it converts
dinitrogen into ammonia (the so-called fixation of N,), which is
a6 H", 6 e process."®" Nitrogenase is particularly relevant
because of the diversity of iron-sulfur clusters, in particular of
higher nuclearity than four it involves. Nitrogenase is a complex
of two proteins: The “Fe protein” in which an [Fe,S,] cluster
bridges a protein dimer, each component incorporating a
nucleotide triphosphate hydrolase;*'"™ the “MoFe” protein, an
a,p, tetramer, each aff subunit incorporating two high
nuclearity [Fe—S] clusters. The P cluster (Figure 1f) can be
considered as resulting from the fusion of two [Fe,S,] clusters
that share a sulfide vertex. Two iron cations of each [Fe,S,]
subunit that are directly bound to the shared S*~ anion are, in
addition, bridged by a cysteinyl thiolate residue, therefore the P
cluster is held by the protein through six cysteinyl thiolates. The
role of the P cluster is to convey electrons from the Fe protein
to the M cluster (FeMoco). In this context, it is important to
note that the topology of the cluster changes with is oxidation
state, as in the P° form two Fe—S bonds of one of the [Fe,S,]
subunits are disrupted by comparison with the all-ferrous P"
form.2'd The M cluster (Figure 1g) is the catalytic site of the
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metalloenzyme, where the reduction of dinitrogen to ammonia
takes place. It differs in many points from those examined until
now, in particular by the fact that, in addition to the iron, it
contains a Mo cation. It can be described as the result of the
fusion of a [Fe;S;] cluster and a [MoFe,S;] cluster at a central
atom, which was relatively recently identified as a carbide
anion.®? The distal Fe and the Mo cations occupy the vertices at
the extremities of the cluster and are the only cations bound to
the protein through a cysteinyl sulfide for Fe and an histidinyl
nitrogen for Mo. In addition to being bound to C*~ the six
central iron cations are connected pairwise by S*~ bridges. It is
important to note that, whereas the structure of the P cluster in
the P" state could be reproduced synthetically,*® the M cluster
resisted so far all attempts of synthesis of structural analogues,
and, in spite of a plethora of experimental and theoretical
studies, a complete, fully accepted mechanism is still awaited.®"

This very short overview on natural iron-sulfur aggregates
found in metalloproteins shows that one of the roles of the
protein is that of a multidentate ligand, mainly thiolate
(cysteinate) in the present case. This is particularly true in the
case of metallothioneins. Besides providing an environment
with suitable properties in terms of hydrophobicity/hydro-
philicity, acid/base and redox properties, another role of the
protein is to position the active sites at the right distance and
the right orientation.? Biomimetic chemistry aims at modelling
the structure and the function of metalloproteins by focusing
on the active site, using synthetic multidentate ligands that are
able to provide the same coordination environment as the
protein. As examples among the very large body of works in
this area we shall only mention the pioneering works of Holm
on the [Fe-S] clusters.”® By contrast, the complexation of a
single metal cation by thiolate ligands was not an easy task,
because of the high propensity of thiolates to act as bridging
ligands. Therefore, several strategies were devised in order to
force the thiolate to coordinate only one metal center. These
approaches are discussed first (section 2). Then we shall
examine model complexes of increasing nuclearity: Binuclear
systems are examined both in sections 3 and 4, the latter
focusing on macrocyclic systems, which was a very fruitful and
efficient approach to the controlled formation of [M,S,] motifs.

t-Bu

t-Bu t-Bu

i) £-BusCgHoSH, n-BuLi

In section 5 the historical development of the coordination
chemistry of the [Fe,S,] clusters is presented with emphasis on
the subsite differentiation of one Fe atom with respect to the
remaining three. The success of the biomimetic approach relied
on the development of preorganized ligands featuring three
thiolate donors. In the end of this section, we provide one
example of the strategies for making high nuclearity [Fe—S]
clusters, like those found in nitrogenases. Finally, section 6
shows several examples of metal-thiolate aggregates of
nuclearity greater than four that are incorporated in macro-
cycles or are stabilized by several macrocycles or metallamacro-
cycles.

2. The Complexation of a Single Metal Cation
by Thiolate Ligands

Basically, two directions were taken for the design of suitable
thiolate ligands for the coordination of a single metal cation: (i)
sterically-hindered monodentate or bidentate ligands; (ii) small
tripod ligands.

2.1. Sterically-hindered monodentate thiolate ligands

An alternative to small tri-thiolate ligands for the formation of
low coordinate Fe"” complexes was investigated by Power and
coworkers, who used sterically hindered arylthiolates by 2,6-
substitution. While this substitution does not prevent the
formation of binuclear complexes involving bridging arylthio-
late ligands, such complexes can be used as precursors for the
generation of tricoordinate arylthiolate Fe"” complexes. Accord-
ingly (Figure 2), reaction of [Fe,(SC¢H,-2,4,6-(t-Bu);),] 1 with
2 equiv. of 2,4,6-(t-Bu);CeH,S™, followed by the addition of
PPh,Cl afforded the mononuclear anionic complex (PPh,)[Fe-
(SC¢H,-2,4,6-(t-Bu););s] 2 in which the Fe?' cation exhibits a
slightly distorted trigonal planar geometry with idealized G,
symmetry for the Fe(SCy,,); array. Mdssbauer spectroscopy
studies indicated that the trigonal planar [Fe(SAr);]~ could be

t-Bu _|9
\Qt-Bu

: - - B t-Bu
t+-Bu Lo FBu Toluene, r. t. U S i@/ PPh4®
. Fe— - Fe—

—Fe
T, e
t-Bu t-Bu

ii) PPh,PCI

/ t-Bu

t-Bu £Bu

t-Bu
2

Figure 2. Rearrangement of a dinuclear Fe" complex with four sterically hindered arylthiolate ligands including two bridging ones into a mononuclear Fe tri-

thiolate complex.®”
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distinguished from tetrahedral [Fe(SAr),]*~ analogues on the
basis of its smaller quadrupole splitting at temperatures
<100 K"

The concept of sterically-hindered monodentate thiolate
ligands was also exploited by Millar and Koch to synthesize
[Fe™(SR),]~ complexes as models of the oxidized form of the
[Fe(S-cys),] center of rubredoxin without oxidation of the
thiolate to disulfide.®™ As a matter of fact, the use of thiolates
such as those derived from 2,3,5,6-(Me),CHSH and 2,4,6-(i-
Pr);C¢H,SH allowed these authors to isolate the corresponding
complexes in high yields. Remarkably, the D,y symmetry of the
[FeS,] core in the X-ray crystal structure of [Fe(2,4,6-(i-
Pr);C¢H,S).] 3 is a characteristic of the [FeS,] cores of rubredox-
ins, as shown by the analysis of the X-ray crystal structures of
five different rubredoxins (Figure 3).

2.2. Sterically-hindered dithiolate chelates

Holland and coworkers reported the meta-phenylene bridged
bis-(o-thiophenolate) chelate L1>~ in which the sulfur atoms are
flanked by bulky 2,4,6-tri(isopropyl)phenyl substituents in order
to isolate complexes of 1:1 stoichiometry only (Figure 4).5%
Accordingly, the complex [Fe™(L1)(THF),] could be isolated and

i-Pr oo

i-Pr
i-Pr ‘P
iPr S e
Si-Pr
i-Pr " Fe
| \ i-Pr
i-Pr i-Pr
i-Pr
i-Pr
3

Figure 3. View of the molecular structure of the synthetic model of a
rubredoxin metal center.*®

[Fe!'(L1)(THF),]

[Fe'(L1)(L2)]”

was shown to react with the arylthiolate L2~ to provide
[Fe®(L1)(L2)]” in which Fe" is three-coordinate and weakly
interacting with the benzylene bridge. As a matter of fact, it
picks up a THF molecule reversibly, which, in association with
the thiolate binding sites of L1>~ and L27, complete the
expected tetrahedral coordination sphere. Upon 2e™ reduction
of [Fe™(L1)(L2)(THF)]~ by KC; under a dinitrogen atmosphere at
low temperature, L2” is released and the Fe complex
[Fe®(L1)(N,)]*", in which the Fe atom is n*coordinated to the
m-phenylene bridge, is obtained. Such a reaction sequence is
remarkable as far as it supports one of the hypotheses for the
binding of dinitrogen to the FeMoco. In this model, reduction/
protonation of the cofactor releases one of the bridging sulfide
as a monodentate hydrosulfide, which is followed by apical N,
binding and Fe binding to the central carbide atom. Later, these
authors showed that the 2e™ reduction of either [Fe(L1)(L2)]™ or
[Fe"(L1)(THF),] at low temperature afforded [Fe®(L1)]*", in
which the Fe atom is n’-coordinated to the m-phenylene
bridge."” This complex further reacted with dinitrogen to afford
[Fe(L)(N)I*.

2.3. Small tripod tri-thiolate ligands

Koch and coworkers synthesized the o-thiophenol analogue of
tribenzylamine (L3H,), and showed that L3~ could encapsulate
an Fe?™ cation in a distorted tetrahedral environment, the
distance between the plane of the three sulfur atoms and Fe?*
being 0.51 A (Figure 5)."

Later on, they prepared the triphenyl-substituted phosphine
L4H,."*? They made the anionic Ni" and Fe"” complexes of L4,
and showed that the metal cations in these complexes could
pick up a molecule of carbon monoxide, which was bound in
the apical position, trans to the bridgehead phosphorus atom,
the resulting pentacoordinate metal cation having the trigonal
bipyramidal geometry. The authors noted that the coordination
of CO in the axial position in the complex could be the result of
the structural constraint exerted by the tripod ligand. In a
related work,™ they showed that the Fe" complex of the
unsubstituted analogue L5H; of L4H; could pick up either CO

2 (K@18C6)2®
o 20
(i) KCg (2.4 equiv) 'PT N i-Pr
N, (1 atm)
THF, —70 °C
(i) 18C6
THF, —40 °C

[FeX(L1)(N)I*

Figure 4. Sequence of reactions starting from a Fe"” complex with a bi(arylthiolate) chelate leading to an Fe® dinitrogen complex in which the iron is 1

coordinated to the m-phenylene bridge.*”
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Figure 5. Examples of iron complexes of tripod tri(arylthiolate) ligands in which the metal cation is coordinated to the bridgehead N or P atom.

or cyanide or both, and could be oxidized in both cases to the
Fe"™ state. At that time, these compounds were the first
examples of Fe" thiolate complexes with CN~ and CO, and their
relevance to the mimicking of [NiFe] hydrogenases was
mentioned.

The V" complex [V(PC¢H;-3-Me;Si-2-S);Cl1~ 10 (Figure 6)
was shown to catalyse the reduction of hydrazine to ammonia
in acetonitrile in the form of the V" active species [V(PC¢H;-3-
Me;Si-2-S);(CH;CN)]™ 11, obtained by one e~ reduction by
[Co(Cp),], and in the presence of a source of protons (2,6-
lutidinium chloride).®¥ A maximum of 5 equivalents of
hydrazine could be reduced nearly quantitatively, a larger
excess of hydrazine saturating the coordination sphere of V". It
must be noted that the use of a complex lacking the TMS
substituents ortho to the thiolate did not perform this
reduction, because the V"/V" redox potential in this complex
was much lower than in the former. As a consequence, V"
could not be reduced to V" by [Co(Cp),]. Similar observations
were done upon using the Fe" complex [Fe(PC¢H;-3-Me,Si-2-
S);(CH;CN)I™ 12, for which the X-ray crystal structures of the
hydrazine and ammonia adducts were obtained.””

) CoCp2
.

Me;Si Me;Si

10

)20

[Fe(L5)CNJ*

[Fe(L5)(CO)(CN)I*

[41-43]

2.4. Tripod ligands based on cysteinate binding units

Delangle and coworkers reported a series of tripod ligands L6-
L9 deriving from the nitrilotriacetic acid platform and three
cysteine binding sites (Figure 7).* They showed, by EXAFS
analyses, that only the ester and amide ligands L6 and L7 could
stabilize mononuclear Cu” complexes in a C;-symmetrical
trigonal planar coordination geometry at low Cu" concentra-
tion, the corresponding log K being 19.2 and 18.8, respectively.
Remarkably, the selectivity of Cu® vs. Zn" binding was large (8-
9 orders of magnitude), which is quite interesting as Zn" is a
strong competitor of Cu” in cells. In addition, these ligands
better fitted the smaller size of Cu” by comparison with Hg".
As shown by EXAFS experiments, the [Hg"'L6]~ and [Hg"L7]~
complexes showed three different Hg—S distances, and there-
fore departed from the true C; symmetry of the Cu” complexes.
At high Cu" concentration the mononuclear complex was in
equilibrium with an aggregate of (Cu,L6); stoichiometry, and in
the case of L8 and L9, only Cu” aggregates could be detected.
Again, EXAFS investigations were used to determine the
interatomic Cu--Cu and Cu-S distances, which were shown to
be similar to those found in copper proteins such as metal-
lothioneins (MTs).

j@ Me —I@
I
N
l ()
. — e\—
SiMes Me3S|: ( | SiMes
R |
11 12

Figure 6. A V" and a Fe” complex with a tri(arylthiolate) tripod including a phosphorus bridgehead atom. The iron complex also binds a hydrazine

molecule *#
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Figure 7. A Cu"” complex with a tripod ligand incorporating cysteinate binding units.

2.5. Sterically-hindered tripod ligands with thione donor
atoms

Parkin and coworkers have introduced the thione analogue of
the tris(3-tert-butylpyrazolylhydroborato) tripod ligand, which is
obtained by deprotonation of the tris(2-mercapto-1-R-
imidazolyl)hydroborato (L10) tripod. They have shown that this
ligand was effective at stabiliziing monomeric tetrahedral zinc
complexes. They used it to study Zn" complexes in a sulfur-rich
coordination environment in order to model the active sites of
certain zinc enzymes (Figure 8).4! For example, in 5-amino-
levulinate dehydratase (ALAD), which catalyses the asymmetric
dimerization of 5-aminolevulinic acid (ALA) to porphobilinogen,
one of the Zn?" ions of the active site is bound to three
cysteinate and a water molecule.” Therefore, the isolation of
the complex [L10"™Zn(OH)] and the release of a water molecule
in the presence of acid are quite significant in this respect.
These authors also showed that L10™ could allow them to
prepare tetrahedral Zn™ complexes with four sulfur ligands,
which mimicked the reactivity of the active site of the Ada DNA
repair protein (a tetrahedral [Zn(Cys),]).*”®" Using N-phenyl-2-

46]

prepared the complex [L10”Zn(SCH,C(O)NHPh)] and showed
that it readily reacted with an alkylating reagent (methyliodide)
to release the thioether. Moreover, the X-ray crystal structure of
the complex [L10”Zn(SCH,C(O)NHPh)] gave evidence of an
intramolecular NH--S™ hydrogen bond between the amide
proton and the thiolate sulfur of the substrate. This observation
is highly significant, because it has been postulated that NH--S™
hydrogen interactions provide a mechanism to modulate the
reactivity of the zinc-cysteine thiolate moiety in the Ada DNA
repair protein.

2.6. Complexation of Fe(ll) in an octahedral geometry with
nitrogenase substrates in a sulfur-rich environment

In a seminal work, Sellmann and coworkers designed a mixed
thiolate/thioether/amine pentadentate ligand L11*7, which
provided Fe" with a square pyramidal geometry, the four sulfur
atoms lying in the basal plane.”® They could prepare the
complex [Fe(L11)(NH,NH,)], in which the sixth coordination
position was occupied by hydrazine, the product of the four-

mercaptoacetamide as substrate and fourth ligand they electron reduction of dinitrogen (Figure 9). This complex had an
_Ph N,Ph _Ph
. ¢ .
N’g N/g N/&
/ AN / AN H Mel/CDCls AN
H—B\N _ —OH H—B\N _Zn— N-Ph . > H—B\N A
\/N/ '\/N/ o) - e \\/N/
N Fh N Ph O SMe N a
QS Y QS
N\ N\ N\
Ph Ph Ph
[L10P"Zn(OH))] [L10P"ZNn(SCH,C(O)NHPh)] [L10P"Zn(1)]

Figure 8. Tetrahedral Zn" complexes in a sulfur-rich environment mimicking the active sites of 5-aminolevulinate dehydratase ALAD ([L10”"Zn(OH)]) and Ada
DNA ([L107"Zn(SCH,C(O)NHPh)]).*"*!
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Figure 9. Complexation of hydrazine to Fe" in a sulfur-rich coordination environment and oxidation of bound hydrazine to diazene resulting in a diazene-

(] [48]

bridged, dinuclear Fe™ complex.

unprecedented reactivity, which was not observed so far
elsewhere: Its air oxidation let to the formation of the binuclear
Fe" complex [(L11)Fe(NHNH)Fe(L11)] in which two Fe(L11)
subunits are bridged by diazene, the product of the two-
electron reduction/oxidation of dinitrogen/hydrazine. Interest-
ingly, the X-ray crystal structure of [(L11)Fe(NHNH)Fe(L11)]
showed bifurcated hydrogen bonds between the diazene
protons and the bound thiolate sulfur atoms.

2.7. Tri-thiolate ligands from a protein

Pecoraro and coworkers have designed and synthesized a;DIV,
a single peptide chain deriving from the known oD, which is a
de novo designed three-helix bundle protein."*® o,DIV differs
from a;D by the fact that three cysteines have been placed at
chosen locations in each of the antiparallel three helix
bundles.*” The authors established first that o;DIV was well-
folded and stable in solution, then they titrated the protein
with Hg”", Cd*", and Pb*" ions. The binding constant of Hg**
was too high to be measured, but those of Cd*" and Pb*" were
determined to be 2.0x10” and 3.1x10” M, respectively. By
comparing the pH dependence of the complexation of these
metal cations to literature data, the authors deduced the nature
and geometry of their coordination spheres: trigonal-planar for
Hg*", pseudo-tetrahedral for Cd?", the fourth binding site being
provided by a water molecule, and trigonal-pyramidal for Pb*".
Although not noted by their authors, this work has a high
significance as far as the peptide a;DIV mimicks one of the
functions of small proteins known as metallothioneins, that is,
the sequestration of heavy metal cations such as Hg**, Cd*,
and Pb?" from living organisms and their components. In
section 6a we shall see other examples of compounds behaving
as metallothioneins, but, unlike the example shown here,
without any relationships with biological compounds.

Eur. J. Inorg. Chem. 2023, 202200739 (8 of 24)

3. Complexation of Two Metal Cations by
Thiolate Ligands: The Diamond [M,S,] Motif

As outlined in the introduction, natural examples of binuclear
complexes featuring two thiolate bridges and corresponding to
the butterfly [Fe,S,] core (in which S is an organic sulfur) are the
[FeFe] and [NiFe] hydrogenases. The diamond [M,S,] core is also
found in the Cu, center of cytochrome-c oxidase in which the
copper cations are bridged by two cysteinate sulfur, the
coordination sphere of each being completed by an imidazole
nitrogen, another cysteinate sulfur for one and an aspartate
oxygen for the other. In such coordination environments, the
transfer of one electron from and to Cu, is very fast and
perfectly reversible.

3.1. 1,2-benzene dithiolate as bridging ligand for a functional
model of the H active site of [FeFe] hydrogenase

Dithiolate ligands can not only play the role of chelates, but
also of bridging ligands. As a matter of fact, 1,2-benzene
dithiolate bdt*~ has been used for mimicking the two bridging
cysteine thiolates found in the butterfly [Fe,S,] structure of the
so-called H-cluster of [FeFel-hydrogenases, in which the coordi-
nation sphere of the Fe"" cations is completed by biologically
relevant CO and CN~ ligands or artificial PR; and N-heterocyclic
carbene (NHC) ligands.”" In particular, the symmetrical [(CO);Fe-
(bdt)Fe(CO);]1 complex has been shown to behave as an
interesting catalyst for the proton reduction with low over-
potentials and less negative potentials in reducing processes,
but we focus on the complex [Cp*Fe(u-n‘:n*-bdt)FeCp*] (13,
Figure 10), because it was shown to catalyse the conversion of
diazene HN=NH to ammonia.*® The fact that it can be also used
as an electrocatalyst for H, production is highly significant, as
nitrogenases also behave as hydrogenases.*®’ 13 was proto-
nated by HBF, in CH,Cl, (—78°C to r. t.), affording 14(BF,), in
which a proton was shown to bridge the two metal cations.
Then, one-electron reduction of 14(BF,) by [Co(Cp),] afforded
the mixed-valence [Fe"Fe™] hydride complex 15, which was
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Figure 10. Sequential protonation and reduction of a binuclear Fe"” complex with an Fe-Fe bond and a benzene dithiolate bridge led to a hydride complex

which, after further protonation, evolved H,.*?

characterized, in particular, by single crystal X-ray crystallogra-
phy. Variable temperature NMR experiments allowed the
authors to identify an intermediate at low temperatures, in
which the proton coordinated first a single Fe atom before
bridging both at r. t. 14(BF,) was shown, by cyclic voltammetry,
to behave as an electrocatalyst for dihydrogen production in
the presence of controlled amounts of HBF,.

3.2. Oxidation of dihydrogen catalysed by a dinuclear [RuRu]
complex

The binuclear [Ru"™Ru™] complex 16 (Figure 11) resembles the
[Fe"Fe™] complex 13 of section 3a, except that the bdt*~ ligand
has been replaced by a triphenylphosphine analogue in which
two of the Ph substituents of PPh; have been changed to an o-
thiophenolate.”™ This ligand plays a double role: a terminal
phosphine ligand for one of the ruthenium cations, and a
double thiolate bridge for the two metals. The complex 16 was
shown to be reduced by 1 atm of dihydrogen in water to the
hydride complex 17, in which the H™ ligand was bound to the
low-coordinate ruthenium, with release of a stoichiometric
amount of HOTf. In addition, 17 was shown to be oxidized back
to 16 by [Fe(Cp),l(OTf) in dichloromethane with evolution of
half an equivalent of dihydrogen. Further, oxidation of
dihydrogen in the presence of catalytic amounts of 16 and
stoichiometric amounts of P(o-Tol); as base and [Fe(Cp),l(OTf)

as oxidant in CH,Cl, with a TON as high as 9900 was observed.
In agreement with the preliminary experiments, the catalysis
could also be run in water (which played the role of the base)
but gave a lower TON (ca 100). Therefore, 16 worked as an
efficient organometallic anode catalyst for the fuel cell.

3.3. A structural and functional model of the biological Cu,
site

Duboc and coworkers designed a 2,2"-bipyridine ligand L12%~
bearing thioethylene substituents in which methyl groups
attached to the CS~ carbon atom helped to control the
environment and reactivity of the thiolate.” They showed that,
in the presence of CuCl, L12*~ formed an unsymmetrical (with
respect to the 2,2-bipyridine core) dinuclear complex
[Cu,(L12),] in which one thiolate sulfur atom of each L12*"
played the role of a bridge between the Cu™ cations, while the
remaining two sulfur atoms are engaged in a 1,2-dithiane
fragment (Figure 12). This bis(u-thiolato) dicopper complex was
shown to mimic the key structural and spectroscopic features of
Cu, (e.g. short Cu-~Cu distance of 2.64 A in the reduced,
[Cu”Cu® state) and its redox reactivity, leading to the
delocalized mixed-valence state upon one-electron oxidation,
the process being perfectly reversible.

H, (1 atm)
~ |©Tf2  H,0, rt. 10 min ot
— HOTf
Ru/ \\\Ru/ _ > Ru/ \\\Ru/
e =~ | o N\
P—_ [FeCp,](OT) P—_ H
Ph” @ N, (1 atm) @
CH,Cly, r.t. 5 min
- Fesz, —-0.5H,
16 17

Figure 11. A binuclear Ru™

to the starting complex in the presence of HOTf."?
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dication exhibiting similar characteristics as complex 13, reacted with H, to form a hydride complex, which could be oxidized back
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Figure 12. Dimerization of a bipyridine ligand incorporating two thiolate arms in the presence of Cu"” and methylene chloride.®*

3.4. Complexation of two metal cations by a small tri-thiolate
tripod

The tri-thiolate tripod L13H; based on the TACN macrocycle
was designed by Wieghardt and coworkers (Figure 13).°* The
three secondary amine nitrogen atoms of TACN and the three
aryl thiolate pendent arms can provide an octahedral [N3S3]
coordination geometry to a range of trivalent metal cations
(Ga(lll)’ |n(|||), V(III)’ Cr(lll), Mn(lll), Fe(lll)’ CO“”)), as We” to the oxidized
V™ and Mn™. Interestingly, the reaction of L13H,-3HCI with
divalent metal chlorides MCl-6H,0 (M=Mn", Co", Ni", zn®,
and Cd") in anaerobic conditions directly afforded the homo-
dinuclear complexes [L13 M,CI] in which one metal cation is six-
coordinate whereas the second metal cation is four-coordinate
in a tetrahedral [S3CI] coordination geometry. Heterodinuclear

Cl Cl

complexes [L13 M'M?CI] (M'=Zn, M*=Fe, Co, and Ni; M'=N;;
M?2=Co and Zn; M'=Mn; M*=Fe, Co, Ni, Zn, Cd, and Hg) were
prepared by reaction of [L13 M']” (obtained either in situ from
[L13 M'M'CI] by abstraction of the outer M' with tacn or by 1:1
reaction mixture of L13H; and M') and M2Cl,-6H,0 in the
presence of Et,NCl.

4. Compartmental Nitrogen-based Macrocycles
Incorporating Thiolate Donors

Compartmental macrocycles that use nitrogen and sulfur
functionalities as donors for coordinating metal centers are
suitable for the preparation of homo- and heteronuclear

£Bu By |§|/|2 tBu tBU By 2 t-Bu tBU tBy 2 tBu
)Vf N\ (i) 2 tacn, [Et,NICI )T/r I\ (i) 2 tacn, [E,NICI )'—7* AN
L} NI/ MeOH, 50 °C L} MeOH, 50 °C N1/
] n
N/ \N\N (ii) CoCly*6H,0 / N \ (i) M2Cl,+6H,0 N/ }‘I\N
NERYA| or Zn(OAc), \J \/ NERYA|
M2(1l) = Co, Zn M1(Il) = M2 = Mn, Co, Ni, Zn, Cd M2(1l) = Fe, Co, Ni
[Ni'"™M2''L13(Cl))] [M1'"M2"'L13(Cl)] [Zn"M2"L13(ClI)]
MCl,*6H,0 or Zn(OAc),
Ga(NO3)sxH,0 [NEt,]CI/NEts
or InCls MeOH, reflux, Ar
or (i) V(SO,)*6H,0/Ar, (ii) air |
t-BU tBu EBU 1 (i) Cry(OAC),*2H,O/A, (i) air HS t-Bul (i) MnClye4t,0 FBY #Bu o tBu
ﬁ\) ‘ or [Mng(OAC);0J(OAC), 0 °C H 3¢ BN, Ar PN
LM/ CoCly*6H20 tBu \N/> _ MeOH, 65°C W/
n
N/\}‘l\N EtsN, MeOH, reflux N NZH (") MCl,*6H,0 N/ }‘l\N
W W4 SH H - or Zn(OAc), NV

M(Ill) = Ga, In, [V, Mn
( ) cr. Co [Fesz]PFs
MIL13] [M(V) =V, Mn]acetone’ “0NC

M2(1l) = Fe, Co, Ni, Zn, Cd, Hg
[Mn"M2'L13(C1)]

Figure 13. A tri(arylthiolate) tripod ligand based on the TACN macrocycle (L13°") showed a rich coordination chemistry with divalent, trivalent, and a few
tetravalent metal cations. It could encapsulate a single metal cation in a [N3S3] coordination environment, or form homo- and hetero-dinuclear complexes in

which the encapsulated and the exo metal cations were bridged by three arylthiolate subunits.
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complexes. As mentioned in the introduction these ligands are
especially suited to model polymetallic metalloproteins in
which metals in close proximity are bound to histidine and
cysteine amino acid residues, by mimicking, in particular, the
magnetic and electronic interactions between the coordinated
metal centers. Therefore, compartmental nitrogen-based macro-
cyclic ligands incorporating thiolate bridges are of great interest
and will be further described in detail in this section.”**®

4.1. Schiff-base macrocycles

First mentioned by Robson etal.,® Schiff-base macrocyclic
complexes have been investigated ever since. The use of
nitrogen-based macrocycles for the purpose to bind metals in
close proximity has been reviewed by Brooker,”® whose research
group developed a wide range of Schiff-base ligands, including
thiolate head units. Brooker used this technique to obtain
Schiff-base macrocyclic dinuclear complexes such as 18 in
Figure 14.

T 2@ 2@

A\
N N= NN
No=Ni—7/N

18

Figure 14. Two- (left) and three-dimensional (right) visualization of an imine-
thiophenolate macrocycle forcing Ni** ions into a square planar coordina-
tion geometry.”

~|n® b)

t-Bu

[Niy(L14R)L]

[Ni(L14Me)L] (conf. A)

Schroder and co-workers reported biomimetic model com-
pounds for NiFe hydrogenase, cytochrome c oxidase, and N,O
reductase utilising compartmental Schiff-base macrocycles.”*®
Brooker etal. showed that phenolate and thiophenolate-
incorporating ligands led to different metal coordination
environments.” The thiophenolate compound offered the Ni**
ions a square planar geometry, a low spin configuration and the
distance between the Ni** centers was as short as 3.151(2) A.
Complex 18 exhibited a rich redox chemistry with four
reversible one-electron redox processes: two reduction and two
oxidation steps. Interestingly, the mixed valent Ni’Ni" thiophe-
nolate complex was isolated, however it was unstable even in
the solid state.®*” In addition, the Ni®’Ni"” system was sensitive
to axial coordination by solvent molecules, as would be
expected for a d’ configurated Ni". These Schiff-base thiophe-
nolate macrocycles turned out to be the ideal precursors for the
development of the corresponding amine derivatives and their
complexes, as shown in the following section.

4.2. Compartmental amine-thiophenolate macrocycles

Kersting and coworkers designed a compartmental ligand
H,L14% that integrated two [N3S2] donor sets sharing the
central thiolate donors to coordinate different metal centers."
First, two Ni*™ ions were implemented in the deprotonated
macrocycle (L14Y%)>~ and (L14")*" (Figure 15). The resulting
complex exhibited two one-electron oxidations, although all
Ni™Ni™ species of (L14%)?> were not stable on the timescale of
a cyclic voltammetry experiment. This was in marked contrast
to the behaviour of previously obtained coordinatively satu-
rated Ni aminothiolate complexes, which could be reversibly
oxidized to Ni"Ni™ species.’*?

The ligand L14* was shown to be able to bind many
transition metals in different redox states and electronic
characteristics. Depending on the nature of the coligand L’ and
the coordinated metal centers the macrocyclic ligand shows
two different conformations A and B (Figure 15b and c), which

c)
@ U
o° LN\
- ° ,L-n:\ﬁ,wf
34 P CONNENTT
Y? —/—Nif\ J
b 177N
| o /N'/ y

L' = BH,~

[Nin(L14Me)L] (conf. B)

Figure 15. a) Composition of mixed-ligand nickel complexes supported by the [N652] macrocycle L14® (R=H or CH,, L' = coligand; b) View of the molecular

structure of the borohydrido-bridged Ni complex [Ni,(L"*Me)( t15-BH,)1™, which shows configuration A in the crystal.[

*J Hydrogen atoms omitted except those

for the BH,™ coligand. Color code: B pink, C grey, H black, N dark turquoise, Ni green, S yellow; c) general chemical structure of configuration B.°** Reproduced

from Ref. [63c] with permission from the Royal Society of Chemistry.
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t-Bu _\ n®

[NI2(L1 5Me2H4)L‘]n+

Figure 16. Structure of the complex derivative [Ni,(L15"**)L]"* of
[Ni,(L14%L'T" investigated for halide and pseudohalide recognition.”®

t-Bu e

\N N/
—(Nil\|li4L’>l\|lijN>— — »—R

ONA10
/ AN

t-Bu

[Ni,L14MeCO,R]*

Figure 17. Left: General structure of , ;-carboxylato-bridged complexes
[Ni,(L14"%)(u, 5-CO,R)] *. Right: Scheme of the binding mode of the carbox-
ylate ligands [Niz(L14Me)(pwv3-COZR)]*. The macrocyclic supporting ligand is
represented by the ellipse.””

are comparable to the cone (A) and partial cone (B) conforma-
tions of the calixarenes. The following binuclear complexes of
this macrocycle have been prepared: Ni*, Zn**, Cd**, Zn**/
Cd2+ C02+ C03+ C02+/3+ Mn2+ Fe2+ Cr3+ HgZ+ Cd2+ Pb2+.[26]
Except the latter three, all the mentioned cations feature a bi-

=N_ N=
(o) M (0]
o
(0] (0]

19

octahedral N;M(p-S),(u-L')MN; metal core structure, irrespective
of the type of the coligand L' or the substitution R of the
supporting macrocycle L14%. The divalent and trivalent metal
ions are coordinated in a square-pyramidal fashion by the two
fac-N;(u-S), donor sets of the macrocycles. Upon coordination
of the exogenous coligands L'14 distorted octahedral environ-
ments result for the metal atoms. The M--M distances vary from
3.037 to 3.527 A

A detailed comparison of the individual structures showed
that the conformation of the amino-thiophenolates was
coupled to the size of the coligand L’ and the metal ion radii.
For the complexes of the 3d elements the type B conformation
was observed only for small monoatomic bridging ligands such
as OH™ and CI". For large monoatomic coligands L’ (such as
SH™) or a multiatom bridging ligand (such as OAc™) the bowl-
shaped conformation A was observed, the driving force, in both
cases, being the more regular octahedral coordination environ-
ment about the M** ions.

4.3. Metal-metal interactions in dinuclear complexes
supported by compartmental amino-thiophenolate
macrocycles

An analysis of the magnetic susceptibility data for the Ni**Ni**
complex of L14™® with a hypophosphito (H,PO,") bridge as co-
ligand revealed the occurrence of ferromagnetic exchange
interactions between the Ni’* (S=1) ions with a value for the
magnetic exchange coupling constant J of +22cm™ (H=
—2J5,5,).%4 The complex [Ni,(L14"®)(H,P0,)]™ has a remarkably
high stability against reduction whatever the temperature and
the nature of the solvent. Other Ni" complexes with hypophos-
phite are readily reduced to elemental nickel.® The reluctance
can be attributed to encapsulation in a molecular pocket, which
has precedence in the literature.”®

Other investigations of the metal-metal interactions were
carried out with the Co™™ and the Cr"™ complexes of L14™e,
The redox chemistry of the Co™™, Ni" and Cr"™ complexes was
investigated for many coligands L’ by cyclic voltammetry, which
showed one electron oxidation and reduction processes. The
redox chemistry was investigated for [Co™,(L14"¢)(Cl)]* and
three of its derivatives (L'=p-0,CMe, u-O,CCH=CHPh, and p-
0,COMe). These complexes exhibited two reversible one-

Q
O >
0] o
n=12
( )n= 4,9
SH
21

20

o)

Figure 18. (Left) Bis-[Ni,(L14"%)] complex 19 with the bridging [(u-salen)M] coligand: M=Ni", Cu®”, Pd". (Right) [Ni,(L14")L'1" complexes 20 and 21 with

L' = w-mercapto-carboxylato coligand with the linear configuration of the aryl bridge and the bent configuration of the alkyl bridge.
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Figure 19. [Cd,(L14")L'1* with an azobenzene-carboxylato coligand. For R=H the complex shows two photoswitchable configurations 22 and 22'."
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L'= O,CHCH;
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t-Bu
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Figure 20. Structures of charge transfer adducts 23 and 24 formed between the thiolate complexes [Ni,(L14¥)0,CCH,]* and [Ni,(L14")0,COCH,]* with

halogen molecules (X, =Br,, |,). The RS—X—X linkages in 23 and 24 adopt a linear geometry.
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Figure 21. [M",(L15"2")(F)] CT-complexes with different metal complex subunits. Left: Bridging of two [Ni",(L15"2"*)(F)]~ complex subunits by Rh,(OAc), to
form 25. Right: 1:1 CT complex 26 between [{M™,(L152"*)(F,)]~, M=Co" or Ni" and [Cu"(X,)], X=Cl, Br, and 1.7

electron oxidation processes; namely Co"Co"/Co"Co™ and
Co"Co™/Co"™Co". The oxidized species were obtained by
chemical oxidation by using mild oxidizing agents (I, to obtain
the mixed valent [Co™Co"™]?* dications and Br, to obtain the
fully oxidized [Co™,]*" trication). They were isolated and
investigated by X-ray diffraction. The corresponding Co—Co

Eur. J. Inorg. Chem. 2023, 202200739 (13 of 24)

bond lengths differ only slightly, but the individual Co—N and
Co—S bond lengths vary widely. The observed differences in the
individual Co—N and Co-S distances could be attributed to
steric constraints of the macrocyclic ligand, rather than to a
specific metal d" electronic configuration. Finally, the C—O bond
lengths are identical within experimental error; they are typical
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Figure 22. S-oxygenation reactions of the [N652]-Ni"” complex and core structures of the products from these reactions. L'=0OC,Ph."®
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Figure 23. Complexation of an [MoFe;S,] heterocubane through a thiol/thiolate exchange reaction to give the assembly 31 by a highly preorganized tri-

thiolate ligand (L16°") constructed on a hexathiabenzene platform.””

for bridging acetate groups.”” Interestingly, all of the mixed-

valent Co"/Co™ complexes showed localized high-spin Co™
(d’) and low-spin Co™ (d°) ions. These redox processes did not
change the bowl-shaped structure of the complexes and the
coligands remained in their bridging position.®

The air-stable [Cr™,(L14Y*)L'1** complexes required quite a
low potential to be reduced to the divalent state, as E”,,,(Cr"-
Cr/CrCr = —1.40V, whereas £ ,(CrCr/Crin ey —
—0.85V vs. Fe(Cp),"/Fe(Cp), for L'14 being a carboxylate
(formiate and benzoate). The [Cr'",(L14"¢)(O,CR)I** complexes
exhibited ferromagnetic coupling between the Cr'"™ centers.
Here the magnitude of the coupling was three times higher

Eur. J. Inorg. Chem. 2023, 202200739 (14 of 24)

than in other dinuclear Cr'" complexes (J= +24.2(2) cm™' for

the complex with formiate coligand and J= +34.8(4) cm™' for
the complex with benzoate coligand).®*”

4.4. Coligand binding and modification of the amine-based
thiophenolate macrocyclic complexes

The reactivity of the dinuclear [Ni',(L14™)L']"* complexes was
examined in detail. These reactions included exchange of the
coligands L' of Figure 15 and S-oxygenation of the thiolate
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Figure 24. lllustration of the subsite-specific reactivity of an [Fe,S,]*" cluster made possible by the use of the tri(arylthiolate) ligand L16°", which literally
grabbed the cluster by three of the four iron cations, leaving one complexed with an auxiliary ligand (here CI7), which could be exchanged for a large variety

of mono-, bi-, and even tridentate ligands. Note that the S?~ bridging anions of the [Fe,S,]*~ cluster subunits are not shown for clarity.

Figure 25. Examples of the tri(arylthiols) (32-35) that were shown to be able, after thiol deprotonation, to bind [Fe,S,]*" clusters."

functionalities of the supporting ligand, respectively. Selected
reactions are described in this section.
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78-82]

4.4.1. Anion recognition by amine-based thiophenolate
macrocyclic complexes

The binding of various anions by the coordinatively unsaturated
complex [Ni®,(L152*)]* (Figure 16) was examined by spec-
trophotometric titration and isothermal titration calorimetry in
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Figure 26. Encapsulation of an [Fe,S,]*~ cubane by the macrocycles (L177)*" appended with four thiolate arms.

(HO)19
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Figure 27. Encapsulation of a [Fe,S,] cluster by two -cyclodextrins bearing two thiophenolate groups that are anchored at the A, D positions of the small rim
to give the assembly 36.%"
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Figure 28. Encapsulation of a [Fe,S,] cluster in assembly 38 by a glycoluril-based molecular platform substituted by four remote thiolate functions after
deacetylation of precursor 37.%

solution. This complex reacts with fluoride, chloride, bromide  ido- or hydroxide-bridged complexes [Ni,(L15"**)(u-L')]" fea-
and hydroxide ions to afford an isostructural series of halogen-  turing a N3Ni(u-S),(u-L)NiIN3 core structure. No reactions
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Figure 29. Preparation of the [FegS;(SAr)s] cluster 40 by reaction of the dinuclear iron-sulfur complex 39 with elemental sulfur.
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Figure 30. Reaction of tetrathiatetramercaptocalix[4]arene with the Cu®” tetramer [CuNEt,], leads to a sphere-like complex (Cu,L20); (42) of Cu/L20 24:6
composition in which the 24 Cu™ cations are each complexed by three arylthiolate sulfur anions and one diarylthioether sulfur atom. The giant calix[4]arene

hexamer can be broken to a monomer by reaction with PPh;. 8 Cu™ cations, as well as one L20*" unit in the structure of 42 are omitted for clarity.

occurred with iodide or other polyatomic anions (ClO,~, NO;~,
HCO,™, H,PO,~, HSO,”, SO,*), indicative of a high degree of
preorganization of the [Ni,(L15M2")]** cation and a size fit
mismatch of the binding cavity of the complexes for anions
larger than Br~.

Interestingly, the variation of the nature of the coligand L’
had a strong influence on the magnetic properties of the
[Ni,(L15M2"*)(u-L)]" complexes. In contrast to the fluorido-
bridged complex, which featured a S=0 ground state, other
halido- and pseudohalido-bridged complexes had a S=2
ground state that was attained by competing antiferromagnetic
and ferromagnetic exchange interactions via the thiolato- and
coligand bridges.

Eur. J. Inorg. Chem. 2023, 202200739 (17 of 24)

871

The electrochemical properties of the compounds reported
in these studies agreed with those of other Ni" complexes
supported by hexaaza dithiophenolato ligands. The Ni"/Ni™
redox potential correlated with the ligand field strength of the
bridging coligand for the investigated halides. In this case, the
ease of oxidation was paralleled by the position of the coligand
in the spectrochemical series, i.e, OH™ >ClI" >F".

The binding scheme of N;~ was sensitive to the size of the
macrocycle, as -(CHs);- alkyl bridges ([Niy(L15™%*")(u,,-N3)]")
allowed this coligand to be bound in an p,, fashion (end-on),
while the binding motif is p,; (end-to-end) for [Ni,(L14%)(u, 5-
N;)1*. It is interesting to note that the Ni, complexes bridged by
halides and pseudohalides displayed exclusively the conforma-
tion B (Figure 15).8
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Figure 31. Bridging of three molecules of deprotonated tetrathiatetramercaptocalix[4]larenes L20*" by six Hg?* cations by coordination to the arylthiolate

sulfur anions to give the molecular assembly 43.5¢
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Figure 32. (Left) Preparation of the tetranuclear Co" complex 44 from the tetraazatetrathiacalix[4]arene L21H, (L=OAc"); (right) ORTEP side view of the X-ray
crystal structure of 44 (protons omitted for clarity).® (Reproduced from Ref. [89] Copyright (2022), with permission from Wiley-VCH GmbH).

4.4.2. Carboxylate-coligand functionalization with amine-based
thiophenolate macrocyclic complexes

The coligands in [Ni,(L14%)(L)]** are not limited to halides.
Various alkyl- and aryl-carboxylates are also accommodated by
this complex (Figure 17).*¥ The dinuclear macrocyclic receptors
hosted the carboxylato-coligands exclusively in the bowl-
shaped conformation A of Figure 15.

Using a dicarboxylato-salen-complex as a linking unit,
several dumbbell-shaped pentanuclear complexes 19 of the
composition [{Ni,(IN6S2])},(u-salen)M]** with M being Ni®, Cu®,
and Pd" were synthesized (Figure 18). Additionally, the use of
the Pd"” complex as a catalyst in the Heck reaction was
investigated. However, due to the sterical hindrance of the
central metal, the activity of this catalyst was low in comparison
to other Pd-salen complexes.”

Eur. J. Inorg. Chem. 2023, 202200739 (18 of 24)

The complexation of some ambidentate mercapto-carbox-
ylato ligands by [Ni,(L14%)(CI))]** was examined. These ligands
react with the Ni complex in a selective manner by substitution
of the bridging chlorido ligand to produce exclusively p, -
carboxylato-bridged complexes. The resulting [Ni,(L14%)(0,C—R-
SH)]* complexes can be utilized as paramagnetic metal-
loligands with a free thiol function. The complexes chemisorb
on gold surfaces via the formation of covalent Au—S bonds, as
established by contact-angle and XPS measurements.”” More
recently, the complexation of azobenzene-carboxylate-coli-
gands was examined in order to obtain photoswitchable
complexes. Irradiation of the Cd complex 22 (Figure 19) with a
LED UV lamp leads to a trans-to-cis isomerization which
proceeds within the binding pocket of the complex. The switch
from the trans to the cis form induces significant changes of the
7i-t transitions of the supporting NgS, macrocycle, which may
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Figure 33. Reactions starting from a [N252] Ni"

be indicative of some increased m-m- (or charge transfer)
interactions between the aromatic rings of the electron rich
amino thiophenolato macrocycle and the electron poor
azobenzene-carboxylato ligand. Photoswitchability was turned
off when R=-OH, -N(CH,),, -CO,CH;. Other metal cations, such
as Zn** and Ni**, formed isostructural complexes of 22, but
they were not photoswitchable.”?

4.4.3. Modification of the thiolate groups

Kersting and coworkers showed that [Ni,(L14Y%)O,CR]" reacted
with molecular halides such as Br, and |, to form charge transfer
(CT) complexes in which the dihalogen molecules were bound
to one or two of the sulfur donors, depending on the nature of
the carboxylate coligand (23 and 24 of Figure 20).”* The CT-
compounds were relatively stable at ambient temperature with
respect to the loss of gaseous |, and Br,, respectively, due to the
CT interactions between the thiolate sulfur atoms and the
halide. In the solid state the iodine complex exhibited
secondary |-+ interactions with the enclathrated iodine mole-
cules (or the polyiodide ions). In addition, intermolecular van
der Waals attractions also contributed to the complex stability.
These features confer a polymeric and less soluble nature on
the iodine complexes.®®*”¥ CT complexes from compartmental
complexes based on the electron rich thiolate macrocycle L14M¢
could be formed with Lewis acids as well. In the hexametallic
complex 25, for example, two [Ni",(L14")(F)]" complexes
interact via their thiolate sulfur atoms with a central Rh,(OAc),
unit (Figure 21). CT complexes 26 incorporating Cu®(halide),
subunits could be obtained by reaction of [Cu(X),]~ with Ni"-
and Co"- containing [M",(L14")(F)]* complexes. The magnetic
properties are greatly affected upon formation of the Lewis-
acid/base complexes.”
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complex, which plays the role of metal-complex-as-ligand.®”

4.4.4. S-oxygenation of macrocyclic amino-thiophenolato
ligands

The oxygenation of metal thiolate complexes is of general
interest with regard to the deactivation of metallocysteinate
enzymes and the metabolism of cysteine. [Ni,(L14")O,CR]*
complexes are stable in air, both in solution and in solid state,
which contrasts the behaviour of many other Ni thiolate
complexes. Strong oxidants such as MCPBA or H,O, were found
to convert the thiolato to sulfonate complexes. Recently, a-
ethereal hydroperoxides were also found to readily S-oxygenate
the bridging thiophenolate functions (Figure 22). The reactions
proceeded under ambient conditions without complex disinte-
gration and invariably produced (S,0)-bridging sulfinate link-
ages.

Interestingly, conversion of the thiophenolate functions had
a strong impact on the electronic structures of the nickel
complexes. In the mixed thiolato/sulfinato complex 28, the Ni**
ions were ferromagnetically coupled as in the parent complex
and produced a S=2 spin ground state. Complex 29 exhibited
an $S=0 ground state involving a weak antiferromagnetic
exchange interaction.

It was suggested that the ether/O,-mediated sulfoxygena-
tion reaction of thiophenolate residues could also be applied to
the synthesis of complexes for the modelling of metalloen-
zymes containing S-oxygenated cysteinate residues at their
active sites as observed in cysteine dioxygenase (CDO), cyste-
amine dioxygenase (ADO), sulfoxide synthase (SO), nitrile
hydratase (NHase), and NiFe hydrogenase enzymes.?*>”%
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5. Complexation of [MFe;S,] Clusters (M =Fe,
Mo, V)

5.1. Subsite differentiation of cubane [Fe,S,] clusters with
tripod thiolate ligands

At a time when the X-ray crystal structures of the cofactors of
the FeMoco, in particular the M cluster, were unknown, Holm
and coworkers, relying on EXAFS data, designed a rigid tripod
tri-thiol ligand L16H,, into which could be inserted the
vanadium and molybdenum cubane clusters [VFe;S,)** and
[MoFe;S,I** 30 (Figure 23).77 In the resulting complexes (e.g.
31) the vanadium and the molybdenum cations are (sub)site-
differentiated from the three iron cations, which allows them to
undergo ligand exchange reactions, while the latter are
“protected” by binding each to one of the three thiolate anions
of L16". The concept of subsite differentiation was extended to
the [Fe,S,] clusters themselves, in which one of the four iron
cations could undergo non-cysteinate ligand substitution
reactions. In addition to its fundamental interest, this work was
motivated by the identification of non-redox metallo-enzymes,
such as aconitase, that utilize an [Fe,S,] cluster as a catalytic
site. The site-differentiated iron cation could be bound to one
anionic ligand (CN7, N;7, OH~, OMe™, RS™, OAc™, ArX", X=0, S,
and Se), dianonic chelates such as the catecholate, and accept
up to three neutral ligands, monodentate such as isocyanide,
and tridentate, such as TACN (Figure 24). Possible modes of
protein binding were explored by binding of Cys-S-, Tyr-O~,
Ser-O” and Asp/Glu-CO, . By contrast, the neutral imidazole
and thioether residues of histidine and methionine did not
coordinate the subsite-differentiated iron cation. The [Fe,S,]>™/"
redox potentials, as well as the isotropic shifts of the protons of
the tripod were shown to depend on the nature of the ligand
bound to the subsite-differentiated iron atom. The substituents
on the ArS™ metal binding arms were essential in controlling
the 1:1 stoichiometry of the tripod/cluster complex, as the
absence of substituents led to mixtures including polymers.””
Holm and coworkers also introduced a macrocyclic polyether
tri-thiol derived from resorcinarene (32, see Figure 25a). As
concluded by the authors, 32 could compete with L16H; for the
complexation of [Fe,S,]” clusters and for their subsite
differentiation.”®

Other tri-thiolate ligands were designed that could perform
the subsite differentiation of iron-sulfur clusters (Figure 25).
Evans and coworkers” anchored three 4-mercaptobenzoyl
subunits to 1,4,7-triazacyclononane (33) and 1,5,9-triazacyclodo-
decane macrocyclic platforms to prepare subsite differentiated
[Fe,S,]7° and [MoFe,S,]™ clusters. Nolte and coworkers took
advantage of the cyclotribenzylene (CTB) platform (34) to
investigate the effect of the nature and length of the spacers
on the redox properties of the [Fe,S,] cluster.®™™ Remarkably, its
orientation with respect to the concavity of the CTB depended
on the nature of the ligand binding the differentiated Fe ion,
the bulky t-BuS™ imposing an outward orientation, whereas the
bound chloride strongly interacted with the electron-rich
concavity.®™™ Saak and coworkers (Figure 25) introduced at that
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time a tripod ligand, 1,3,5-triethyl-2,4,6-tris(3-
sulfanylindolyl[1]methyl)benzene 35, which was easy to synthe-
size, and highly preorganized, as Holm'’s tripod.®" Its persub-
stituted homologue, hexakis(3-sulfanylindolyl[1]Jmeth-
yl)benzene, could embed, after deprotonation, two [Fe,S,]
clusters at a rigid separation of 12.8 A, as shown by single
crystal XRD.®?

5.2. Encapsulation of [Fe,S,] clusters by tetrathiolate
macrocycles and podands

Okuno and coworkers designed and used large-ring tetraaza-
macrocycles (L17%, Figure 26) functionalized with four pendent
thiol functional groups in order to investigate the effect of the
hydrophobic environment provided by the protein backbone
on the [Fe,S,] cluster of high-potential iron-sulfur proteins
(HiPIP). They observed that the clusters encapsulated in the
tetraazamacrocycles (L17%) had higher [Fe,S,]*”~ oxidation
potentials and were less sensitive to dioxygen than their
[Fe,S4(SR),J*" (R=Ph, Bn, and t-Bu) analogues, as in the case of
the HiPIP clusters. This finding was very significant, because it
showed that these properties were the consequence of the
hydrophobic environment either provided by the protein or the
macrocyclic backbones in the natural systems and their models,
respectively.®!

Tabushi and coworkers sandwiched an [Fe,S,] cluster
between two modified (3-cyclodextrins, the 6 A and 6D alcohol
functions of the small rim being replaced by m-(SCH,S™)
pendants (36, Figure 27). The resulting assembly had the
unique property of being water-soluble and stable in aqueous
solutions, enabling the authors to investigate the electro-
chemical properties of an [Fe,S,] cluster in this medium.®¥

A tetrapod tetrathiolate thiolate ligand 37 based on the
diphenylglycoluril concave platform was designed and used for
a similar purpose by Nolte and coworkers (Figure 28). They
observed that the electrochemical response of the encapsulated
cluster was very weak, as in the case of the metalloproteins,
and could be strongly enhanced by the addition of a modulator
(Ba” or Na+)_[851

5.3. Stabilization of high nuclearity [Fe-S] clusters by
sterically-hindered monodentate thiolate ligands

It is interesting to note that sterically-hindered monodentate
thiolate ligands can also stabilize high nuclearity iron-sulfur
clusters, the topology of which is reminiscent of the topology
of the P cluster of the nitrogenase.® The successive addition of
stoichiometric amounts of L18H and L19H to [Fe(NSiMe,),]
produced the dinuclear complex [Fe"™,(u-L18),(L19),] (39) in
which the most sterically-hindered thiolate L18~ bridged the
Fe?* cations, while the less sterically hindered thiolate L19~
played the role of terminal ligand (Figure 29). The stabilization
of the [Fe,S,]-type rhombs was due to the bulky thiolate
substituents, which prevented them from oligomerization. The
authors found that the reaction of 39 and 1/4S; in toluene gave
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the cluster 40 [{Fe,S;(L18)},(u-L18),(u-L19)(1e-S)] in 28% yield.
As in the case of the FeMoco, two incomplete [Fe,S;] cubane
clusters were connected through a central atom (S*~ here vs.
carbide in the natural system). The six central Fe cations of
these cluster subunits were pairwise bridged by thiolate sulfur
(one L18™ and two L197vs. S*~ in the natural system), and the
apical metal atoms connected to a thiolate sulfur (L19™ vs.
cysteine in the natural system). The [FegS;] cluster structure
found in 40 might be a thermodynamically stable form, the
formation of which competing favourably with the classical
thermodynamic sink [Fe,S,] when the thiolate ligands are
sterically hindered and when the solvents used are not polar.

6. Stabilization of High Nuclearity
Metal-heteroatom Aggregates by Macrocycles

6.1. Tetramercaptotetrathiacalix[4]arene (L20H,)

Tetramercaptotetrathiacalix[4]arene (L20H,) is a macrocycle that
can exhibit multiple conformations, depending on the relative
orientations (cone, pinched-cone, 1,2-alternate, etc.) of the
aromatic rings.®” It offers a potential total of 8 monodentate
binding sites, the four aromatic thioether bridges and the four
aromatic thiolates obtained by deprotonation. Upon reaction of
L20H, with 2/3 equiv. of the hexanuclear Cu"” hydride (Cu-
(PPhy)H)¢ in toluene, the complex (Cu,(PPh;),L20) 41 was
obtained, in which four [Cu(PPh;)]1*" subunits bridged three
consecutive sulfur atoms of L20H,, each Cu” being located in a
tetrahedral coordination environment (Figure 30).%” In the solid
state, the conformation of L20*~ was the pinched-cone, but 'H
NMR studies in solution showed that the complex exhibited an
average C,, symmetry. When a metal precursor lacking the
auxiliary PPh; ligand (e.g. the cluster [(Cu(NEt,)),]) was em-
ployed, a larger and more symmetrical metal-heteroatom
aggregate was obtained, [(Cu,L20),] (42). In this complex, the
six L20*" crown ligands are arranged on the vertices of an
octahedron owing to 24 bridging Cu* cations, each being
surrounded by four sulfur atoms, one thioether and three
thiolates, which provided each Cu™ a tetrahedral coordination
environment. Remarkably, the Cu* ions were arranged in
[Cu,S,] diamond motifs, in which S was a thiolate sulfur, the
Cu-Cu distance being 2.4725 A, that is, shorter than in the
reduced Cu, center (2.51 A, see section 3c). Complexes 41 and
42 were related chemically, as reaction of the former with 24
equiv. of PPh; afforded the latter. An interesting peculiarity of
42 is the fact that the Cu,,S,; aggregate is a hollow cage of ~
10 A diameter and 187 A® volume, which turned out to contain
a diethylamine molecule, as shown by 'H NMR studies.

The complex 42 was related to the Hge(L20); complex 43,
the X-ray crystal structure of which had been reported earlier
by Hosseini et al.®® In the aggregate of the larger Hg*" cations,
three L20*~ macrocycles in deformed cone conformation were
arranged on the vertices of triangle, each calix[4]arene being
bridged to its neighbour by two Hg®" cations through
coordination to the thiolate sulfur anions (Figure 31). The three
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pairs of Hg?"™ were placed at the vertices of an almost perfect
trigonal prism. Each Hg®" was irregularly coordinated to six
sulfur atoms, the shortest Hg-S bonds (2.38 and 2.41 A) being
those involving the two proximal thiolate sulfur, the other four
sulfur atoms being at distances ranging from 2.95 to 3.06 A.
Although not noted by their authors, we believe that both of
these works have a high significance as far as the biological role
of metallothioneins (MTs) is concerned. As noted in the
introduction, metallothioneins are low molecular weight and
cystein-rich metal binding proteins, which are crucial for the
Zn** and Cu™ homeostasis, and which play an important part
in metal detoxification by the sequestration of toxic soft heavy
metal cations such as Cd>*, Hg®>* and Pb”*. Importantly, the
affinity of the metallothioneins for soft metals follows the order:
Hg?" >Ag" ~Cu't >Cd*" >Zn*"® Interestingly, the structure
of the metallothionein from Saccharomyces cerevisiae (S.
cerevisiae MT) could be determined by single crystal X-ray
crystallography: 10 of the 12 cysteine residues (for a total of 53
aminoacids) were involved in Cu* coordination, in the form of a
single [Cug(S(Cys)),o)*~ cluster. Six Cu* feature a trigonal planar,
and two a linear coordination geometry. Therefore the metal-
sulfur aggregates 42 (Cu) and 43 (Hg) stabilized by the
assembly of six and three molecules of calixarene L20*" are
highly relevant as far as the mimicking of metallothioneins is
concerned.

6.2. Tetraazatetrathiacalix[4]arene

We recently reported on the tetraazatetrathiacalix[4]arene
L21H,, which derives from calix[4]arene by substitution of the
amine bridges for the methylene bridges, and can be consid-
ered as an expanded calixarene® We showed that this
macrocycle could form a tetranuclear Co" complex
[Co,(L21)(u,-Cl)(u-OAC),ICl (44), obtained in 59% yield after
crystallisation, by reaction of L21H,-4HCI with a slight excess of
Co(OACc),-4H,0 in the presence of the stoichiometric amount of
lithium acetate (Figure 32). An X-ray crystal structure determi-
nation showed that L21*" adopted a C,-symmetric cone
conformation in the complex, the four cobalt dications and a
u,-bridging chloride anion closing the small opening of the
calixarene. Each Co’" ion is in a pentacoordinate trigonal
bipyramidal coordination geometry, the apical donors being CI~
and the N atom of the closest bridging amine, the equatorial
donors being two thiolate and an acetate anion. The discovery
that macrocyclic ligands such as L21%" can host four redox-
active metal cations in close proximity through thiolate
coordination completed by the binding of the bridgehead
nitrogen atoms and external anions (AcO~ and ClI") suggests
that these polymetallic complexes could be interesting to
investigate as catalysts in multielectron transfer reactions to
substrates bound via exchange of the acetate bridges.
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6.3. Metallamacropolycycles

The square planar Ni" complex [Ni(L22)] was shown by Dare-
nsbourg and coworkers to mimic well the structure of the
[N2S2]Ni complex subunit of ACS, by acting as a complex-as-
ligand for Ni", Cu®, and Zn" (Figure 33).°” Indeed, reaction of
two equiv. of [Ni(L22)] with NiCl, afforded the trinuclear
complex [(Ni(L22)),Ni] (45), while reaction of three equiv. of
[Ni(L22)] with 2 equiv. of CuBr or ZnCl, afforded the pentanu-
clear complexes [(Ni(L22));(CuBr),] (46) and [(Ni(L22));(ZnCl),]*"
(47), respectively. The authors then explored the possibility to
interconvert the three complexes into each other and found
that whereas Cu™ in complex 46 could not be replaced by
either Zn?* or Ni**, this was not the case for Zn’>" in complex
47, which could be converted into either complex 46 or
complex 45. Cu™ in complex 46 was a thermodynamic product,
as Cu™ could replace Ni** in complex 45 and Zn** in complex
47.

7. Conclusion

This review has shown how the discovery of the structures of
metallo-proteins involving cysteine amino-acid residues and
inorganic sulfur as metal-binding subunits have stimulated the
research on the coordination chemistry of metal cations with
thiolate-functionalized ligands in the last fifty years. Thiolate is a
soft monodentate ligand, which shows a strong propensity to
bind two metal cations simultaneously. The nuclearity of the
complexes was controlled by the architecture of the ligands. In
particular, arylthiolates bearing sterically hindering substituents
ortho to S~ were shown to stabilize mononuclear complexes,
e.g. in which iron has a trigonal planar or a tetrahedral
coordination geometry. Binuclear complexes could be obtained
by using ligands, for example polyazamacrocycles, incorporat-
ing at least two thiolate subunits, which were preorganized in
such a way that they could occupy opposite vertices of the
M,S, diamond. The use of open chain ligands bearing thiolate
termini made it possible to prepare polynuclear complexes
from metal-complexes-as-ligands. Higher nuclearities were
obtained by using ligands containing several thiolate binding
sites in combination with thioether, as observed in the case of
tetrathiatetramercaptocalix[4larene. However, the most fruitful
approach to increase the nuclearity of the complexes was to
combine the use of polythiolate ligands on one hand, and
inorganic sulfide on the other hand, as exemplified by the so-
called iron-sulfur clusters. Overall, the use of more complex
thiolate ligands to construct polymetallic complexes has offered
much potential for controlling structure, properties, and
function, opening up new opportunities for fundamental
studies and applications.

Despite the fascinating advances in this field, there remain
many opportunities. For instance, stable heteropolynuclear
thiolate complexes have great potential as biomimetic catalysts
for hydrogen production, reduction of nitrogen to ammonia
(nitrogenase) and oxidation of carbon monoxide to carbon
dioxide (carbon monoxide dehydrogenase). Cooperation be-
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tween redox-active metal centres and implementation of
ligand-metal cooperativity in these complexes may be feasible
and enable new catalytic reactions. There are also many
opportunities to construct better-defined enzyme mimics, even
second-sphere effects appear to be in reach.
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REVIEW

This review shows, with selected
examples, how the evolution of the
coordination chemistry of transition
metal cations with thiolate-based
ligands paralleled, at least in part, the
concomitant development of bioi-
norganic chemistry during the last
50 years, with emphasis on the strat-
egies directed at the controlled and
reproducible synthesis of multimetal-
lic thiolate complexes.
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