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Abstract: Throughout the previous ten years many scientists took inspiration from natural molybde-
num and tungsten-dependent oxidoreductases to build functional active site analogues. These studies
not only led to an ever more detailed mechanistic understanding of the biological template, but also
paved the way to atypical selectivity and activity, such as catalytic hydrogen evolution. This review
is aimed at representing the last decade’s progress in the research of and with molybdenum and
tungsten functional model compounds. The portrayed systems, organized according to their ability
to facilitate typical and artificial enzyme reactions, comprise complexes with non-innocent dithiolene
ligands, resembling molybdopterin, as well as entirely non-natural nitrogen, oxygen, and/or sulfur
bearing chelating donor ligands. All model compounds receive individual attention, highlighting
the specific novelty that each provides for our understanding of the enzymatic mechanisms, such as
oxygen atom transfer and proton-coupled electron transfer, or that each presents for exploiting new
and useful catalytic capability. Overall, a shift in the application of these model compounds towards
uncommon reactions is noted, the latter are comprehensively discussed.

Keywords: oxidoreductases; dithiolene; OAT; functional models; hydrogen evolution; acetylene
hydratase

1. Introduction

The mononuclear molybdenum and tungsten-dependent oxidoreductases constitute a
diverse and, beyond doubt, fascinating class of enzymes. With a few exceptions, they
catalyze the overall simple but mechanistically complex oxygen atom transfer (OAT)
reaction, by which formally a single oxygen atom (OV) is transferred to or from a suitable
substrate. In general, these so-called oxotransferases are ubiquitously found in almost any
cellular life form and play a key role in energy production, as well as the metabolism of
carbon, sulfur, and nitrogen [1]. A special ligand system, molybdopterin (MPT), which
contains a tricyclic pyranopterin moiety and a chelating ene-1,2-dithiolate coordination site,
constitutes an important structural aspect of their respective active sites [2]. Its chelating
ene-1,2-dithiolate, or shorter ‘dithiolene” moiety, is a prime example for a non-innocent
ligand with the ability to modulate the electron density of the coordinated complex center,
because it is inherently susceptible to redox transitions (Figure 1). Since this intriguing
ability is not the focus of this review, we provide no further details about the versatile
history and chemistry of metal dithiolene complexes unless they are imminently relevant
for a specific section. Respective comprehensive and very useful overviews have been
published previously [2-4]. Due to the dithiolene’s non-innocence, all given oxidation states
of the central metal ions in their complexes should be regarded as being ‘formal’ throughout
this review article, including those indicated in the figures.
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ene-1,2-dithiolate

thienyl radical monoanion a-dithione

Figure 1. Potential redox activity (and intramolecular electron transfer) of the dithiolene ligand
system constituting the foundation of its non-innocent nature.

The active sites of different molybdenum and tungsten-dependent enzymes are not
entirely uniform. They vary in the number of MPT ligands, in the presence or absence of a
covalent/coordinative bond with the enzyme’s peptide, and in the nature of the one-atom
ligands. This led Hille to classify them into different enzyme families (Figure 2) [5,6].
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Figure 2. Classification of mononuclear molybdenum and tungsten-dependent oxidoreductases
enzymes into families according to Hille (all shown as fully oxidized metals) and the chemical
structure of molybdopterin: (a) DMSO reductase family (b) sulfite-oxidase family (c) xanthine
oxidase family (d) formate dehydrogenase family (e) aldehyde ferredoxin oxidoreductase family
(f) acetylene dehydratase (g) molybdopterin (MPT, reduced form) [5-7].

Model compounds with a close structural resemblance to the active sites bear, in
consequence, one or two dithiolene ligands [8]. However, the enzymatic functions can
also be mimicked by employing non-dithiolene ligand systems, rendering those complexes
similarly important. Even more, such model complexes can provide deeper insights into
structure function relationships by the absence of the non-innocent dithiolene. An example
in this respect is the investigation of the coordination geometry of a hexacoordinated active
site or model, respectively, that could be either trigonal-prismatic or octahedral and which
depends on the employed ligands [9].

An enormous number of distinct bioinspired synthetic analogues were investigated
with regard to their OAT reactivity. Among those examined were different oxygen atom
donor/acceptor substrates, varied solvent systems, and the type of the co-ligand aside
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from variations in general complex composition. In some cases, one specific model system
was tested as a catalyst for natural and /or unnatural reactivity. Unexpected catalytic and
non-catalytic reaction pathways were observed pointing out the versatile functionality
associated with the coordination chemistry of molybdenum and tungsten.

This review is showcasing the functional model chemistry for molybdenum-dependent
oxidoreductase enzymes from approximately the last ten years (2011-2021). All respective
activities prior to this decade have already been most comprehensively reviewed in various
articles in a special issue of Coordination Chemistry Reviews from 2011 which was specifi-
cally dedicated to these enzymes and covers biological and chemical aspects, and in various
further valuable (review) articles [1,2,8-11]. In the following, complexes are taken into
consideration which are able to promote substrate transformations as they are observed for
the natural enzymes—whether they bear dithiolene ligands as models for the biological
active site ligand molybdopterin or not—and such complexes with a structural resemblance
to these active sites with unusual, unexpected, or even unprecedented reactivities.

2. Functional Analogues Showing Natural Reactivity

The enzymatic oxygen atom transfer reaction (OAT) comprises two half cycles of
reactivity: (i) the oxygen transfer from a substrate to the central metal ion accompanied by
the oxidation of the latter; (ii) the metal’s two electron reduction typically coupled to proton
transfer (PCET), or vice versa. Figure 3 shows, for instance, substrate oxidation by OAT and
molybdenum oxidation through PCET. In enzymes either the reduction or the oxidation
process utilizes water as the oxygen atom’s sink or source, respectively (Equation (1)) [11].
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Figure 3. Catalytic cycle of sulfite oxidase with its two half reactions: the OAT (right) and the PCET
(left).

The oxygen atom transfer occurs at the metal center whereas the electron transfer
chains include electron carriers, such as flavin, heme, or Fe-S-clusters, to restore the oxida-
tion state of the metal center, which results in distinct reaction pathways [10,12].

In order to mimic the function of an enzyme, one is not compelled to precisely rebuild
the active site structure. This means that researchers can establish new functional analogues
by freely exploiting the huge variety of available chemical building blocks. The use of the
dithiolene moiety is, hence, not a necessity, and bidentate [13-18], tridentate [19-21], or
tetradentate [22-24] ligands with a mixture of oxygen, nitrogen, and sulfur coordination
sites were introduced to replace the natural ligand system in functional analogues. Alter-
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natively, the metal ion may also be varied. The molybdenum center can, for instance, be
substituted by rhenium, due to the diagonal relationship between these two metals leading
to an additional class of efficient OAT reagents [25-29]. Commonly, the examination of
OAT reactivity includes natural and non-natural oxygen acceptors (organic phosphines,
sulfite, selenite, arsenite) and oxygen donors (N-oxides, S-oxides), which still represent
well-established, state-of-the-art approaches towards modelling either individual half reac-
tions or entire OAT-only catalytic cycles when they are combined [21-23,27,30-34]. This
means that a reduced substrate and an oxidized substrate are mixed with the functional
model complex, which is taking the oxygen atom from one substrate and delivering it to
the other without passing through any PCET.

2.1. Dithiolene Complexes

Considering the biological template of molybdopterin, bioinorganic chemists normally
utilize simplified dithiolene systems to mimic natural reactivity. Respective synthetic ana-
logues can be separated into two major groups depending on the number of dithiolene
ligands present: mono(dithiolene) and bis(dithiolene) complexes. Tris(dithiolene) com-
plexes can be easily synthesized, but are generally rather unreactive and therefore not
commonly of interest. Mono(dithiolene) complexes are only rarely found as functional
analogues in the existing literature due to their difficult syntheses and limited stabili-
ties [8,35,36]. In contrast, bis(dithiolene) complexes represent a class of model compounds
which are relatively reliably synthesized and concomitantly suitable synthetic analogues
for OAT reactivity. Many strategies for ligand and subsequent complex synthesis have been
published in the past [2,8,10]. These complexes are therefore versatile and well explored
for their catalytic performance in the transfer of oxygen atoms.

A classical benchmark reaction for the determination of the OAT activity of a certain
complex was developed by Holm and others [11,37]. The natural ping-pong mechanism
involving water, substrate, and metal ion center is simulated utilizing S-oxides or N-
oxides as oxygen donors and organic phosphines as oxygen acceptors. The simultaneous
application of both substrates links two OAT reactions for which the appropriate kinetic
rate constants can easily be determined.

During the last decade our group reported three of these bis(dithiolene) molybdenum
complexes with comparably conveniently handled ligands 2-napthyl-1,4-dithiolate (ntdt),
pyrazine-2,3-dithiolate (prdt), and 1-methoxy-1-oxo-4-hydroxy-but-2-ene-2,3-dithiolate
(mohdt) (Figure 4). For the prdt ligand, a thenium complex could also be synthesized and
compared to its analogous molybdenum complex, exploiting the element’s diagonal rela-
tionship [27]. However, all these structural and functional analogues exhibited very slow
oxygen transfer kinetics compared to previously tested complexes when using the ‘gold-
standard” DMSO/PR3 benchmark system developed by Holm. The observed reaction times
for all these new complexes were in a range of several days and some did not even reach
completion [27,31,32]. This slow rate can be attributed partly to the poor transfer reactivity
of DMSO. For particularly potent catalysts, a deceleration of the reaction can be helpful in
order to determine the kinetics, while for poor catalysts using better (quicker) substrates
appears more reasonable. Replacing DMSO by the stronger oxygen donor TMAO indeed
resulted in accelerated, though still not very impressive, conversions [32]. It was, hence,
confirmed that bis-dithiolene complexes can exhibit very different and even surprisingly
slow catalytic reaction rates in OAT transformations based on the ligands employed. Sub-
stituents of the dithiolene ligand systems induce electronic effects and thereby modulate
the complex’ stability and reactivity, which counter balance each other and both affect the
catalytic efficiency [38]. It was generalized before that electron-withdrawing groups pull
electron density from the metal towards the ligand by weakening the Mo-dithiolene bond
and consequently increasing the Lewis acidity, followed by the stabilization of the Mo=0O
bond, whereas electron-donating groups push electron density toward the metal center
concomitant to a decrease in the Lewis acidity at the molybdenum and the mitigation of
the Mo=0 bond [39].
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Figure 4. Selected dithiolene ligands used for the catalytic and the non-catalytic examination of
oxygen atom transfer (OAT) reactivity.

The mohdt ligand constitutes an interesting example with simultaneous electron-
withdrawing and electron-donating functional groups at each end of the organic backbone,
resulting in a push-pull effect that was sought to balance the charge transfer between
metal and ligand [32]. However, this functional analogue did not perform as predicted,
because complex dimerization became a significant problem that is associated with a
temporary inhibition of the catalyst. This non-natural reactivity has troubled researchers
since the early phase of model chemistry for molybdenum-mediated OAT reactions, because
the concomitant presence of fully oxidized and fully reduced species often leads to the
reversible formation of the MoV dimer (represented in Equation (2)) [11].

Mo OL,+Mo V10,1, = Moy O3, )

This dimerization is predominantly observed for dithiolene ligands with an aliphatic
(e.g., electron-withdrawing) backbone. It represents a resting state within the ping-pong
cycle. Depending on the extent of the formation of the dimer, it can dramatically de-
crease the concentration of the actually active species. The observed very slow substrate
conversion by the mohdt bearing functional analogue most likely goes back to such dimer-
ization [11,32,37]. This emphasizes how tricky it is choosing the best set of substituents in
order to design a structural dithiolene-bearing model of the oxidoreductases which also
shows at least moderately good functional activity.

While the mohdt ligand provides an asymmetric electron density distribution within
one ligand, Sarkar and others employed a different strategy. They synthesized mixed
bis(dithiolene) molybdenum complexes. Each complex bears one maleonitrile-1,2-dithiolate-
ligand (mnt) plus one additional dithiolene, either toluene-3,4-dithiolate (tdt), benzene-1,2-
dithiolate (bdt) or 1,2-dicarboxymethoxyehtylene-1,2-dithiolate (dmed) [30]. The observed
electron density exhibited an asymmetry over the entire complex in contrast to the mohdt-
derived complex in which the effect is more localized. Notably, the combination of mnt
with bdt resulted in a higher reaction rate than for the mnt/dmed system, regarding the
oxygen atom transfer from TMAO to the complex, even though aromatic dithiolenes are
not considered as giving particularly active catalysts. Complex composition was designed
by the authors in order to address the distinct spatial orientation of the two MPT ligands in
the active site of the DMSOR family. These different MPTs were identified in the crystal
structure of DMSOR (there named P and Q pterin), and were suggested to lead to an
asymmetric electronic modulation of the metal center which promotes reactivity [40-43].

Instead of applying Holm’s double OAT benchmark reactions and catalytic cycles as
in the examples described above, important mechanistic and kinetic insight for functional
models and, by extension, the natural active sites, can also be derived from the examination
of ‘only” their half reactions. In 2014, a mostly computational study (DFT supported
by EXAFS) addressed the electronic differences in the active site reactivities of DMSO
reductase and sulfite oxidase enzymes employing model compounds [44]. It was possible to
theoretically differentiate comprehensive mechanistic details of the oxygen atom transfer
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from metal to substrate and from substrate to metal. Using DMSO as substrate and a
monooxido molybdenum(IV) complex, an S=O bond elongation was found to lower the
energy of the S-O antibonding orbital. This closes the gap between the molybdenum
centered HOMO and the substrate centered empty orbital that is about to receive the two
electrons. The actual OAT is, hence, initiated by the O-Mo contact, and the weakening
of the O-S bond occurs prior to the transfer of the two electrons from metal to substrate.
In case of the reverse OAT from metal to substrate, trimethylphosphite and a dioxido
molybdenum(VI) center was investigated. Here the energy barrier is already smaller in
comparison between the Mo=0O centered LUMO (antibonding) and the lone pair of the
oxygen acceptor phosphite, enabling swift orbital mixing and concomitant electron transfer.
In case of the transfer from metal to substrate, the electron flow, therefore, precedes the
oxygen atom transfer, i.e., the exact opposite compared to metal center oxidation.
Considering these notable mechanistic differences, it appears indeed reasonable to
evaluate the two types of OAT, with regard to the direction of the transfer, separately. In
the following, the focus is on OAT-capable complexes which model the half cycle reactions
transferring the oxygen atom from metal to substrate, i.e., the conversion of MV! to MV,
Sugimoto and others, remarkably, further extended their respective investigations beyond
OAT, also looking at oxygen’s heavier congeners sulfur and selenium. The transfers of
oxygen, sulfur, and selenium atoms to organophosphines were compared considering
tungsten as well as molybdenum complexes as oxidants [33,45-50]. The investigations
focused on mechanistic and kinetic details of these reactions. For the sake of comparability,
the employed dithiolene ligand was in all cases the methylester derivative dmed (see
Figure 4). It must be noted here that the preparation of these S and Se bound complexes is
far from trivial and they are also very difficult to handle due to their lability. For the sulfido
and selenido complexes, the desoxo [MY(OR)L;]~ (OR = alcoholato ligand) species were
employed as starting materials which were first reacted stoichiometrically with suitable N-
oxides yielding the octahedral [MY!O(OR)L,]~ type complexes. In a second transformation,
the alcoholato functionality was replaced by S or Se using EH™ as reactants (E=S, Se) [46,50].
The mechanism and kinetics of the chalcogenide transfer to organophosphine are
best described with a two-step reaction scheme (Figure 5); the overall observed pseudo
first-order rate constants showed saturation curves with respect to organophosphine con-
centration. This implies that the dissociation of the product (R P=E) from the active site
is the rate-determining step [46]. With regard to that particular observation, Fischer and
Fischer in 2016 provided another perspective (derived from the already published data)
and pointed out that the underlying fundamental reaction is a simple consecutive reaction
with only the first step being actually dependent on the substrate concentration [38]. An
increase in the substrate concentration accelerates the reaction rate of the first step, which
eventually overruns the second step (substrate independent). The latter scenario would
then lead to the observed “saturation type” kinetics. The transfer of oxygen (O°) to the
substrate in the Sugimoto experiments occurred with very slow reaction rates which were
explained as being the result of the strong electron-withdrawing effect of the dmed ligand
system stabilizing the higher oxidation state. Comparative DFT calculations revealed the
participation of the transferred E in the LUMO of the [MV!O(E)(dmed),]>~ (M = Mo, W;
E =0, S, Se) species and a significant respective difference for oxygen in contrast to sulfur
and selenium. The contribution to the LUMO by the oxido ligand was only 9.74% for
M = Mo and 1.41% for M = W, whereas sulfur (Mo: 34.42%; W: 34.45%) and selenium (Mo:
35.33%) held a much more substantial share of the LUMO [46,50]. As a result, the transfer
rates were clearly enhanced in the cases of selenium and sulfur [46,50]. Additionally, the
influence of the metal center with regard to sulfur atom transfer was investigated. While
the molybdenum complex exhibited saturation type kinetics, the corresponding tungsten
complex showed only a first-order dependency on the PR3 concentration. This defines
the association between phosphorous and sulfur as rate-determining for the latter. The
apparent second-order rate constant for the molybdenum complex (only the initial linear
part of the saturation curve was considered) was nine times higher in comparison to the
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tungsten complex rate constant (kp: 15.4 M~ 1s1vs. 1.7M~1 s71), which is in accordance
with previous observations for this type of half cycle reaction, i.e., the oxygen atom transfer
from complex to substrate and metal ion reduction: kyo > kyy [8,46].
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s7 | s ka s

E-PR 2
e 3
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Figure 5. Mechanism of E atom transfer reactions (E = chalcogenide atom) from metal centers
to organophosphines (PR3). The formal oxidation state of the metal changes from +VI to +IV;
phosphorous is concomitantly oxidized. ki, k_1, and k; represent the respective reaction rates. The
figure was adapted from the original literature [38,46].

In the other type of half cycle reaction, a substrate donates its oxo function as an oxygen
atom to the metal ion center accompanied by the oxidation of MY to MV!. Respective
OAT donor reagents/substrates are often derived from trimethylamine-N-oxide (TMAO)
since this is actually also a natural substrate for TMAO reductase, or dimethylsulfoxide
(DMSO), as in the DMSO reductase enzyme [30,33,51,52]. In 2006, Ueyama and others
designed a novel aromatic dithiolene ligand 1,2-5,-3-R-CONHCgH; (2N-bdt; R=CH3,
Bu, CF;, CPhj, C(CgHy-4-'Bu);) (Figure 6b), bearing two amide moieties adjacent to
the dithiolene in order to enable intramolecular hydrogen bonding in their complexes
since H bonds play important roles for the enzymes’ active sites and reactivities [53].
These interactions in the model compounds modulated the electronic bonding preferences,
resulting in a positive shift of the redox potential. This shift goes back to the H bond
supported stabilization of the dithiolene to metal ion coordination reflected in decreased
M-S(dithiolene) bond lengths [54-57]. An observed asymmetric hydrogen bonding in the
backbone of MPT was the inspiration for exploiting specifically the intramolecular H bonds
in these model compounds (Figure 6a) [42]. As pointed out in the literature, the MPT
ligand represents a redox relay in which the tetrahydropyrazine moiety can be oxidized
to the dihydro or fully oxidized pyrazine ring system [2]. Hydrogen bonding interactions
necessarily change, when the oxidation/protonation states of the nitrogen atoms are altered,
which is particularly relevant for those N that lie adjacent to the dithiolene donor site. In
their experiments, Ueyama et al. found an accelerated addition of the oxygen of TMAO
to the [MoVO(2N-bdt),]?~ complex in contrast to the non-substituted related benzene-
1,2-dithiolate-derived complexes introduced by Garner and Clegg much earlier [53,58].
Following up on these findings, Onitsuka and others later changed the properties of the
employed 2N-bdt ligands; they removed one amide moiety to obtain the asymmetric
1,2-S,-3-R-CONHCgHj (N-bdt; R = CHj, ‘Bu, CF3, CPhs, C(C¢Hy-4-'Bu);) (Figure 6c¢)
and 1,2-S,-3-'Bu-NHCOCgHj; (CO-bdt) (Figure 6d) dithiolenes and investigated the trans
influence which had been noted for the tungsten 2N-bdt analogue [52,59,60]. The results
showcase similarly enhanced reactivity for all complexes utilizing amide-bearing dithiolene
ligands in comparison to complexes with bdt. Respective kinetic features were investigated
using UV /vis spectroscopy with a complex to substrate ratio of 1:2. N.B., the reaction was
treated as being pseudo-first order to derive rate constants, which is not kinetically correct
for the applied (relative) concentrations; this should be taken into consideration when
discussing or comparing future studies to these kinetic results. The observed differences
and similarities among these systems are still very interesting and relevant, though. Model
complexes with these asymmetric dithiolene ligands that have inherent hydrogen bonding
properties may enable a ‘guided” association of substrate and metal center plus a follow-up
change in orientation, which is thought to improve the binding of a suitable oxygen acceptor
molecule, i.e., acting as a miniature bioinspired hydrophobic enzyme-like pocket [51].
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Figure 6. Comparison of the hydrogen bonding interactions in the molybdopterin moiety (a), with
the different substituted aromatic ligand systems 1,2-5,-3-R-CONHCzHj3 (2N-bdyt, (b)), 1,2-5,-3-R-
CONHCg¢Hj3 (N-bdt, (c)) and 1,2-5,-3-‘Bu-NHCOC¢Hj3 (O-bdt, (d)) introduced by the groups of
Ueyama and of Onitsuka [51,52,60].

Within the DMSOR family, TMAO reductase is coordinated to the peptide by a serine
residue, whereas for nitrate reductase (NR), aspartate or cysteine were detected in the
first coordination sphere of molybdenum [61,62]. The latter converts a chemically less
reactive substrate, implying that the NR enzymes possess increased reactivity [10,33,63].
Using alcoholato and thiolato desoxomolybdenum(IV) complexes as models, Sugimoto
et al. investigated the potential influence of these peptide-based chalcogen donor atoms in
the respective enzymes [33]. Donor atoms as well as steric influence were studied with the
oxygen donation from different N-oxide substrates. Following previously utilized strategies
for systems with 1,2-dimethylethylene-1,2-dithiolate or 1,2-diphenylethylene-1,2-dithiolate
ligands [63-67], an additional aliphatic ligand system was introduced, cyclohexene-1,2-
dithiolate (cydt, Figure 4), with relatively strong electron-donating properties. A molybde-
num complex bearing two cydt and one phenolato ligand exhibited notably faster OAT
transformations than all other complexes from this comparative study. The acceleration
was attributed (a) to the strong electron-withdrawing properties of the ligand and the
resulting increased Lewis acidity at molybdenum and (b) to the reduced steric strain (vs.
2,6-diisopropylphenolate) of the alcoholato ligand. The reaction accelerated further when
the chalcogen donor was changed from oxygen (alcoholate) to sulfur (thiolate). This ob-
servation was explained by the authors with reference to the larger contribution of the
sulfur donor atom p-orbital to the coordinative bond as reflected in the distinct bond angles,
107.2° for the Mo-5-C and 160.5° for the Mo-O-C bond, respectively, which also facilitates
the access of the substrate to the vacant metal coordination site in case of the thiolate ligand;
i.e., a mix of interdependent electronic and steric effects is responsible [33].

In the examples discussed above, direct OAT reactions from or to a suitable substrate
have been in the center of attention. However, this refers only to one half reaction of
the natural mechanism. The other half of the natural enzymatic catalytic cycle, its regen-
erative part, utilizes water through a double PCET reaction as natural source or sink of
oxygen [11]. Sugimoto and others investigated an artificial PCET model system in which
the [Mo!VOL;,]>~ (L = dmed, bdt) complex was electrochemically oxidized together with
spectroscopic reaction monitoring of the Mo" species in presence of hydroxide ions in ace-
tonitrile solvent [48]. The product of the reaction cascade was identified as the MoVO,L,
analogue. The reaction pathway comprises the consumption of two hydroxide ions fol-
lowed by a disproportionation probably going through the p-oxo-dimer intermediate
(Figure 7). In contrast to related work of Xiao et al., who employed trispyrazolylborate
(Tp™) ligands instead of dithiolenes [68], the intermediate species MoYO(OH) and MoV O,
could not be isolated. Changing the ligand system obviously interfered with the overall
kinetics of the reaction cascade, which likely originates from the much better steric pro-
tection of the Tp~ ligand and possibly a variation in the Lewis acidity of the metal center,
due to the different donor atoms and local charges. The kinetic and electrochemical data
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of Sugimoto et al. implied a stronger electron-withdrawing effect for the dmed ligands
compared to the bdt ligands, which facilitated the nucleophilic attack of the hydroxide
ions [48]. Since modelling the conditions in which PCET occurs in nature requires (at least
moderately) aqueous solvents and specific pH values, these modelling experiments are
exceptionally challenging and consequently very rarely found in the literature.

0 -
Mo"’ lv‘lo s

OO—P_

b b
Figure 7. Proposed mechanism for the artificial PCET reaction with MoVOL, (L = bdt, dmed). The
reaction cascade starts with an electrochemical activation (top) followed by a consumption of two

hydroxide ions to produce a Mo¥O,L, complex which can disproportionate, resulting in a Mo"'0,L,
species (bottom). The figure was adapted from [48].

Extremophilic organisms live in harsh environments under extreme conditions. Con-
sidering their enzymes, reactivities of functional analogues should ideally be assessed with
the application of typical environmental parameters (temperature, pH, ion concentrations,
etc.). Kim and others, accordingly, investigated a model for tungsten-dependent formate
dehydrogenase (W-FDH; from thermophiles) under, respectively, harsh, i.e., high temper-
ature, conditions [69]. The well-known 1,2-dimethylethylene-1,2-dithiolate (mdt) ligand
was used to synthesize the corresponding [WO(mdt),]*~ complex. When dissolved in
acetonitrile and exposed to 90 °C in a CO; atmosphere (and apparently in presence of
a proton source), it formed an unexpected dinuclear (Et;N),[W," Oy (p-S)(1-mdt)(mdt),]
species after four days. The origin of the protons could not be completely validated though
acetonitrile was strongly suspected. Other products of the reaction, formate (CO, substrate
derived as expected) and dimethylthiirene (apparently from dithiolene) were detected by
GC-MS [69]. The normally well-behaved [WO(mdt),]>~ engaged in substantially different
reactivity at the applied high temperature, which emphasizes the difficulties encountered
when modelling extremophilic enzymes and reactions.

Besides mimicking harsh environmental conditions, replacing oxygen by sulfur in
the sink/source of the transferred chalcogen atom represents another example of a re-
search issue that is comparably difficult to address. These efforts fall into the context of
a rarely examined enzyme: polysulfide reductase. This enzyme is found in anaerobic
prokaryotes (e.g., Wolinella succinogenes) and fuels ATP synthesis. Hence, it facilitates
so-called polysulfide respiration, in which an electron donor (formate or H, from FDH
or hydrogenase, respectively) enables the enzymatic reduction of polysulfide to sulfide
(Equation (3)) [70,71].

SZ™ 4+ 2H" +2e” =2 + H,S ©)

Very few respective and at least fractionally functional analogues are reported in
the literature. The groups of Sarkar and later Sugimoto introduced molybdenum and
tungsten complexes which were found to be reactive toward polysulfide and sulfur, respec-
tively [72-74]. However, the coordination of sulfido ligands is accompanied by increasing
instability and reactivity as reflected in the faster sulfur atom transfer (SAT) compared to
OAT (vide supra). Sugimoto and others established a new tungsten containing synthetic
analogue [W'VSL,]>~ with 1,2-diphenylethene-1,2-dithiolate (dpdt, Figure 4) as a ligand
system which was able to activate three equivalents of sulfur to yield a [WIV(S)L, >~
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species. A polysulfide-like product n'-S32~ was discussed as an interim ligand possibly
oxidizing the tungsten from +IV to +VI. This would result in an intermediate which can be
rearranged by reducing the metal back to +IV and fusing the two sulfur coordination sites
S?~ and S32~ to give S42~.

Complementing the traditional synthetic and catalytic chemical approaches, elec-
trochemical and photochemical applications allow certain bioinorganic questions about
biomimetic catalysis, e.g., when modelling the biological electron transfer chains to re-
generate the active sites, to be addressed. This would be enormously difficult with solely
chemical methods. Due to the rising interest in reducing the greenhouse gas CO,, molybde-
num and tungsten-containing formate dehydrogenase (FDH) as well as the Cu/Mo bearing
CO dehydrogenase 2 (CODH2) became particularly important study targets. Enhancing
enzyme reactivity for biotechnological application and synthesizing efficient functional
analogues of the active sites are two major lines of research in this context [75]. Electro-
chemical and photochemical methods have been widely used for modulating the electronic
properties of metal centers in chemical compounds to instigate redox catalysis. Fontecave
and others combined different dithiolene ligands with molybdenum and nickel ions as
active analogues for FDH and designed a unique bimetallic compound with molybdenum
and copper ions in a single model complex for CODH2 [76-80].

The ligand systems applied here are relatively more similar to MPT than the examples
discussed above. They comprise tricyclic systems in three conformations, i. oxidized (qpdt,
Figure 8a), ii. semi-reduced (H-qpdt, Figure 8b) and iii. fully reduced (2H-qpdt, Figure 8c),
in which a pyrazine/piperazine ring is fused to a benzene ring on one side and to a pyrane
ring (bearing the dithiolene coordination donor site) on the other side. Similarly advanced
ligand systems were originally introduced jointly by the groups of Garner and Joule
in 1998. However, they never succeeded in unambiguously coordinating molybdenum
centers with their ligand systems, whereas the analogous cobalt complex [Co™Cp(dt)]
(Cp = cyclopentadienyl; dt = dithiolene) turned out to be even air-stable [81-83]. Based on
this seminal work, Fontecave et al. synthesized related CoCp-dithiolene complexes with
the three ligands described above. They were, most notably, also able to prepare the three
corresponding molybdenum monooxido bis(dithiolene) complexes [76-78]. An unusual
observation was made when analyzing the molecular structure of the molybdenum 2H-
gpdt analogue: molybdenum was found to be in the formal oxidation state +V, not +IV as
expected [76]. The three molybdenum complexes were examined for their ability to reduce
carbon dioxide in a photocatalytic setup with [Ru(bpy)3;]** as photosensitizer (10 equiv.)
and 1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole (BIH) as sacrificial electron
donor in acetonitrile/triethanolamine (5:1). All complexes catalyzed the reduction of CO,
to formate and CO with competitive proton reduction. The presence of the more oxidized
gpdt and H-qpdt ligands was found to lower the selectivity, as their complexes produced
more hydrogen byproduct (substrate selectivity CO,/H*: 0.23 and 0.86, respectively). The
molybdenum complex bearing the reduced 2H-qpdt (which would be expected to increase
the complex’s reducing power) showed the highest selectivity for CO, (CO,,/H" =1.38). The
same ligands were used for the synthesis of the respective nickel bis(dithiolene) complexes,
which exhibited similar reactivity. For this study, electrocatalysis was chosen as the method
and the 2H-qpdt complex showed again the best selectivity towards transforming CO,
to formate and CO with very low competitive hydrogen evolution [79,80]. Complexes
with the same ligand but different metal center (molybdenum vs. nickel) exhibited notable
differences. The nickel complex with 2H-qpdt was more selective toward CO; reduction
(faradaic yield after 20 h: carbon species = 72%; TON = 90), whereas the molybdenum
complex was found to be more active with a higher turnover number (TON) (after 15 h:
carbon species = 60%; TON = 123) [79]. However, since the complexes with the distinct
metals are not structurally analogous, and because different activation methods were used
(photo vs. electro), conclusions derived from that comparison should be taken with caution.
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Figure 8. (a—c) Employed ligand systems for FDH functional analogues based on a fused quinoxaline-
pyrane ring system with oxidized (qpdst, (a)), semi-reduced (H-qpdt, (b)) and fully-reduced (2H-qpdt,
(c)) pyrazine/piperazine ring, respectively (* represents chirality), (d,e) comparison of the active
site of MoCu CO dehydrogenase 2 (MPT only shown as dithiolene) (d) with the synthetic analogue
(EtsN), [(bdt)MoYIO(11-5), CulCN] (e) introduced by Fontecave et al. [76,78,84].

The natural molybdenum containing CODH2 enzyme was found to not convert CO,
as in the FDH enzymes but to irreversibly oxidize CO, which is not fully understood as of
yet [85]. Modelling the reactivity of this very unusual active site (Figure 8d) comprises a
challenging task. Initiated by Tatsumi and others in 2005, only very few functional ana-
logues can be found in the literature; some bear dithiolene ligands [84,86,87] while others
are dithiolene-free [88-90]. The Mo/Cu complex of Fontecave (Figure 8e) [MoY1O(bdt)
(1-S),CulCNJ?~ represents the first example of a synthetic model complex for the active
site of CODH2 which reduces CO, via electroreduction and thereby reverses the natural re-
activity. In the presence of CO; and a proton source (trifluorethanol), the catalyst selectively
generated formate as major product, with CO and Hj as side products in good faradaic
yields (96% after 2 h; TON = 4; selctivity 69% formate vs. 8% CO vs. 19% Hy) [84].

Digging deeper, the authors applied infrared (IR) spectroelectrochemical (SEC) meth-
ods supported by DFT computations for insights into the catalytic cycle. The results
indicate the presence of carbonate, implying a bifunctional nature of CO, in the catalytic
transformations. It not only served as general substrate, but also facilitated formation of the
active catalyst. The activation process comprises formation of carbonate from CO, and the
oxido ligand of the molybdenum complex (a classic example of OAT) plus electrochemical
reduction. Subsequently, an intermediate square planar molybdenum(IV) species with a
triplet ground state (confirmed by DFT computations) converts into the active catalyst via
electrochemical reduction. Notably, an in situ Mo-H species was detected and interpreted
as the cross-section for proton reduction and formate generation (Figure 9). Further investi-
gations confirmed a critically important role of the Cu-site; in its absence, the corresponding
molybdenum bis(dithiolene) complex [MoO(bdt),]*>~ was inactive [84].
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Figure 9. Proposed catalytic cycle for CO, activation yielding formate and H, by the novel
(EtsN), [(bdt)MoYIO(1-S),CulCN] complex, a functional analogue of the Mo/Cu CO dehydrogenase 2.
The standard potential in the second step is given vs. Fc*/Fc and constitutes a one-electron reduction
into the ligand-based molecular orbital with almost exclusively Ss,-character; TFE = Trifluorethanol.
Adapted from the original report [84].

2.2. Non-Dithiolene Complexes

The model chemistry for molybdenum and tungsten containing oxidoreductases is
dominated by dithiolene ligand systems for their structural (and electronic) similarity to
the natural MPT. However, their non-innocence character and proneness to be oxidized
induce a sensitivity in the target complexes and, even more so, in reaction intermediates.
As a consequence, this will lead, for instance, in the redox-comproportionation, to cat-
alytically inactive dimers (see Equation (2) above) [10]. Replacing dithiolene ligands by
non-dithiolene ligands when addressing research issues that are unrelated to the specific
role of MPT comprises therefore a reasonable and certainly justified strategy.

One active site component of particular interest is the so-called ‘spectator’ oxido
ligand, for instance, which is not uniformly present in the various cofactors of the different
oxidoreductase enzymes [22]. The label ‘spectator’ is used to characterize this oxygen as not
being transferrable; i.e., its presence only modulates the active site’s chemical and electronic
structure. Functional analogues bearing such spectator oxido function in the absence
of any dithiolene ligands are widely used and come with a huge variation in structural
properties and ligand types (e.g., bi-, tri- or tetradentate). Reactions, such as oxygenations
and epoxidations of non-natural substrates, widen the reactivity scopes of these complexes
substantially. However, looking at non-natural transformations of non-natural substrates
would go well beyond the aim of this review, which is to highlight bioinspired functional
models for oxidoreductases. Readers interested in these systems/reactivities may refer to
respective articles available in the literature [91-97].

Some of the most successful and most reliable ligands used in chemistry belong to
the tridentate scorpionate ligand class: hydrotrispyrazol-1-yl-borate (Tp), hydrotris(3,5-
dimethylpyrazol-1-yl)borate (Tp*) and hydrotris(3-isopropylpyrazol-1-yl)borate (Tp'Fr).
These ligands together with their corresponding molybdenum complexes were predom-
inantly investigated by Trofimenko for a considerable time span between the years 1967
and 1989 [98-102]; these systems continue to play an important role in more modern OAT
research. The history and utilization of scorpionate complexes as chemical analogues of
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molybdenum enzymes are expertly illustrated in a review article by Young, which is highly
recommended [103]. Reported by Enemark, Young and others in the 1990s, a Tp* molybde-
num complex was the first functional analogue that was able to catalyze sufficiently well
a reaction between PPh3 and water as oxygen source [68,104]. The literature output for
functional Mo and W model complexes with the Tp ligand and derivatives thereof has
notably decreased throughout the last decade, though, implying that these ligands are no
longer perceived as indispensable for the ongoing research activities in this context [19,105].

Still, the group of Carrano employed two heteroscorpionate ligands based on Tp* in
which one pyrazolyl moiety was replaced by either a thiolate (L3S) or an alcoholate (L100)
substituent, respectively, to synthesize the corresponding [MoO,LCl] complexes (L = L3S,
L100) (Figure 10c,d) [19]. The transferrable oxido ligand of the molybdenum complex
with the L100 ligand is located in either trans or cis positions to the spectator oxido ligand,
whereas the thiolate analogue was only found as cis isomer. All three complexes/isomers
were examined as stoichiometric OAT donor reagents with PPh; as O° acceptor. The trans
isomer of the bulky L100 system showed no formation of the inactive p-oxido dimer in
addition to the transfer reaction product, which was attributed to steric bulk, and is an
advantage over the L3S ligand with less steric strain. The L10O cis isomer was entirely
inactive in the typically used solvents (acetonitrile, DMF) but active in pyridine albeit
with rather slow reaction rates compared to the other two complexes. Additionally, trans-
[MoO,(L100)C1] and cis-[MoO,(L3S)Cl] were catalytically active in DMF/dg-DMSO (1:1)
with excess PPhz [19].

(a) (b)
COOH
s A W
=N N= =N N=
(c) (d)

1
e I N @\\l‘"
H

Figure 10. Scorpionate ligands bis(3,5-dimethyl-4-vinylpyrazol-1-yl)acetic acid (bpa, (a)) and bis(3,5-
dimethyl-4-vinylpyrazol-1-yl)methane (bpm, (b)) used for homogenous and heterogenous OAT

catalysis. The vinyl groups are connected to acrylate linkers resulting in a polymer [105]. Heteroscor-
pionate ligands based on Tp* with a thiolate (L3S, (c)) or an alcoholate (L100, (d)) replacing one
pyrazolyl moiety [19].

The formation of p-oxido dimers is a similarly challenging problem in the dithio-
lene as well as in the non-dithiolene model chemistry. When designing complexes with
alternative ligands, these are, therefore, often chosen with regard to their presumed or
apparent ability to impair such dimerization. One strategy involves the immobilization
of the metal center on a polymeric ligand with multiple binding sites, essentially mim-
icking active site pocket characteristics [106,107]. Burzlaff and others fused a scorpionate
ligand system to vinyl moieties (bis(3,5-dimethyl-4-vinylpyrazol-1-yl)methane = bpm,
Figure 10b; bis(3,5-dimethyl-4-vinylpyrazol-1-yl)acetic acid = bpa, Figure 10a) to facilitate
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their polymerization with an acrylate linker (methyl methacrylate = MMA; ethylene glycol
dimethacrylate = EGDMA) resulting in four different polymers [105]: i. bpm + MMA, ii.
bpm + EGDMA, iii. bpa + MMA and iv. bpa + EGDMA. To synthesize the heterogeneous
catalysts, the polymers were charged either with MoO,Cl; or a molybdenum scorpionate
complex, resulting in eight different molybdenum-bearing polymers. The catalytic activity
of these polymeric species was then compared to the homogenous molybdenum scorpi-
onate complexes [MoO;(bpm)Cl,] and [MoO,(bpa)Cl]. Notably, the homogenous catalysts
showed much better OAT activity compared to the polymers and, among polymers, higher
turnover numbers were observed when the MMA linker was used as co-monomer. Re-
gardless of the absence (heterogenous catalysis) or probable presence of p-oxo dimers
(homogenous catalysis), however, the polymer approach had no apparent advantage [105].

Besides the historically important scorpionate complexes, several other catalytic sys-
tems were shown to facilitate full OAT cycles while employing a broad range of ligands
(Figure 11) [15,20-23,108,109]. With the standard OAT benchmark catalysis introduced by
Holm (vide supra), with S-oxides and PPhj as substrates and with catalysts having specific
modifications, the roles of metal centers (Mo vs. W) of donor atoms, and even of backbone
substitution (second and outer coordination spheres) may be elucidated. For an evaluation
of molybdenum vs. tungsten, 2,2/ -chalcogenobis(4,6-di-tertbutylphenol) (CbbP, Figure 11a)
and 1,4-diazepane-based mono(phenolate) (Figure 11b) ligands were used for complexation.
The tungsten functional analogue turned out to show better catalytic efficiency compared to
the molybdenum complex [20,21]. This result is noteworthy, because normally the oxygen
transfer reactivity of the oxido MV! complexes is better for molybdenum than for tungsten
(and vice versa for the oxidation of the M!V species). Replacing the oxygen donor substrate
by nitrate reversed the observed relative catalytic activity [20]. It was concluded that the
tungsten analogue is almost unreactive regarding the oxygen transfer to the organophos-
phine (by which the metal is reduced). It shows, however, an improved overall OAT
activity when a strong oxygen donor pushes the system forward (in the direction preferred
by tungsten). The push then also supports the less reactive oxygen transport from WV!
toward the PR3 substrate. This is reflected in observations regarding the reactivity toward
organophosphines made by Holm and Berg as well as Young, for which the latter declared
the similar bond energies of W=0 (>138 kcal/mol) and P=0 (ca. 126-139 kcal /mol) to be at
least partially responsible for the extremely poor reactivity [110-113].

With a focus on the ligand sphere rather than the central metal, Mosch-Zanetti and
others investigated the impact of steric factors on OAT catalysis utilizing tetradentate
1,4-diazepane-like bis(phenolate) (Figure 11f) and salan-like bis(phenolate) ligand systems
(Figure 11g) [22]. Notably, the complexes with the diazepane-like ligand [MoO,L] devel-
oped a rarely found cis-B conformation regarding the oxido moieties, which renders the two
oxido ligands substantially distinct. The cis-f complexes exhibited an enhanced catalytic
activity compared to those with salan-like ligands in a cis-a« conformation. Furthermore,
increasing steric hindrance by substitution in the meta positions (relative to alcoholato)
resulted in catalytic inactivity, because the molybdenum coordination site for substrate
is thereby sufficiently blocked. The electron-shift preference (push or pull) of the para
substituent was further identified as having an impact on catalytic efficiency. Catalysis
was improved with more electron-withdrawing groups in para position relative to the
coordinating alcoholato substituent [22].

Work by Enemark back in 1985 later inspired the group of Okuda to employ the
tetradentate 1,2-dithiaalkanediyl-2,2’-bis(phenolato) ligand (OSSO; Figure 11e) and an
all-sulfur version thereof, 1,2-dithiaalkanediyl-2,2"-bist(hiophenolato) (SSSS) [23,114,115].
Some of the respective molybdenum complexes carry halides instead of the spectator
oxido ligand resulting in desoxo Mo!Y and monooxo MoV species, respectively. The
[MoY1O(0SS0)Cl,] was unstable and found to rapidly convert to the [MoYO(0SSO)Cl]
complex. The latter represents the presumed intermediate during catalytic turnover which
is deactivated in absence of the oxygen acceptor PPhs. In comparison to other model
catalysts, the desoxo Mo!Y complex only performed at elevated temperature (60-80 °C,
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solvent dependent), though it was still more effective compared to the MoV, analogue.
The dimerization process as proposed by Enemark was not observed for the [MoO,(SSSS)]
system [114]. Surprisingly, the authors measured the highest catalytic activity for their
molybdenum precursor [MoCl4(NCMe);] at elevated and room temperature [23]. This
is in accordance with OAT activity of other simple molybdenum complexes, such as
[MoO,Cly(dmf);] or [MoO,(SCN)4]%~, which are commonly used as precursors for syn-
thetic analogues, but also have a use as catalysts in industrial-scale deoxygenations [116].
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Figure 11.  Selected non-dithiolene ligand systems used for OAT catalysis: (a) 2,2'-
chalcogenobis(4,6-di-tertbutylphenol) (Cbbp) [20], (b) 1,4-diazepane-based mono(phenolate) [21],
(¢) 2-(2’-hydroxyphenyl)-2-oxazoline (hoz) [25,109], (d) pyrimidine- (PymS) and pyridine-2-thiolate
(PyS) [15,108], (e) 1,2-dithiaalkanediyl-2,2'-bisphenolate (OSSO) [23], (f) 14-diazepane-based
bis(phenolate) [22], (g) ethylenediamine-based-bis(phenolate) [22].

Complementing these insights into the impact of the catalytically active species, a vari-
ation in substrates can similarly result in information about reactivity and mechanisms. In
OAT catalysis, the oxygen acceptor substrate naturally influences the activity of the catalyst
and the overall reaction rate. Most commonly, organophosphines are used considering
the strong oxophilicity of phosphorous. Replacing PPh; by PMe; resulted in a decrease in
reactivity for molybdenum complexes bearing pyrimidine- (PymS) and pyridine-2-thiolate
(PyS) ligands (Figure 11d) introduced by Mdsch-Zanetti et al. [15]. In contrast to the bulkier
PPhj3, the PMe3 molecule coordinates to the reduced molybdenum(IV) center, resulting in
a reversible inactivation of the catalysts which could be countered with an excess of the
oxygen donor substrate (S-oxides). Furthermore, dimerization was inhibited since PMe3
blocked the respective coordination site, as similarly reported by the Heinze group [17,18].
Complete inactivation was previously observed for some model complexes with salan-type
ligands [22]. Regarding the PymS- and PyS-derived systems, this study implies a preferable
use of PPhs as oxygen acceptor, although it facilitated the formation of the p-oxido dimer
which was additionally synthesized. The dimerization process can be hindered through
fine-tuning of the ligand system and enhancing catalysis using more potent S-oxides as
oxygen donors [15]. The group of Hardré also described the dimerization process for
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an OAT catalyst bearing the PyS ligand which was generated in situ from an air-stable
molybdenum pre-catalyst coordinated by the corresponding N-oxide (OPyS) [108].

Normally, the PR3/DMSO combination works sufficiently well as donor-acceptor
substrate mix for monitoring and investigating the OAT reactivity and evaluating the
activity of different catalysts. However, there are other opportunities, aside from PR3,
to establish a metal-reducing pathway without using a direct oxygen acceptor. As an
alternative, benzoin can be utilized. This substrate has the advantage of not only reducing
the metal center but also concomitantly producing water, and mimicking the regeneration
of the active site in the enzyme [117-119]. As downside, high temperatures had to be
applied (80-100 °C) and the generated water can also be viewed as disadvantage for the
known instability of the employed complexes against hydrolysis. The Avecilla group
carried out some OAT catalyses using the DMSO/benzoin pair with several molybdenum
complexes bearing tetradentate diamine-bis(phenolate) ligand systems reaching TOF values
of 22-46 h~!. In all cases, dimerization was detected while it represented clearly a reversible
resting state with no actual harm for the catalytic transformation (vide supra) [24,120].

N-oxides and S-oxides represent the natural substrates for the enzymes TMAOR and
DMSOR and their wide use in these catalytic studies is well justified. It became neces-
sary, however, to expand the range of employed substrates considering, in particular,
the nitrate and perchlorate anions, which are metabolized by molybdenum-containing
oxidoreductases, namely perchlorate reductase, chlorate reductase and nitrate reductase
being members of the DMSOR family [121,122]. The conversion of the respective substrates
contributes to oxygen-free respiration chains used by anaerobic bacteria yielding energy
equivalents, such as ATP, needed to power metabolism. The pathway for perchlorate
reduction plus the involved enzymes are provided in Scheme 1. The first two steps are
catalyzed by molybdenum-dependent PcrAB, the target of respective molybdenum model
chemistry. The utilization of nitrate (denitrification) can lead into different directions
(Scheme 2) [123,124]. The typical denitrification results in the formation of molecular ni-
trogen from nitrate via nitrite, nitric oxide, and nitrous oxide. The dissimilatory nitrate
reduction yields ammonium as product of nitrate in, potentially, a single step transfor-
mation [125]. Anaerobic ammonium oxidation (Anammox) also generates nitrogen, but
forms hydrazine as an intermediate, resulting from a comproportionation of nitric oxide
and ammonium [124].

Accumulation of nitrate (source: agriculture) and perchlorate (source: rocket fuels, mil-
itary, pyrotechnique) in the groundwater represents a serious problem; health issues have
been reported in connection with the uptake of contaminated drinking water [123,126-129].
As a result, the development of efficient catalysts targeting specifically the removal of
nitrate and perchlorate as pollutants from water has become ever more important. How-
ever, functional analogues utilizing molybdenum with dithiolene or non-dithiolene ligands
are notably scarce. In both substrate cases, the first effective homogenous catalyst was
a rhenium species: [ReOCl(hoz);] (hoz = 2-(2’-hydroxyphenyl)-2-oxazoline, Figure 11c)
for perchlorate reduction [130] and a methyl rhenium oxide [Re(CHj3)O;] for nitrate and
perchlorate reduction [131]. Another example for an active homogenous perchlorate and
nitrate reducing catalyst is an iron complex reported by Fout et al. [132,133].

clo; "%P clo; %P clo; Fa+o,

Scheme 1. Anaerobic bacterial respiration of perchlorate, decomposing perchlorate to chloride
enabled by perchlorate reductase (PcrAB) and chlorite dismutase (Cld) [122].
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Scheme 2. Different metabolic pathways for nitrate: (top) typical denitrification, (middle) dissimila-
tory nitrate reduction to ammonium, (bottom) anaerobic ammonium oxidation (Anammox); NarG:
membrane-bound nitrate reductase, NirSK: nitrite reductase, NOR: nitric oxide reductase, NOS:
nitrous oxide reductase, NapAB: periplasmic nitrate reductase, NrfA: nitrite reductase, ONR: octa-
heme cytochrome c reductase, HH: hydrazine hydrolase, HZO: hydrazine-oxidizing enzyme, HAO:
hydrazine oxidoreductase [124].

For functionally modelling nitrate reductase, the previously reported molybdenum
complexes with the CbbP ligand (Figure 11a) as well as the PymS and PyS systems showed
catalytic activity towards nitrate reduction, albeit inefficiently, when PPh; was used as
oxygen acceptor [15,20]. The catalytic rate of the CbbP-bearing system reflects slow conver-
sion when compared to the well-established PPh;/DMSO system (kpyso >> Knitrate) [20]-
Catalysis with the PymS and PyS complexes stopped after 2-6 h with low conversion
rates (12-22%) which was attributed to the concomitant formation of isolable nitrosyl
species [15]. However, replacing molybdenum by rhenium and employing a modified
hoz ligand (methylation of the oxazoline ring, compare to Figure 11c) leads to sufficient
conversion of >N labeled nitrate to nitrite after 5 h with DMS as oxygen acceptor [109].
After 48 h, the only detectable nitrogen species was nitrous oxide, which implies that
this system is a potential artificial denitrification catalyst for the transformation of nitrate
to N»O. Notably, the enzymatic conversion of nitrite to N,O is performed by a copper
dependent oxidoreductase [124].

A molybdenum complex with the bidentate bis(4-tert-butylphenyl)-2-pyridylmethanet
hiolate (SN) ligand was investigated by Kim and others and shown to reduce nitrate, but
only in the presence of non-catalytic amounts of scandium(III) ions. The Sc** ion acts as a
Lewis acid to polarize the nitrate ion and consequently weakens the N-O bond, which then
interacts with the molybdenum center [134]. As a side effect, the additive was supposed to
reduce the nitrite produced in a molybdenum independent reaction to nitrous oxide.

Addressing perchlorate reduction, the Mosch-Zanetti group put a lot of effort into
investigating homogenous catalysts with rhenium as metal center using the hoz ligand
system (Figure 11c) initially developed by Abu-Omar et al. and further applied different
tetradentate iminophenolate ligands together with molybdenum, which resulted in the
first bioinspired homogenous molybdenum catalysts supported by PymS and PyS ligands
(Figure 11d), respectively [25,26,130,135]. Additionally, reports in the literature exist of
molybdenum-based heterogeneous catalysts on Pd/C platforms for aqueous (per)chlorate
reduction; however, this falls beyond the scope of this review [136-138].

The rhenium catalyst with the bidentate hoz ligand showed a notably high conversion
rate for the oxidation of the uncommon substrate diphenylsulfide (DPS) to diphenylsulfox-
ide (DPSO) and the reduction of perchlorate. It was assumed that perchlorate was fully
reduced to the chloride due to the observed 87% conversion of the four equivalents of DPS.
Surprisingly, the adapted coordination mode of the hoz ligands influenced the reaction rate
of the complex catalyst; the N,N-trans isomer developed an increased turnover compared to
the N,N-cis isomer (Kgaturation [Min~1]: 6.92 vs. 1.67) [25]. Adjacent nitrogen atom coordina-
tion was assumed to be responsible for the slow conversion by the rhenium complex with
the tetradentate iminophenolate ligands. Adjusting the rigidity of the bis(imine) backbone
changed the orientation of the O=Re-Cl axis, which exhibited trans-coordination with in-
creased stiffness and vice versa for the cis-coordination. In consequence, the cis-isomer was
the only sufficient catalyst. However, this functional rhenium analogue showed relatively
low efficiency, although the reactivity could be enhanced minimally by increasing the
temperature or changing the oxygen source from LiClOy4 to AgClOy. Notably, the activity



Molecules 2022, 27, 3695

18 of 31

first shell

trend of the three rhenium complexes reversed when using the typical DMSO/PPh; system
with the highest activity for the most rigid ligand backbone, whereas the cis-complex with
the most flexible backbone was completely inactive [26].

Evaluation of the bioinspired molybdenum-based functional analogues with PymS
and PyS ligands implied full reduction of perchlorate to chloride, which was quantified
indirectly by monitoring the OPPhj concentration and directly by determination of the per-
chlorate and chloride concentration with a new high-performance liquid chromatography-
inductively coupled plasma mass spectrometry (HPLC-ICPMS/MS) method [135,139]. The
catalytic rate for the molybdenum complex bearing the PymsS ligand was slightly enhanced,
retaining even activity at decreased catalyst load. Still, the TON of the [ReOCl(hoz);]
complex from Abu-Omar and others was found to be 31 after 4 h compared to a TON of 30
after 24 h for [MoO,(PymS);] [130]. During catalysis, no intermediate chlorate, chlorite,
or hypochlorite was detected, presumably due to the high reactivity of these species. This
observation was essentially confirmed in the absence of an oxygen acceptor with the one
way reaction with (per)chlorate which only led to different detected side products, such
as a p-oxido dimer, a tetrakis(PymS) complex or the ligand disulfide (PymS), [135]. It
must be pointed out though, that these bioinspired molybdenum complexes represent the
first promising molybdenum-containing functional analogues capable of homogenously
mimicking the natural perchlorate reduction.

Among the molybdo- and tungstoenzymes, the tungsten-dependent acetylene hy-
dratase comprises a rather unique type resulting in it being the sole member of its own
family according to the Hille classification (see Figure 2) [6]. The catalyzed reaction is quite
unusual for an oxidoreductase, because the substrate acetylene undergoes hydration to
yield acetaldehyde. To date, the reaction mechanism is not unraveled, but two general reac-
tion pathways are discussed regarding the mode of substrate binding (Figure 12). The first
pathway proposed by Liao and others, also called “first shell mechanism”, comprises replac-
ing water by acetylene in the first coordination sphere, followed by a nucleophilic attack of
the liberated water molecule interacting with an aspartate residue and the acetylene in the
second coordination sphere resulting in acetaldehyde at the activated acetylene [140-142].
The second pathway proposed by Einsle and others, also called “second shell mechanism,”
assumes a direct nucleophilic attack of the water while it is still coordinated to tungsten,
whereas the acetylene substrate is located in the second coordination sphere [143]. Some
structural analogues can be found in the literature, which mimic the binding of acetylene
to tungsten centers [144-146].

cys141 \é&i ) J\)i fi
OPO3%~
H,N 3

second shell

Figure 12. Comparison of the first shell (left) and second shell mechanism (middle) regarding the
binding mode of the substrate to the active site of acetylene hydratase. MPT (right) is shown as
pruned on the left. Adapted from the literature [147].

Modelling the function of acetylene hydratase represents a challenging task and the lit-
erature lacks functional analogues. Only one system was reported in 1997 as an active model
complex by Sarkar and others: the tungsten dithiolene complex (Et4N),[WO(mnt),] [148,149].



Molecules 2022, 27, 3695

19 of 31

However, later theoretical and experimental investigations challenged this report and are
in accordance with the fact that no intermediate or acetylene adduct was isolable [150].

More recently, extensive functional studies were carried out by the group of Mosch-
Zanetti employing the [WH(CO)(CZHz)(PyS)Z] complexes with different PyS derivatives
(Figure 13) [147,151-153]. The corresponding complex [WIVO(CZHZ)(PyS)z] was synthe-
sized with oxygen donor reagent pyridine-N-oxide (PyNO) to establish a structurally
more similar analogue of the reduced active site. With an excess of C;Hj, the authors
showed the first nucleophilic attack on acetylene bound to a mononuclear tungsten com-
plex [WH(CO)(CZHZ)(PyS)z], evidenced by insertion of acetylene into the W-N coordinative
bond of one ligand to yield a [W(CO)(C,H;)(CHCH-PyS)(PyS)] complex [147,151]. Further
investigations focused on using PMej3 as a nucleophile to activate the acetylene bond at the
W and WV species while using a methylated PyS ligand to prevent the C,Hj insertion
into the W-N bond [153]. As a result, in both cases, a 2((chloromethyl)thio)-pyridine adduct
was observed resulting from the fusion of one PyS ligand and dichloromethane. However,
acetylene behaved differently depending on the formal oxidation state of tungsten. In
the case of W', acetylene and PMe; generated a P-C bond accompanied by formation of
an ethylidene, whereas for the WV complex the same P-C bond formation was observed
accompanied by ethenyl generation. The reactivity study was extended to molybdenum
with the [MOIVO(CQHz)(PyS)z] complex [152]. This compound reacted with excess of acety-
lene and traces of water yielding the N-vinylated 1-vinylpyridine-2(1H)-thione which is
the protonated CHCH-PyS species formerly reported for the W analogue. In addition,
the ethenyl species plus the 2-thiopyridine were observed with PMej as nucleophile in
dichloromethane. This research facilitated some first and very valuable insights into the
activation of acetylene when coordinated to a mononuclear tungsten or molybdenum
complex, thereby at least tentatively supporting the first shell mechanism.

ay co
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Figure 13. Reactivity of model complexes [MH(CO)(CZHZ)(6—MePyS)2] (M=Mo, W; 6-MePyS = 6-
methylpyridine-2-thiolate) exhibiting acetylene activation; (i) CH,Cl,, under C,H, atmosphere, 24 h;
(ii) 3 eq. PMe3, CH,Cly, 4 h; (iii) M = Mo, 1.15 eq. Me3NO, CH,Cl,, 0 °C, 1.5 h; M =W, 1.15 eq.
pyridine-N-oxide, CH,Cl,, 20 h; (iv) M = Mo, 3 eq. PMe3, CH,Cl,, 1.5 h; M =W, 3 eq. PMe3, CH,Cl,,
7h; (v) 5eq. HyO, 5 eq. EtzN, CH3CN, 15 h [151-153].
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3. Functional Dithiolene-Bearing Analogues with Atypical/Non-Natural Reactivity

Research into the coordination chemistry with dithiolene ligands started in the 1930s
with toluene-3,4-dithiol and 1-chlorobenzene-3,4-dithiol [154-156]. A milestone was the
discovery of dithiolenes’ non-innocent character and its impact on the electronic properties
of the coordinated metal centers in the 1960s (see Figure 1 above), which was first noted for
nickel bis(dithiolene) complexes [3,157-160]. In the late 1980s, the detection of the dithiolene
moiety as component of the MPT ligand unravelled molybdopterin’s important role for
enzyme reactivity by modulating the electronic structure of the active site [11,161,162].
As a result, enzymologists and coordination chemists began combining their efforts to
decipher the electronic and chemical structures, reactivities and catalytic mechanisms of the
active sites in mononuclear molybdenum and tungsten-dependent enzymes. Dithiolene
chemistry was never restricted to biological issues, though, and these fascinating ligands
and their coordination compounds continued to be extensively used for chemical purposes,
and in particular for reactions in which their special redox modulating properties were
anticipated or found to be advantageous. Consequently, dithiolene compounds are widely
used with quite some versatility for often interdisciplinary scientific research topics, such as
conducting materials, magnetism, MOF chemistry (including small molecule adsorption),
gas sensor technique, or optical devices [163-169].

Considering the scope and the bioinorganic chemical context of this review, their use
in homogenous catalysis will constitute the focus of this last section (i.e., excluding hetero-
geneous applications). In addition, a plethora of reports with a broad range of different
coordinated metal centers is available in the literature. In the following, the emphasis is on
homogenous catalysis and uncommon non-catalytic reactivity with predominantly molyb-
denum and tungsten coordination centers bearing biologically inspired ligand scaffolds
(dithiolenes) in continuation of the previous two sections (vide supra).

3.1. Catalytic Hydrogen Evolution Reaction (HER)

The acceptance that climate change poses already in some parts of the earth a life-
threatening and universally ever-growing crisis results in steadily rising efforts to convert
the global energy sector. Eco-friendly hydrogen production has become a center of attention
in this respect and is believed to be, among others, a probable solution for energy storage
and distribution. One option in this regard is the utilization of homogenous transition
metal catalysts coordinated, for instance, by non-innocent dithiolene ligands. The dithio-
lene ligands are presumed to participate in some extended electron relay events, thereby
supporting the redox activity at the metal center [169]. Fontecave and others introduced
several bioinspired molybdenum, tungsten- and cobalt-dependent dithiolene (qpdt, dmed,
mnt) complexes, which exhibit electrocatalytic and photocatalytic activity toward hydrogen
production (already discussed above as unwanted side reactions) [78,170-172].

The complex salts (Et4N)2[MOIVO(qu1t)2] and (Et4N)2[C0HI(qut)2]2 were found to be
relatively good mimics of the active site of mononuclear molybdenum enzymes considering
their MPT-resembling ligand system. They were additionally investigated for their ability to
mediate the reduction of protons to molecular hydrogen. TOF values were determined for
the electrocatalytic (1030 s~1 (Mo, 0.1 M trifluoroacetic acid) vs. 5570 s~ (Co, 0.1 M acetic
acid)) and photocatalytic hydrogen evolution (Initial TOF: 203 h~! (Mo) vs. 163 h~! (Co))
with a notable difference in activity. Theoretical studies were carried out in order to support
the experimental data and to understand the nature of this reaction. The computations
revealed the importance of a protonation at one of the pyrazine nitrogen atoms (the one
not adjacent to the pyrene oxygen) in the qpdt ligand (Figure 14). For the cobalt species,
hydrogen evolution was apparently induced by a metal-bonded hydride interacting with
a nearby proton, either as part of a hydroxide ligand on molybdenum or in form of a
protonated sulfur atom of the dithiolene coordination site [78,172].

Bioinspired tungsten catalysts [WVIO,(dt); ]~ (dt = dmed, mnt) were used for the
same purpose of hydrogen evolution. In contrast to the previous examples, strongly
electron-withdrawing dithiolene ligands with only minimal similarity to natural MPT
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were chosen. These complexes were also able to produce hydrogen via electrocatalysis
and photocatalysis; however, their lack in efficiency was substantial compared to the
molybdenum and cobalt examples (Table 1). Theoretical calculations and reactivity studies
with [WIVO(dmed),]?>~ corroborated the catalytic mechanism which was already identified
for the molybdenum complex with qpdt comprising a transition state with a metal-hydride
species that interacts with the adjacent proton of a hydroxide ligand (Figure 14) [170].

2—

\\//w x‘

Figure 14. Proposed catalytic mechanism for the hydrogen evolution reaction mediated by a
IMVIO,(dt)2 ]2~ (1); M = W, Mo; dt = dithiolene) or [MIVO(dt):]*~ (2) complex catalyst. 1 represents
the pre-catalyst which is converted into the active catalyst 2. I and II are non-isolable intermedi-
ates during the catalytic cycle yielding the transition state II-TS which releases hydrogen when
transforming back to 1. Adapted from the original literature reports [78,170].

Table 1. Comparison of turnover frequency (TOF) values for the hydrogen evolution reaction via
photocatalysis and electrocatalysis evaluated for different functional analogues [78,170,172].

TOF [MoO(qpdt), 12~ [Co(qpdt);],2~ [WO,(mnt), ]2~ [WO,(dmed), ]2~
photocatalysis ! [h~] 203 163 12 4
electrocatalysis [s71] 1030 5570 143 63

! Data represent initial TOF values.

The involvement of a molybdenum-hydride species had already been predicted by the
group of Eisenberg in 2014 with regard to the hydrogen evolution reaction being mediated
by desoxo Mo!" complexes utilizing dithiolene ligands tdt, bdt and 3,6-chloro-benzen-1,2-
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dithiolate (bdtCl,) with isocyanide or phosphane co-ligands [173]. The complexes, upon
2-electron reduction, released the co-ligand with subsequent addition of aqueous protons
forming the hydride species; this then yielded molecular hydrogen after contact with a
proton.

Another desoxido W'V complex was reported to produce hydrogen after addition of
trace amounts of water under CO, atmosphere leading to a monooxido W" species and
hydrogen [174]. Intriguing as this observation is, it requires further investigation before
any more general conclusions can be drawn from it.

3.2. Non-Catalytic Reactivity toward Small Molecules

(Bio-)inorganic chemists on their quest towards unravelling the secrets of molyb-
denum and tungsten dithiolene chemistry, have to be aware that they may encounter
unpredicted and rather surprising reactivities going back to the non-innocence charac-
ter of the dithiolene. The inherent sulfur-based nucleophilic potential of the ligand can
lead to a ligand-based, instead of a metal-based, reactivity [36,169,175]. Elvers et al,,
when examining the molybdenum mono(dithiolene) complex [Mo(CO),(dt)(dppe)] (dt:
cydt = cyclohex-1-ene-1,2-dithiolate or tpydt = 5,6-dihydro-2H-thiopyran-3,4-dithiolate;
dppe = 1,2-bis(diphenylphosphino)ethane), noted and proved an unforeseen reactivity
towards dichloromethane solvent upon electrochemical 2-electron reduction. The resulting
derivatized complex [Mo(CO),(CH,-dt)(dppe)] could be isolated and structurally charac-
terized. It is the result of the unexpected formation of a sulfur-alkylated sulfonium species
which 7-coordinates the molybdenum center via its methylene bond (Figure 15a). This
reaction product represents a rather rare case of a positively charged ligand bound to a
molecular complex [36].

(a) (b)

FsC

(e) )
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N\ S O\ S
I AN j[ jL N j[
s’ s s’ s
FiC CFs FyC CFs

M= Mo, W

Figure 15. Selected non-natural reaction products associated with functional analogues of
molybdenum and tungsten-dependent oxidoreductases (a-d). (a) [Mo(CO),(CH,-dt)(dppe)]
(dt: cydt = cyclohex-1-ene-1,2-dithiolate or tpydt = 5,6-dihydro-2H-thiopyran-3,4-dithiolate;
dppe = 1,2-bis(diphenylphosphino)ethane) [36], (b) [Mo(tfd),(SCsH4SPPh3)(PPhs)] [176],
(c) IM(CoHy)2(CO2)(PNP)] (M = Mo, W; PNP = 2,6-bis(diphenylphosphinomethyl)pyridine) [177],
(d) [M(CyH4)(CO),(PNP)] [177] (e,f) Two possible binding modes of ethylene to [Ni(tfd),]
(tfd = 1,2-trifluoromethyl-1,2-dithiolate) [169,175,178].

Although this was the very first example of an S-alkylated sulfonium dithiolene, the un-
derlying chemistry is not that much different from the addition of PPhj; to the tris(dithiolene)
complex [Mo(tfd)2(bdt)] (tfd = 1,2-trifluoromethyl-1,2-ethylendithiolate) resulting in the for-
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mation of an S-P bond, which gives a monodentate zwitterionic SC¢H4SPPh3 adduct [176].
The corresponding molybdenum complex [Mo(tfd),(SC¢H4SPPh3)(PPh3)] was isolated
and comprehensively characterized (Figure 15b). In both cases it is undisputed that the
transformations are mediated by the central molybdenum in the precursor complexes.

The sulfur-centered nucleophilic character of the dithiolene ligand can also support
the reversible binding of olefins. In the process, the olefin double bond is broken and the
reaction is reminiscent of typical cycloadditions (Figure 15e,f) [169,175]. The first examples
of olefin reactivity were reported for nickel bis(dithiolene) complexes and strained (hence
pre-activated) cyclic alkenes were applied [179-181]. Subsequently, researchers targeted
the more challenging activation of simple olefins, including ethylene, with transition metal
dithiolene complexes, even linking this approach to developing new purification methods
for olefins from petrochemical feedstocks [169,178,182]. The normally very unreactive
molybdenum tris(dithiolene) complexes were, in this context, used by Fekl et al., who
could initiate and observe binding of ethylene to a push-pull molybdenum complex [175].
However, most of the recent respective research activities focused on theoretical calculations
of the binding properties and ligand impact on the addition of olefins; there is, thus, a
lack in topical experimental data [182-187]. Possibly inspired by the success with the
dithiolene systems, Carmona et al. applied an alternative coordination environment; they
developed molybdenum and tungsten complexes with a pyridine-based pincer ligand 2,6-
bis(diphenylphosphinomethyl)pyridine (PNP) and examined ethylene addition, resulting
in an ethylene rich complex [M(CyH4)3(PNP)] (M = Mo, W). Interestingly, one or two
ethylene groups were replaceable by CO, and CO, respectively, revealing a system which
was assumed to be relevant for catalytic acrylate formation (Figure 15¢,d) [177].

4. Conclusions

Throughout the last decade the field of bioinorganic functional model chemistry
targeting molybdenum and tungsten-dependent oxidoreductases has witnessed many,
substantially varied developments. The respective scientific community appears not to be
as busy as before, but the findings it has facilitated lately still have enormous relevance
and often come with elements of surprise.

Modelling biological oxygen atom transfer catalysis with molybdenum and tungsten
complexes carrying dithiolene ligands represents and remains a daring task. Understanding
mechanistic details of the half cycle transformations has improved substantially within
the last ten years with the help of dithiolene complex chemistry regarding both, OAT
(from and to metal ion centers) and PCET. Efficacy can be modulated by electronic effects
and the interplay of ligand and metal, resulting in reaction rate changes. Trends in rate
constants for chalcogenide atom transfer could be derived (ks. > ks > ko). Differences were
observed for the oxygen atom donation ability of molybdenum and tungsten (generally
but not exclusively: kyj, > kw). Using electrochemical or photochemical approaches
facilitated even more advanced studies of the reactivity of suitable catalysts or pre-catalysts
as functional analogues for molybdenum- and tungsten-containing oxidoreductases, with
which also unusual transformations (CO, Hj) could be targeted.

Non-dithiolene model chemistry enables the synthesis of new functional analogues
for different mononuclear molybdenum or tungsten-based enzymes, including those with
uncommon reactivities and challenging substrates. Variations in the metal center as well
as of the ligand environment helped unravelling electronic preferences of oxygen atom
transfer reactions and support observations made with biologically relevant dithiolene
complexes. Notable natural reactivities, such as perchlorate and nitrate reduction as well
as the activation of acetylene, can be visualized in a wide range of applications, though
the respective model chemistry is difficult, rendering the recent respective success with
molybdenum and tungsten coordination chemistry ever more valuable.

Surprising non-biological transformations were observed with dithiolene complexes,
in particular with more ‘extreme’ oxidation states of the central metal and those resulting
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in modifications of the ligand rather than in interactions with the metal center. Findings in
this respect are most often serendipitous.

Respective research throughout the last decade has substantially impacted knowledge
and even potential applications. Still, many scientific issues have not been entirely resolved,
as of yet. In particular, with regard to the PCET half of the natural catalytic cycles, there are
still many intricate issues needing to be addressed. The development of suitable systems
(model complexes, purely aqueous conditions, controlled pH values, controlled proton
donors/acceptors), at the same time, remains exceptionally challenging. In addition, the
enzymes’ substrate/reaction diversity as we know it may not be at its limits as of yet,
considering that possibly enzymes are still waiting to be discovered.

Bioinorganic chemists working in this field will hardly run out of important topics to
be tackled anytime soon. The molybdenum and tungsten oxidoreductases will continue
surprising, intriguing, and fascinating us—for at least another decade by our prediction.
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