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CONSPECTUS: While developed in a number of directions, bioinspired catalysis has been explored
only very recently for CO; reduction, a challenging reaction, of prime importance in the context of
the energetic transition to be built up. This approach is particularly relevant as Nature teaches us that
CO; reduction is possible, with low overpotentials, high rates and large selectivity, and gives us
unique clues to design and discover new interesting molecular catalysts. Indeed, based on our
relatively advanced understanding of the structures and mechanisms of the active sites of fascinating
metalloenzymes such as formate dehydrogenases (FDHs) and CO dehydrogenases (CODHs), it is
possible to design original, active, selective and stable, molecular catalysts using the bioinspired
approach. These metalloenzymes use fascinating metal centers: in FDHs, a Mo(W) mononuclear ion
is coordinated by four sulfur atoms provided by a specific organic ligand, molybdopterin (MPT),
containing a pyranopterin heterocycle (composed of a pyran ring fused with a pterin unit) and two
sulthydyl groups for metal chelation; in CODHs, catalytic activity depends on either a unique nickel-
iron-sulfur cluster or a dinuclear Mo-Cu complex, in which the Mo ion is chelated by a MPT ligand.
As a consequence, the novel class of catalysts, designed by bioinspiration, consists of mononuclear
Mo, W and Ni and as well as dinuclear Mo-Cu and Ni-Fe complexes, in which the metal ions are
coordinated by sulfur ligands, more specifically dithiolene chelates mimicking the natural MPT
cofactor. In general, their activity is evaluated in electrochemical systems (cyclic voltammetry and
bulk electrolysis) or in photochemical systems (in the presence of a photosensitizer and a sacrificial
electron donor) in solution. This research is multidisciplinary as it implies detailed biochemical,
functional and structural characterization of the inspiring enzymes together with synthetic organic
and organometallic chemistry and molecular catalysis studies. The most important achievements in
this direction, starting from the first report of a catalytically active biomimetic bis-dithiolene-Mo
complex in 2015, are discussed in this Account, highlighting the challenging issues associated with
synthesis of such sophisticated ligands and molecular catalysts, as well as the complexity of reaction

mechanisms. While the very first active biomimetic catalysts require further improvement, in terms
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of performances, they set a stage in which molecular chemistry and enzymology can synergistically

cooperate for better understanding why nature has selected these sites and for developing highly

active catalysts.
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1. INTRODUCTION

One of the central questions of chemical sciences, fundamentally challenging and potentially rich
in applications, regards the activation of the small, abundant, thermodynamically and kinetically
stable, molecules from our environment, such as water (H>0), oxygen (Oz), nitrogen (N2), carbon
dioxide (CO»). This question is also obviously central to life chemistry: life evolved and developed
thanks to the fantastic enzymatic power used by all living organisms to derive their chemical
repertoire (the biomass) from these molecular precursors. Thus, biological chemistry is a unique
source of inspiration for “inventing” new reactions based on such building blocks in order to generate
cheap synthetic compounds useful to the chemical industry. The bioinspired chemistry approach
specifically applied to COz photo- and electro-reduction catalysis has, surprisingly, been only very
rarely exploited until now, in contrast to the case of water oxidation, proton reduction and O;

activation. Our efforts in this direction are discussed here.

A single living cell contains thousands of active and selective metalloenzymes that achieve
complex metabolic and biosynthetic reactions, occurring within an active site, where the substrate
binds close to reactive amino acids, cofactors or prosthetic groups (organic or inorganic) and is
transformed. Resulting from 4 billion years of evolution under very soft conditions (water as the
solvent, low temperature, atmospheric pressure) the solution selected by Nature for a given reaction
is anticipated to be highly relevant, in terms of activity, selectivity and stability. Thus, it might be
greatly rewarding, when searching for a catalyst for that reaction, to carefully identify and analyze
the biochemical version, and then design, synthesize and characterize a chemical mimic of the active
site. This so-called biomimetic or bioinspired catalysis approach is highly demanding, as it requires
combining biochemical studies and chemical synthesis, in order to adequately translate our

understanding of the structure and function of an enzyme active site into a synthetic catalytic system.

Reduction of CO» implies multiple proton and electron transfers and is thus kinetically limited
(large energy barriers). Catalysts are absolutely needed to bind and activate CO» thus reducing the
high overpotentials typically encountered. In addition, they have to be selective (a challenging issue
considering the large number of possible reactions occurring at comparable potentials, including
proton reduction into H> since protons are needed for CO; reduction), stable and cheap (thus driving
research to focus on catalysts based on non-noble abundant metals). While appreciating the
importance of heterogeneous catalysts, the potential of homogeneous molecular catalysts is obvious.
These have several benefits: (i) they are easily tunable and optimizable via synthetic modifications of
the ligands and variations in metal ions, giving the opportunity to identify key stereo-electronic effects

on mechanism, selectivity, and efficiency; (ii) they often display quite high product selectivity. On the



other hand, they often suffer from low activity (current densities, turnover frequencies) and low stability
(turnover numbers) and past research has been limited to a very small number of complexes, often based
on noble metals (Re, Ru, Rh and Ir), and, for the greatest part, discovered more than 30 years ago, with
very little innovation since then (Figure 1). Few exceptions use non-noble metals such as Fe-porphyrins,
among the most efficient molecular catalysts, and [Mn(bpy)(CO);Br], for example (Figure 1). A recent

article reviewed this class of catalysts thoroughly”.
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Figure 1. Molecular catalysts for CO> reduction.

2. CO2 REDUCTASES: THE NATURAL CATALYTIC SOLUTIONS FOR CO2 REDUCTION

Early during evolution, living organisms had to deal with CO, reduction and to find appropriate
catalytic solutions. As a matter of fact, a number of fascinating metalloenzymes, named here “CO»
reductases (CO2Rases)”, use intriguing active sites, based on non-noble metals, displaying remarkable
catalytic efficiency and selectivity, under mild conditions and in water. Formate dehydrogenases (FDHs)
and CO dehydrogenases (CODHs) catalyze the reversible transformation of CO, to HCOOH and to CO,
respectively. FDHs use a mononuclear metal complex (Mo or W)® while CODHs use polynuclear active
sites, either a Mo-S-Cu center’ or a Ni center bound to a unique FesSs cluster® (Figure 2). While reaction
mechanisms are still incompletely understood and the reason why these active sites have been
selected by microorganisms is unclear, recent structural investigations provide enough information

to allow mimicking these active sites.
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Figure 2. Top: active site of FDHs; M = Mo/W, X = S/0, Y = S-Cys/Se-Cys, Z = SH. Bottom: active
site of CODHs; (a) [MoCu]CODHs with M = Mo and (b) [NiFe]CODHs. MPT = molybdopterin.

A few three-dimensional crystal structures provide a rather clear description of the active sites of
FDHs’. For interconverting CO2/HCO,H, Nature has made a unique choice: a mononuclear metal
center (exclusively Mo or W) coordinated by two molybdopterin (MPT) ligands (Figure 2). This
natural cofactor contains a chelating dithiolene group and, thus, 4 sulfur atoms coordinate the metal
ion. Additional apical ligands, proposed to be of crucial functional importance, are present, however
their exact coordination configuration have remained ill-defined. It is generally thought that the
coordination sphere in the oxidized Mo"! resting state is completed by a selenocysteine (in a few
cases a cysteine) residue and a sulfide group (Mo=S or Mo-SH) in a distorted trigonal prismatic
coordination geometry while, in the reduced active MoV intermediate state, the selenocysteine is
seemingly no longer present and the Mo center is pentacoordinated presumably with a SH ligand.
While extensively investigated, biochemically and via DFT calculations, the exact mechanism of the
reaction is still a matter of discussion. However, it is assumed that the system is designed to generate

an active metal-hydride species which upon reaction with CO> produces formic acid'’.

COz reduction in [NiFe]JCODHs occurs at the Ni center with the assistance of a dangling redox-
inactive Fe ion. The two ions are bridged by a Fe3S4 cluster and a OH group (Figure 2). Spectroscopic
and crystallographic studies have provided key mechanistic insights into CO> reduction catalysis®. It
is proposed that CO> binds to Ni, after reduction, in a nl1— CO2 mode to form a Ni-C bond and
interacts with Fe in a n1-OCO mode. One O atom is also H-bonded to a lysine residue and the other
is within H-bonding distance to a protonated histidine. C-O cleavage occurs with the assistance of a
proton to generate and release CO. It thus appears that the enzyme mainly involves a dinuclear NiFe
center in which Ni is redox-active, transferring electrons to CO, while Fe serves as a Lewis acid to

facilitate electron transfer to CO> and heterolytic cleavage of the C-O bond.



While characterized crystallographically, much less is known regarding the mechanism of CO
oxidation catalyzed by [MoCu]CODHs'!. Mo is in a Mo"!S30: square pyramidal coordination with
one bidentate molybdopterin dithiolene ligand, one sulfide connecting Mo to Cu and two oxygen
ligands (presumably one oxo and one hydroxo), while Cu! completes its coordination sphere only
with a cysteine ligand (Figure 2). It is proposed (but not clearly established) that only Mo enjoys
redox changes while Cu remains in the Cu' state. It should be noted that [MoCu]CODHs have been

only shown to function for CO oxidation and not for CO» reduction, so far.

3. MIMICKING CO: REDUCTASES: NEW CATALYSTS FOR CO: PHOTO- AND
ELECTRO-REDUCTION

At the beginning of our project, no bioinspired molecular complex, mimicking CODH and FDH
active sites, was reported to be functional for CO> reduction catalysis. [M(bipyridine)(CO)4 (M=
Mo/W) complexes, however not bioinspired, were the only Mo- or W-based ones reported to be
active'>!3.0nly two, very interesting, examples of sulfur-bridged Mo-S-Cu complexes, mimicking
CODH active sites, had been prepared but not functionally characterized '*'°. The NiFes cluster of
CODH had not been mimicked yet but an exquisite biomimetic dinuclear Ni-OH-Fe complex had
been prepared, with no evaluation for catalysis'’. A wide series of Mo or W complexes using simple
dithiolene ligands had also been synthesized and characterized, thanks to the outstanding contribution
of R. Holm, S. Sarkar and S.J.N. Burgmayer, but again none of them had been studied for their CO»

reduction catalytic activity'822,

3.1. CO:2 Conversion to Formic Acid: Mimics of FDHs.

Our first approach implied the synthesis and functional characterization of a series of complexes
containing a mononuclear metallic ion, Mo or W, and very simple dithiolene, easily accessible by
synthesis. A large amount of such ligands and complexes were already reported and their preparation
could be nicely reproduced'®?****. The novelty could have come from the systematic evaluation of
their activity for both electroreduction and photoreduction of CO;. In the former case, cyclic
voltammetry and controlled-potential electrolysis (CPE), classically with the complex dissolved in
CO»-saturated organic solvents complemented with a supporting electrolyte and a source of protons,
were routinely used for assessing catalysis (electrocatalytic waves and onset potentials) and
selectivity (faradic yields, FY). In the second case, we routinely used a reaction mixture containing
[Ru(bpy)s;]** as a photosensitizer, a source of protons, and a sacrificial electron donor in a CO»-

saturated organic solvent. These preliminary studies proved unsuccessful as, while catalytically



active, all investigated complexes were selective for proton reduction, yielding H as the only reaction
product under both conditions and could thus not convert CO> into CO or HCOOH. As an example,
we reported the excellent H" reduction catalytic activity of bis(dithiolene)W complexes, W"'O,L,
and WVOL,, with L= dithiolene, a class of molecular catalysts rarely characterized before, and DFT
calculations allowed to nicely understand why such metal-oxo systems are so selective for proton

versus CO; reduction, as discussed below?.

It thus appeared that more complex systems, better mimicking the natural MPT ligand, were
required. Specifically, a theoretical study showed that, in view of accurately reproducing the
molecular, not only structural (bond lengths and angles) but also charge distribution and redox
potentials which might be critical for activity, properties of MPT, a simple dithiolene ligand was not
appropriate even within a pyran ring carrying the dithiolene moiety and that the minimal ligand should
be a fused pyran-pyrazine dithiolene (prz, Scheme 1)*°. Guided by this study, we succeeded in
preparing large amounts of an original quinoxaline-pyran-fused dithiolene ligand (qpdt, Scheme 1),
closely related to MPT!?”. Garner et al. synthesized a tricyclic pyranopterin dithiolene ligand system
(containing the pyrimidine ring) and used it to prepare a Co complex>®. Burgmayer et al. have also
reported the synthesis, via a solvent-dependent spontaneous cyclization process, of pyrano-

S:BMOPP, a tricyclic pyranopterin dithiolene ligand®**°.
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Scheme 1. Structures of prz, qpdt (top) and synthetic route to qpdt in a protected form 1 (bottom).

dba=trans,trans-dibenzylideneacetone.

One difficulty, as far as synthesis of qpdt is concerned, resides in the pyran ring-closure step. To
circumvent this problem, we chose to first prepare the tricyclic skeleton and to introduce the
dithiolene moiety in a second step. Another concern regards the high sensitivity of dithiolene species
with respect to air. This thus requests that the target ligand be synthesized in a protected form,
preferentially under anaerobic conditions, and deprotection be realized only in the presence of the
metal ion to be chelated in situ. Briefly, 2,3-dichloroquinoxaline (2) was submitted to Sonogashira
coupling followed by a pyran ring-closure step with sodium methoxide to afford the methyl enol ether
3. Hydrolysis, monobromination and triflation yielded the bromovinyl triflate 4 with high yield
(Scheme 1). Then a double palladium-catalyzed cross-coupling reaction, using 5 % [Pd>(dba)s]
(dba=trans,trans-dibenzylideneacetone) and Xantphos (10 %) in dioxane, with two equivalents of
HSCH>CH>COzEt and three equivalents of iProNEt at 110 °C gave rise to the protected dithiolene
ligand 1. This synthetic strategy was inspired by the work of Itoh et al. who developed a general
carbon—sulfur bond formation method by palladium-catalyzed coupling of aryl bromides/triflates
with thiols®!*2. Here, we thus showed for the first time that this reaction can be extended to aryl

bromides/triflates.
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Figure 3. Structures of complexes A, B and C. Bottom: ORTEP views of the anion component of A

(left) and B (trans: middle; cis: right)?.

The availability of compound 1 allowed us investigating its reactivity as a chelating agent, after
deprotection leading to qpdt, in order to prepare original metal-dithiolene complexes with a
biomimetic MPT-like ligand. The first example of such a qpdt-based complex was
(BusN)2[Mo™vO(qpdt):], complex A, obtained by treatment of 1 with tBuOK under anaerobic
conditions to generate qpdt which was directly reacted with KsNa[MoO>(CN)4] under alkaline
conditions and then with BusNBr for cation exchange (Figure 3)!. The crystal structure of complex
A shows that the Mo!Y cation is penta-coordinated in a S4O environment with a distorted square based
pyramidal geometry. The four dithiolene sulfur atoms originate from two trans-oriented qpdt ligands
and the coordination sphere is completed with one terminal oxo ligand. This makes A a unique
biomimetic complex, sharing a number of structural properties with the active site of FDHs.
Unfortunately, in the presence of CO: and protons, complex A selectively reduces H' into Hz under
both electrochemical and photochemical conditions, with no evidence for CO> reduction products. In
fact, it proved an excellent and stable catalyst for electroreduction of H', provided by trifluoroacetic
acid (TFA), in acetonitrile, with an intense catalytic wave developing at potentials more cathodic than
-0.55 V vs. Ag/AgCl, the onset potential, and a remarkable TOF value of 1030 s! at -1.3 V vs.
Ag/AgClusing 0.1 M TFA. Electrolysis at a controlled potential (-1.3 V vs. Ag/AgCl) confirmed the

9



formation of H, exclusively!. Complex A was also studied for its catalytic light-assisted proton
reduction activity under conditions comparable to those used in the case of the Mo-dithiolene
complex, [Mo(bdt)>(tBuNC)2] (bdt = benzene-1,2-dithiolate), previously reported as a HER
catalyst®: [Ru(bpy)s]*>" served as the photosensitizer and 0.1 M ascorbic acid (pH 4.0) as the
sacrificial electron donor in CH3CN:H>O (1:1). Under visible light irradiation a remarkable initial
TOF value of 203 h'! was obtained and the catalyst was found to be relatively stable under these

conditions'.

DFT calculations provided clear insights into the mechanism of the reaction (Scheme 2). A first
one-electron reduction of Mo'v coupled to protonation at the oxo group followed by a second one-
electron reduction generates a hydride species upon protonation. Intramolecular protonation of the
hydride by the O-bound proton affords H». A similar mechanism was supported by DFT calculations
in the case of bis(dithiolene)W complexes, W'VOL,, with L being a simple dithiolene such as bdt
(benzene-dithiolate)?*. Thus, all these M-oxo complexes (M=Mo or W) are exquisitely designed to
catalyze proton reduction to Ha, via a reactive M—hydroxo—hydride species: the oxygen ligand plays
a key role in binding a proton in the vicinity of the reactive metal-bound hydride thus facilitating
protonation of the hydride generating H>. We also used the qpdt ligand to prepare a homodinuclear
cobalt (EtsN)2[Co™(qpdt)2]. complex, which could be structurally characterized**. While inactive for
electro- or photo-reduction of CO», it proved efficient for catalyzing proton reduction, in agreement
with previous results using Co-dithiolene complexes?****. The mechanism, based on DFT calculations,
implies the formation of a Co-H hydride intermediate and a key role of the adjacent S atoms of the
dithiolene ligand, as proton-exchange sites, thus facilitating protonation of the hydride species to

generate Hp.
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Scheme 2. Proposed mechanism of proton reduction catalyzed by complex A, as supported by DFT
calculations.
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In fact, later on, we realized that complex A was not the actual catalyst. Indeed, at cathodic
potentials required for H" reduction, the central pyrazine ring of the dithiolene ligand enjoys a double
hydrogenation that results in the opening of the pyran ring®. Complex A is thus converted into
another MoVO(L), complex, L being a dithiolene ligand derived from qpdt by hydrogenation and
pyran ring opening (Scheme 3). This was exquisitely shown using a (cyclopentadienyl=Cp)cobalt™
derivative, [Co™(Cp)(qpdt)]. Its cyclic voltammogram (CV) in CH3CN displays a reversible redox
couple at -0.53 V assigned to the Co'//Co"! couple. Upon addition of acetic acid, a new irreversible
wave appeared at -1.0 V and shifted towards positive potentials upon increasing addition of acid, with
constant current intensity, assigned to a proton-assisted reduction of the ligand. By chance, the
product of the reaction could be isolated in a pure form after electrolysis at a controlled potential of
-1.1 V, crystallized and characterized by 1D and 2D NMR, MS, FT-IR spectroscopies and by X-ray
crystallography. The structure of the final dithiolene-Co complex, with a novel dithiolene ligand
containing a 4-dihydro-1H-quinoxalin-2-one group, resulting from hydrogenation of qpdt and O1-
C2 bond cleavage, and the mechanism of its formation are shown in Scheme 3. In the case of complex
A the appearance of an irreversible signal in the CV at potentials more anodic than the catalytic wave
upon addition of acid was, as in the case of [Co'™(Cp)(qpdt)], the signature of the same dithiolene

ligand transformation.
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Scheme 3. Pyran ring-opening under reduction conditions.

The first study of a Mo-dithiolene complex with catalytic activities for CO; reduction was reported
in 20182, nicely illustrating the power of the biomimetic approach. In fact, we soon were concerned
by the fact that the first model system described above had a number of major differences with the

natural active site of FDHs. First, the axial ligand in complex A is an oxo atom, while it is likely to
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be sulfur-based within the enzyme, even though there is still some uncertainty regarding the nature
of that ligand in both oxidized and reduced states of the enzyme. Second, the qpdt biomimetic ligand
had its central pyrazine ring fully oxidized, while that in the natural MPT ligand is fully reduced. As
discussed above, these characteristics were shown as sources of increased selectivity for proton
reduction and instability (pyran ring opening during catalysis), respectively. Both are difficult issues
to address. While, thanks notably to R. Holm work, some examples have been reported'®!®, the
preparation of Mo/W-dithiolene complexes with biologically relevant axial S- (sulfido, thiolato) or
Se-based ligands is highly challenging?, and furthermore direct reduction of qpdt without pyran ring

opening proved unsuccessful in our laboratory.
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Scheme 4. Synthesis of protected H-qpdt (5), 2H-qpdt (6) and complexes [Co™'Cp(H-qpdt)],
[Co™Cp(2H-qpdt)]. Conditions: i) (Me3;O)(BF4); ii) (MesN)BH(OAc)s; iii) Pd(dba). (cat.),
HSCH2CH2COSEE: iv) NaBH3(CN); v) AcCl vi) CoCply(CO).

Following an original synthetic strategy, starting from qpdt and involving methylation at N-10 and
acylation at N-5 to protect the molecule from pyran ring opening, we succeeded to prepare two, more
biomimetic, dithiolenes with the central pyrazine ring in either the two-electron or the four-electron
reduced state, named H-qpdt and 2H-qpdt (compounds 5 and 6 in the protected form, respectively)
(Scheme 4). 2H-qpdt is particularly appealing as it is the closest to the structure of MPT. Interestingly,
the two protons of the junction of the pyrazine and pyran cycles adopt a cis configuration, as it is the

12



case, with R, R absolute configuration, in MPT?>. H-qpdt and 2H-qpdt were successfully used to

prepare the corresponding (bis-dithiolene)Mo-oxo complexes, B and C (Figure 3).

Complex B, Ko[Mo'YO(H-qpdt):], could be characterized structurally. The molecular structures of
the anion component [Mo'VO(H-qpdt)]* are shown in Figure 3. Three isomers were isolated: trans-
S,S, trans-R,R and cis-S,R. In the two first enantiomers, the two dithiolene ligands are in a trans
orientation with respect to the MoS4 core. In the third one, the two ligands are cis-oriented. The same
ligand was used to prepare the neutral complex [Co"'Cp(H-qpdt)], also structurally characterized?.
Unfortunately, we failed to obtain single crystals of complex C, [MoVO(2H-qpdt):], suitable for X-
ray diffraction. This might be due to the presence of many stereoisomers. Indeed, since 2H-qpdt exists
in the form of a mixture of two enantiomers and the two ligands could be cis- or trans-oriented with
respect to the MoS4 core, a mixture of seven stereoisomers was expected. We had thus to rely on a
combination of different spectroscopic techniques and the crystal structure of [Co'Cp(2H-qpdt)]? to
confirm the structure shown in Figure 3. As [Mo"O(2H-qpdt):] contains two dithiolene ligands, one

cannot conclude whether the two dithiolenes are cis- or trans-oriented.

Thanks to these ligand modifications driven by biomimetic considerations, we finally reported for
the first time synthetic (bis-dithiolene)Mo complexes as catalysts for CO» reduction?. Catalytic CO,
reduction activity was assessed under photochemical conditions, using [Ru(bpy):]2" as a
photosensitizer (PS), BIH (1,3-dimethyl-2-phenyl-2,3-dihydro-1H-benzoimidazole) as the sacrificial
electron donor and CH3CN/TEOA (triethanolamine) in a 5:1 ratio as the solvent, saturated with CO»
([cat.] =0.05 mM , [PS]= 0.5 mM, [BIH] = 0.1 M). This study revealed the importance of the redox
state of the central pyrazine ring since, under the same conditions, while complex A was highly
selective for proton reduction into H», complexes B and C showed ability to catalyze CO, reduction
into a mixture of formic acid and carbon monoxide, even in the presence of protons. The most active
complex was complex C, with a total TON of 210 after 15 hours, a much larger proportion of CO»-
derived products accounting for almost 60 % (with 39 % formate and 19 % CO). Complex B was less
active (TON=95) and less selective (53 % Hz). Complex C is one of the very rare molecular catalysts
generating formate as the major CO» reduction product under photoactivation conditions, together
with [Mn(bpy)(CO):X], [Ru(bpy)2(CO).]X> and [Rh(Cp)(bpy)X] complexes’’*'. While the
superiority of complex C is uncompletely understood, it is likely that a fully reduced pyrazine ring

increases the hydridic nature of the Mo-H intermediate thus facilitating hydride transfer to CO».
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3.2. CO: Conversion to Carbon Monoxide: Mimics of CODHs.
3.2. A) Mimics of [MoCu]CODHs

CODHs from Oligotropha carboxidovorans contains a heterobimetallic Mo-Cu active site in which
the two ions are bridged by a sulfide ion, the Mo ion also being coordinated by the MPT ligand and
an oxo/hydroxo moiety’ (Figure 2). This fascinating and unique metal cofactor has led to the synthesis
of a number of interesting biomimetic Mo/W-Cu complexes, over the years, but none of them had
been reported to show catalytic activity for CO, reduction'*!>*  Exploration of this class of
complexes led us to discover that complex D, [Mo"!(O)(bdt)S2Cu'CN]* (Scheme 5), previously

synthesized by Tatsumi and col.'*

, in which Mo and Cu ions are connected by two p2-sulfido ligands
and the MPT ligand is mimicked by the bdt ligand chelating the Mo ion, was able to catalyze the
electroreduction of CO», however selectively to formate and not to CO*. CPE in COs-saturated
CH3CN on a GC electrode at -2.62 V vs. F¢'/Fc in the presence of [(bdt)Mo"(0)S>Cu'CN]* and 0.1
M of trifluoroethanol (TFEH) as a source of protons led to the formation of formic acid as the major
product (70 — 75 %), together with H> (20 %) and very small amounts of CO. Thanks to IR
spectroelectrochemical methods, coupled to DFT calculations, we have proposed the reaction
mechanism shown in Scheme 5. We established that the starting complex was in fact a pre-catalyst,
leading to the catalytic species, [Mo'VSa(bdt)Cu'CN]*", via a 2-electron reduction followed by transfer
of the nucleophilic oxo group to CO> forming COs*, and liberating a coordination site, and finally by
a further one-electron reduction. Then, protonation yields a MoV-H hydride intermediate, which
reacts either with CO; to produce formate or with a second proton to form Hz, however with a higher
transition state barrier. While the catalyst operates at quite high overpotential, this first functional
mimic opens a new direction regarding the design of molecular catalysts for CO- reduction and raises
specific questions to be addressed such as: (i) which parameter makes the enzyme selective for CO
and the mimic selective for formate? (ii) how does the Cu' site function synergistically with Mo as it

is essential for catalytic activity?
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Scheme 5. Proposed mechanism of CO» electroreduction catalyzed by [MoY(0)S2(bdt) Cu'CNJ*

(complex D), based on spectroscopic studies and DFT calculations. TFEH= Trifluoroethanol.
3.2. B) Mimics of [NiFe] CODHs

While a number of metal sulfur clusters have been prepared, the NiFes4 cluster of CODH has not
been synthetically mimicked yet. However, since CO> reduction by [NiFe]CODHs seems to use the
Ni atom and only one Fe atom of the cluster, it is reasonable to consider simpler heterodinuclear NiFe
mimics for COz reduction. It is only in 2020 that the first catalytically active NiFe complex, namely
[LN?$2Ni"FellCp(CO)]" (LN?52 = 2,2'-(2,2'-bipryridine-6,6'-diyl)bis(1,1’-diphenylethanethiolate),
NiFeCp in the following (Figure 1), was reported*®. NiFeCp was initially designed as a mimic of

4748 and shown to be an active and stable catalyst for H" electroreduction*’. CPE

[NiFe]-hydrogenases
at —1.3 V vs. SHE in phosphate buffer, pH 4, saturated with CO>, using a graphite electrode modified

with NiFeCp, led to the production of only two gaseous products, H> and CH4 (with a H»/CH4 molar
15



ratio of 23:1 and FY for CH4 evolution of 12 %), with no evidence for the formation of formic acid
or CO*. The formation of CHa, reflecting the ability of NiFeCp to catalyze a challenging 8 ¢/8 H*
reduction, is intriguing and more mechanistic investigations are required. Nevertheless, this
breakthrough again opens perspectives regarding the development of bioinspired NiFe species as

electrocatalysts for CO; reduction.

Considering that Ni is the only redox active metal in the cluster of [NiFe]JCODHs, a further
simplification for the design of bioinspired catalysts results in mononuclear NiS, sites, a configuration
present in the enzyme active site. Few Ni complexes, such as [Ni(cyclam)]*" °*>4 Ni-polypyridine
complexes*! or Ni complexes supported by N-heterocyclic carbene-amine ligands>, but no NiSy, had
been studied as catalysts for CO; electroreduction or photoreduction. In 2017, a Ni complex bearing
a SoNo—type tetradentate ligand was found to selectively catalyze COx photoreduction to COS. The
availability of the qpdt ligand afforded the possibility to prepare a (bis-dithiolene)Ni complex,
(BusN)[Ni'l(gpdt),], complex E, in which the Ni ion is tetracoordinated in a S4 environment with a
square planar geometry (Figure 4)°’. For the first time, a NiS4 complex was shown to catalyze CO
electroreduction into HCOOH as the major product (60 %) together with small amounts of CO and
Hy, in acetonitrile in the presence of TFEH as a source of protons, however only on a mercury
electrode. The same electrode is required in the case of [Ni(cyclam)]*" and this might originate from
favourable transient interactions between the complex and the Hg surface, encouraging CO; binding
and facilitating CO desorption®~%8, This catalyst is remarkably stable since sustained reduction of
CO» was achieved during an electrolysis experiment of 23 h. As supported by DFT calculations,
formic acid likely derives from the reaction of CO, with a catalytically competent Ni-H hydride

intermediate.
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* relative configuration

Figure 4. Structures of complexes [Ni'(qpdt)2]" (E), [Ni'(H-qpdt).] (F) and the ORTEP views of
their anion component; [Ni'(2H-qpdt),]” (G) and reduced F: trans-F1 and cis-F2.

Finally, we compared the catalytic activity of three novel NiS4 complexes, with dithiolene versions
having a fully reduced pyrazine ring (Figure 4)°. F1 and F2 were obtained via chemical and
electrochemical reduction of (BusN)[Ni'l(H-qpdt):] (F), respectively, while (BusN)[Ni"{(2H-qpdt)]
(G) was obtained using the ligand 2H-qpdt. Intriguingly, while the only difference between F1 and
F2 resided in the configuration of the ring junction, cis or trans, large differences in activity and
selectivity were observed. It is very likely that this is also the consequence of using a Hg electrode.
Thus, we postulate that noncovalent interactions between the complexes and the Hg surface are strong
enough to affect the activity of stereoisomers differentially. F1 proved the most active (larger TONs)

and the most selective (FY for formate 70 %) among all studied (bis-dithiolene)Ni complexes.
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4. CONCLUSIONS

While challenging, closely mimicking the complex active sites of FDHs and CODHs has been
possible and has finally resulted in active catalysts for CO> reduction. With such structural and
functional similarities to the inspiring metalloenzymes, these synthetic molecular complexes provides
a novel perspective for: (i) better understanding the functional specificity of the biological active
centers themselves; (i1) for making further progress towards even more biomimetic catalysts (for
example mimicking the axial ligation in FDH model compounds, the NiFe4 cluster of [NiFe] CODH
or implementing the qpdt ligand and derivatives within a Mo-Cu dinuclear complex of
[MoCu]CODH); (iii) for understanding reaction mechanisms in greater detail (in particular the
respective roles of the metal ions in heteropolynuclear sites); (iv) for discovering more selective and

active bioinspired catalysts for CO> reduction.
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