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Abstract

In Nature, dihydrogen is catalytically produced by the [FeFe] and [NiFe] hydrogenases.
Despite common structural features in their dinuclear active site, i.e. a thiolate-rich
coordination sphere and CO/CN- ligation, the synergetic way, in which the two metal
sites act during catalysis, is specific for each enzyme. With the aim of understanding the
role of the nature of the metal (Fe vs Ni), we report on a homodinuclear FeFe complex, a
parent of a previously reported NiFe complex, in order to compare their electrocatalytic
activity for Hz production. The diiron complex [(CO)LN2S2FellFell(CO)Cp]* (with LN252 =
2,2'-(2,2'-bipyridine-6,6'-diyl)bis(1,1-diphenylethanethiolate and Cp =
cyclopentadienyl), has been synthesized and fully characterized. In the solid state, it
contains two CO ligands, one bound to the {FeCp} moiety in a semi-bridging manner and
one terminally bound to the {FeLN252} moiety. This dinuclear iron complex is thus not
isostructural to [LN252NijllFell(CO)Cp]*, which contains a single CO ligand terminally
bound to the Fe site. However, in low-concentrated MeCN solutions, the CO ligand
coordinated to the {FeLN252} moiety is removed, and the CO ligand bound to the {FeCp}
moiety becomes fully bridging between the two Fe sites. Under such conditions, the
diiron complex displays similar catalytic performances to the parent NiFe complex (a
comparable overpotential, 7 =730 mV and 690 mV and TON = 15 and 16, respectively).
Cyclic voltammetry data give direct experimental evidence for an E[ECEC] mechanism,
which was also previously proposed for the NiFe complex. However, the structure of the
one-electron reduced species, the entry point of the catalytic cycle, slightly differs for the
two systems: in [LN252Nil(CO)Fe!lCp], this is valence localized species on the site Ni and
the CO ligand bridges the two metallic sites, while in [(CO)LN252FeFeCp], this is a type Il
mixed-valence species (ref aajouter) with the CO terminally-bound to the {FeLN252} unit.



Introduction

Nature designed two distinct dinuclear catalysts to reversibly reduce protons into
dihydrogen. Two metal ions act in synergy in such {MFeS2} cores (M = Ni or Fe, Scheme
1), present in the active site of the [NiFe] and [FeFe] hydrogenases (H:ases),
respectively.1-¢ Although both enzymes involve a similar ECEC mechanism? to produce
H> (E = electron transfer, C = chemical reaction, here corresponding to a proton transfer),
different types of intermediates and strategies are involved.® 8 For the [NiFe] Hzase, only
the Ni ion participates in the redox chemistry by cycling between oxidation states
ranging from +I to +III. The Fe site remains in the +II oxidation states but contributes in
the stabilization of hydride ligands, bridging both metal centers in two key
intermediates in the catalytic cycle.-12 Regarding [FeFe] Hzase, the redox chemistry also
occurs at a single metal site (the distal iron center, Feq). It only cycles between two
oxidation states (+I and +II), and is involved in the stabilization of a terminal hydride
ligand. The second iron center (proximal Fe site, Fep) acts as a scaffold through the
positioning of the doubly-bridging azadithiolate ligand that plays a key role as proton
relay. Besides it also connects Feq with a [4Fe4S] cluster that acts as an electron
reservoir and cycles between +1 and +2 charge states during the catalytic cycle.13-15

In this context, chemists applied two main approaches to mimic the active sites of these
two enzymes.2 16-17 Bijo-inspired NiFe catalysts for H> production have been mainly
designed with a {NiFeS2} core consisting of a Ni site in a thiolate-rich environment and a
Fe site with CO, CN-, Cp- or carbene ligands. The main objective was to localize the redox
chemistry at the Ni site.18 In the case of the FeFe mimics, even if the majority also
displays a {Fe2S2} core, a special interest has been focused on the bridging azadithiolate
ligand that bears an amine proton relay. When possible, the incorporation of an electron
transfer mediator in the second coordination sphere, such as a [4Fe4S] cluster!® or a
ferrocenyl group,2? has also been considered.?2! Due to these specific requirements, a
direct comparison between the hydrogen evolution reaction (HER) activity of NiFe and
FeFe Hzase mimics with the same coordination environment has not been reported so
far. Two series of NiFe and FeFe complexes with similar environments have been
described but the complexes are not  isostructural: [(dppe)Ni(p-
pdt)Fe(CO)3]/[(dppe)(CO)Fe(u-pdt)Fe(CO)3]17 2223  and  [(L'N252)NiFe(CO)Cp]*/
[(L'N252)(Fe-NO)Fe(CO)Cp]*(L'N252 = bismercaptoethyl diazacycloheptane)24 (Scheme 1).
Regarding the first series, even if both complexes can generate similar hydride
intermediates, only the NiFe derivate catalyses H2 production. As for the second series, a
{Fe(NO)}’ is required to stabilize the FeFe complex in such an environment. Because of
the peculiar redox character of the {Fe(NO)}" unit, it is difficult to conclude on the effect
of the nature of the metal, Ni vs Fe, on the catalytic process in this specific case.

We have recently investigated the propensity of a NiFe complex, [LN252NillFellCp(CO)]*
({NiFe'}{o, with LN2s2 = 2,2’-(2,2"-bipyridine-6,6’-diyl)bis(1,1’-diphenylethanethiolate),
Fe' = in the {FeCp} moiety), to mimic the structural and functional properties of [NiFe]
Hzase (Scheme 1). This efficient electrocatalyst for Hz production displays redox



chemistry mainly centered on the Ni-N2S2 site, and two catalytic intermediates,
including a hydride species, have been identified in homogeneous conditions.25-28 In this
work, we report the structure, properties and HER reactivity in homogeneous
conditions of the parent FeFe complex, {FeFe’}EO/ZCO (Scheme 1), with the aim of
comparing it with its NiFe counterpart and of understanding the role of the metal in the
N2S2 site, Ni vs Fe.
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Scheme 1. Active sites of the [FeFe] and [NiFe] Hzases (resting state), selected examples
of mimics discussed in the text.

Results and Discussion

Synthesis and solid-state characterization of {FeFe'}; .. The tetrafluoroborate salt of
the diiron complex [(CO)LN2s2FellFell(CO)Cp]* (with LN252 = 2,2'-(2,2'-bipyridine-6,6'-
diyl)bis(1,1-diphenylethanethiolate and Cp = cyclopentadienyl), {FeFe'}3c,, was
isolated as a brown solid by reacting the [CpFe(CO)(MeCN)z]BF4 precursor with the



previously reported dinuclear Fell complex [Fell(LN252)(HLN252)]BF4 ([Fe2SH]BF4)29 in
MeCN at room temperature (Scheme 2). The formation of {FeFe'}3q is the result of the
cleavage of the [Fe2SH]* complex making two thiolate-donor ligands available for binding
the [CpFe(CO)]* moiety. Two iron-bound CO molecules are present in the structure of
{FeFe'};¢o (see below), so that the use of an excess of [CpFe(CO)]* (4 equiv. vs [FezSH]*)
as CO source is required for its synthesis. The diffusion of Et20 into an MeCN solution of
{FeFe'};¢c in the presence of tetrabutylammonium perchlorate provides black needle
crystals suitable for single-crystal X-ray crystallographic analysis.
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Scheme 2. Synthesis of the diiron complexes discussed in this work. The notations Fe
and Fe' refer to the {FeLN252} and {FeCp} moieties, respectively.

The X-ray structure of the perchlorate salt of {FeFe'}3¢o (Figure 1, left, and Tables S1-
S2) reveals a {Fe2S2} core in which two inequivalent iron(II) centers are thiolate-
bridged. The Fel ion (corresponding to the Fe unit in {FeFe'}3co) is coordinated by one
terminally bound CO molecule, two sulfur and two nitrogen atoms of LN252 resulting in a
distorted square pyramidal geometry with a ts value of 0.12. The FeZ ion
(corresponding to the Fe’ unit in {FeFe'}3,) is surrounded by a CO molecule, two
bridging sulfur atoms of LN252 and a n>-coordinated Cp ligand. No Fe-Fe interaction is
present, in agreement with the observed Fe-Fe distance of 2.5611(12) A. The latter is
similar to the Fe-Fe distances found in [FeFe] hydrogenases in the resting Hox state
(2.55-2.62 A).515 The Fe1S1S2 plane is almost perpendicular to the Fe251S2 plane with
a dihedral angle of 87.93(6) °. The CO ligand coordinated to Fe2 is semi-bridging
between the two iron centers (Fel:--C44 and Fe2-C44 distances of 2.345(6) A and
1.770(6) A, respectively), like in the enzyme. Indeed, the crystallographic structure of
the [FeFe] hydrogenase from D. desulfuricans (presence of two non-equivalent
molecules) displays Fe-CO distances of 2.40 A (2.59 A) and 1.69 A (1.69 A) in the Hyed
state.30
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Figure 1. (left) X-ray crystal structure of {FeFe'};¢,ClOs-MeCN with partial thermal
ellipsoids drawn at 30% probability. For clarity, the co-crystallized solvent and the
perchlorate counterion have been omitted and the aromatic groups are drawn as lines.
(right) Zero-field 57Fe Mossbauer spectrum (experimental + simulation) of solid
{FeFe'};¢o recorded at 80 K.
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Figure 2. (left) IR spectra of {FeFe'};¢ in the solid state (black), in CH2Clz (0.4 mM, red),
and in MeCN (1.0 mM, blue; 0.2 mM, pink) solutions; (right) UV-vis spectra of {FeFe'}3¢q
in the solid state (black), in CH2Clz (0.4 mM, 2 mm path length, red), and in MeCN (1.0
mM, 2 mm path length, blue; 0.2 mM, 10 mm path length, pink) solutions.

The powder IR spectrum of {FeFe'};¢o (Figure 2, left) displays two CO stretching
vibration bands at 1959 and 1918 cm-1, assigned to the terminal and semi-bridging CO
ligands, respectively (Table 1). The powder zero-field >’Fe Mdssbauer spectrum of
{FeFe'};o recorded at 80 K (Figure 1, right) exhibits two quadrupole doublets with § =
0.23 mm-st; AEq= 0.69 mm-s1for Fea and § = 0.35 mms1; AEq= 2.32 mms! for Feg,
consistent with two distinct low spin iron(II) centers (Table 1). Based on the Mossbauer
parameters of the Fell center from the previously reported parent {NiFe'}{, complex (6
= 0.39 mms! and 4Eq = 1.82 mm-s1),25> Fep can be assigned to the Fe!l ion located in the
Fe’ subunit. Consequently, Fea corresponds to the Fell ion in the Fe subunit. The solid
state UV-vis spectrum of {FeFe'}3., (Figure 2) displays two absorption bands at around



381 nm and 483 nm with a broad shoulder around 650 nm. The EPR spectrum of
{FeFe'}; o is silent, in agreement with the low spin character of both Fe!l ions.

Table 1. Experimental and (TD)-DFT predicted spectroscopic parameters of the
different characterized complexes and DFT-optimized structures (7).

Experimental values Calculated values
IR (vco in cm1)
{FeFe'}3co™ 1959, 1918 (solid) 1960, 1900
{FeFe'}{,™ 1822 (MeCN) 1801
{FeFe'}¢o mecn™ 1822 (MeCN) 1838
{FeFe'}¢o™ 1896 (solid)? 1904
NIR (in nm)
{FeFe'}¢o™ 1015 10170
Mossbauer
(6c (AEq) in mm's1)
{FeFe'}3co™ Fe 0.23(0.69) Fe 0.26 (0.82)
Fe' 0.35(2.32) Fe' 0.39 (2.37)
{FeFe'}co™ Fe 0.33(0.44) Fe 0.27 (0.64)
Fe' 0.51(2.19) Fe' 0.58 (1.91)
EPR (g)
{FeFe'}¢o™ @ 100 K, giso=2.064 2.088 (1.991, 2.124, 2.149)

@ 22K, g1=2.262g.=1.947

a the corresponding spectrum is displayed in the SI. ® the NIR vibration corresponds to an
intervalence charge transfer transition (see Figure 7).

Spectroscopic characterization of {FeFe'}j., in solution. The IR spectrum of
{FeFe'}; o dissolved in CH2Cl displays CO stretching vibration bands at 1971 cm-! and
1918 cm-1, similar to those in powder spectrum (Figure 2, left). The solid-state structure
is thus retained in CHCl; solution. On the other hand, the IR spectrum of {FeFe'}3¢q
dissolved in MeCN is more complex to interpret. In a concentrated MeCN solution (1.0
mM), the two vco bands are still present, but with an additional feature at 1822 cm-,
corresponding to a bridging CO. Conversely, in a diluted MeCN solution (0.2 mM), the vco
band at 1822 cm! is almost exclusively observed. The disappearance of the bands
associated with the terminal and semi-bridging CO ligands of {FeFe'}}.o together with
the concomitant appearance of a bridging CO ligand vibration can be attributed to the
formation of a new species, named {FeFe'}{,, in which one of the CO has been released,
and the other has been shifted towards a bridging position. Based on the fact that this
reactivity is observed in MeCN but not in CH2Clz, we believe that MeCN is involved in the
decoordination of the CO ligand, either indirectly (polarity effect) or by direct
coordination through exchange with one CO. Scheme 2 displays this proposed
equilibrium reaction.
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Figure 3. 1H NMR (500 MHz) spectra of {FeFe'}3co dissolved in CD2Clz (0.4 mM, above,
all the shown peaks are assigned to {FeFe'}3c,) or CD3:CN (1.0 mM, below, peak

attribution: blue triangles = {FeFe'};¢q; red circles = {FeFe'}{o)-

Accordingly, in the 1H NMR spectrum of {FeFe'}3co in CD2Cl2 only one set of signals is
observed, in accordance with the molecular structure observed in solid state, while two
set of signals are present in CD3CN (1.0 mM solution), corresponding to {FeFe'};¢, and
{FeFe'}{, (Figure 3).

The UV-vis signature of {FeFe'}jcoin CH2Cl, and MeCN solutions (Figure 2, right)
confirms the speciation determined by IR and 'H NMR. The spectrum in CH2Cl; (main
bands: 382 nm, 4110 M-1.cm! and 475 nm, 1800 M-1-cm-1) is similar to the solid-state
spectrum, confirming that the structure of {FeFe'};¢o is retained in CH2Cl; solution. In
MeCN, at high concentration (1.0 mM), the three absorption bands at 381 nm, 429 nm
and 536 nm correspond to a mixture of both {FeFe'}3.o and {FeFe'}{,, whereas at low
concentration (0.2 mM), the spectrum shows only the absorption features of {FeFe'}{,,
i.e. two bands at 434 nm (2989 M-1.cm-1) and 536 nm (2024 M-1.cm-1).

The equilibrium shown in Scheme 2 can be directed towards the formation of either
{FeFe'};o or {FeFe'}{, by tuning the experimental conditions. When CO is bubbled into
the mixture of both species in MeCN (0.5 mM {FeFe'}3o), the band at 381 nm increases,
while those at 429 and 536 nm disappear with the concomitant appearance of an
additional absorption band at 472 nm (Figure 4, left). The resulting UV-vis spectrum is
similar to that of {FeFe'}3¢oin CH2Clz, indicating that CO bubbling leads to the
quantitative formation of the {FeFe'}$.o complex also in MeCN. When CO is removed by
argon bubbling from the CO-saturated MeCN solution of {FeFe'}3o (Figure 4, right), the
two bands at 381 and 472 nm disappear and the two bands characteristic of {FeFe'}{,
newly appear. In both forward and backward processes, an isosbestic point at 415 nm is
observed, demonstrating that only the two {FeFe'};¢o and {FeFe'}{, species are
involved in the equilibrium shown in Scheme 2.
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Figure 4. (left) UV-vis spectra of {FeFe'}3¢o dissolved in MeCN (0.5 mM, 5 mm path
length) before (blue line), during (grey lines) and after (red line) bubbling CO. The CO-
saturated solution of {FeFe'}j.o is successively bubbled with argon and the
corresponding UV-vis monitoring is shown on the right (before Ar-bubbling: red line,
during: grey lines, after: magenta line).

To further investigate the structural and spectroscopic properties of {FeFe'}{,, DFT
calculations have been performed. We initially validated our approach through the study
of {FeFe'}3co. Its optimized structure, {FeFe'};¢o* displays structural parameters
(Table 1) and predicted wo vibrations that are fully consistent with the experimental
data (less than 8 pm of difference between predicted and experimental metal-ligand
bond lengths; 1ol at 1900 and 1960 cm vs weoe*P at 1918 and 1959 cm1). The
Mossbauer parameters have been also predicted by DFT and the calculated parameters
are well consistent the experimental data confirming our previous attribution: for the Fe
unit, Scaic = 0.26 mm-s'1; AEqcaic = 0.82 mms-12and for the Fe' unit, dcaic = 0.39 mm-s1; AEqcalc
=2.37 mms-1 (Table 1).

For {FeFe'}{,, several structures containing only one metal-bound CO have been
optimized with or without an iron-bound MeCN molecule. Two calculated structures are
consistent with the experimental vco vibration at 1822 cm-!: (i) one with a bridging CO,
veocdle = 1801 cm-! and no coordinated MeCN ({FeFe'}{y*) and (ii) one with a bridging
CO and a MeCN molecule coordinated to the Fe center, wcclc = 1838 cm!
({FeFe'}¢omecn™). Considering the acetonitrile binding energy, the calculated free
energy difference (1.9 kcal.mol1) between these two species is consistent with the
presence of both complexes in equilibrium (for the sake of simplicity it will be referred
to {FeFe'}{, in the rest of the manuscript).

Electrochemical properties of {FeFe'}{,. The electrochemical properties of the
diiron(II) complex have been examined by cyclic voltammetry (CV) in MeCN at 0.2 mM
concentration: under these conditions only {FeFe}{,, and not {FeFe}3.,, is present as



shown by IR. The CV (Figure 5) exhibits two diffusion-controlled reversible one-electron
reduction waves at E1/2 = -1.21 V (AE =91 mV) and E1,2 = -1.65 V (AE = 90 mV) versus
Fc+/0, The first cathodic process is assigned to the reduction of {FeFe'}{, into the mixed-
valence complex {FeFe}.o (Scheme 3), which has been isolated and fully characterized
spectroscopically (see below). A similar cathodic process was previously observed for
{NiFe'}{, at a close potential (-1.29 V), but with the reduction occurring on the Ni site
(Ni to Nil). This indicates that the nature of the metal does not notably affect the redox
properties of this class of dinuclear complexes.

The second one-electron reduction process is proposed to mainly occur at the bipyridine
moiety of the LN252 ligand, as shown in the case of {NiFe'}{, (for which E1/2 = -1.90 V).25
The bipyridine is reduced at a noticeably less negative potential in the case of the FeFe
compound, presumably because of structural and electronic differences in the one-
electron reduced species (see below).

Even if the CV displays a reversible redox system for the second reduction process, the
proposed radical-based {FeFe'}¢, intermediate is too unstable to be spectroscopically
detected, as for the NiFe complex. [EHNGHCHEH

The CV of {FeFe'}{, also presents an irreversible anodic signal at 0.10 V (SI), assigned to
the Fell to Felll oxidation in the Fe unit. The corresponding cathodic peak at -0.62 V is
located at the same reduction potential of the previously reported mononuclear
[LN2S2FelliMeCN]* complex.31 This implies that the electrochemically oxidized form of
{FeFe'}{, is not stable on the CV timescale and undergoes a fast dissociation into
[LN252FelliMeCN]* and [CpFe(CO)(MeCN):]*. Such oxidation process was not observed in
the case of {NiFe'}{,.
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Figure 5. CVs of {FeFe'}{, (0.2 mM) in the absence (black) and presence of various
amounts of EtsNHBF4 (red: 1 equiv.; blue: 2 equiv.; green: 5 equiv.; magenta: 10 equiv.;



orange: 15 equiv.; cyan: 20 equiv.; dark yellow: 30 equiv.) in MeCN. Glassy carbon
working electrode, 100 mV-s1, 0.1 M n-BusNClO4. Inset: CV of EtsNHBF4 (0.2 mM) in
MeCN in the absence (black) and presence (red) of one equivalent of {FeFe'}{,.

Spectroscopic characterization of the one-electron reduced species {FeFe'}¢,. On
the basis of the electrochemical properties of {FeFe'}{,, cobaltocene (CoCpz, E1/2 = -1.33
V) was used to chemically reduce it to generate the mixed-valence {FeFe'}¢, complex.
This compound could be isolated as a powder and characterized (Table 1). The vco band
at 1896 cm in the IR spectrum suggests the presence of one CO ligand terminally bound
to one iron center. We ruled out the coordination of an MeCN ligand because of the
absence of a CN vibration in the infrared spectrum (see SI). The zero-field Mossbauer
spectrum (powder, 80 K, Figure 6, left) of {FeFe'}., exhibits two main quadrupole
doublets, with Fea: 6 = 0.51 mms1, 4Eq =2.19 mm.s1 (35 %) and Feg: 6 = 0.33 mm.s1,
AEq =0.44 mm.s1 (41 %), which can be assigned to the dinuclear mixed valence complex.
The attribution of these parameters to a specific Fe site is arduous and has been made
with a combined DFT analysis (see below). The sample also contains two additional
minor Fe-based species probably arising from the decomposition of {FeFe'}c,
characterized by two doublets 63(4Eq3) =0.10 (2.16) mm=s? (17%) and 64(4Eq4) = 1.17
(3.29) mms?! (7%). The former displays parameters close to those of the
[CpFe(C0)2CH2SiMes] complex (8(AEq) =0.099 (1.75) mm-s1)8 and could then be
attributed to a mononuclear [FeCOCp(solvent)z]* complex. The latter parameters are
typical of a high spin Fell species and comparable to those found for
[Felly(LN2S2) (HLN2S2)|BF4 (6(4Eq) 0.87 (3.76) mms! indicating that this species could
correspond to a mononuclear Fe complex containing the LN252 ligand.
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Figure 6. Zero-field 57Fe Mossbauer spectrum (left) at 80 K of {FeFe'} in solid state.
X-band EPR spectra (right) of {FeFe'}¢q (black solid, in solid state at 22 K; black dash, in
frozen MeCN solution at 7 K; red dash, in frozen THF solution at 100 K; red solid, in solid
at 100 K.
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The powder EPR spectrum of {FeFe'}¢, recorded at 22 K exhibits an axial signal with g
=2.262 and g = 1.947, corresponding to a localized S = 1/2 spin system (Figure 6, right).
In contrast, the EPR spectrum recorded on the powder at 100 K features a broader and
more isotropic signal (gi; = 2.064), consistent with a delocalized mixed-valence species.
Based on this temperature behavior, the electronic structure of {FeFe'}¢o can be
described as a class Il delocalized mixed-valence FelFell species.

The identity and valence delocalization of {FeFe'}¢o has been confirmed also in solution
both by EPR and Near Infrared (NIR) spectroscopy. The EPR spectra of {FeFe'}¢q in
THF/MeCN recorded at 7 K and 100 K are similar to the corresponding powder spectra
(Figure 6). The NIR spectrum displays a band centered at 1015 nm (9852 cm1), Avy2 =
2280 cm! in agreement with a mixed-valence compound (see below).

To gain more insights on the structural and electronic properties of {FeFe'}q, different
possible structures have been optimized by DFT. Only one computed
structure, {FeFe'}¢o* which displays a terminally bound CO to Fe, is consistent with the
experimental IR data (vo™° = 1904 cm, veoe® = 1896 cml). All spectroscopic
parameters have been then predicted theoretically for {FeFe'}co* (Table 1). TD-DFT
calculations predict a NIR transition at 1017 nm (f = 0.025) that perfectly matches the
experimental band. This transition is characterized by a strong metal-based character
consistent with an intervalence charge transfer (IVCT) transition (Figure 7). The
Mossbauer parameters predicted for {FeFe'}¢o* match well with the experimental data,
and can thus be assigned to each iron center: for the Fe unit, Scaic(exp) = 0.27(0.33) mm-s1;
AEqcalc(exp) = 0.64(0.44) mm-s'! and for the Fe' unit, Scaic(exp) = 0.58(0.51) mm-s-1; AEqcalc(exp)
= 1.91(2.19) mms1l The Miilliken spin population is consistent with a valence
delocalized species with 0.40 and 0.40 for Fe and Fe', respectively (0.03, each N and 0.14,
remaining). Finally the g isotropic value obtained from DFT is 2.088, with a rather small
g anisotropy (g1 = 1.991; g2 = 2.124; g3 = 2.149) compared to the experimental axial EPR
signal recorded at low temperature (Ag = 0.31). The combination of all these
experimental data and theoretical information are consistent with a class II delocalized
mixed-valence species with a structure in which the terminal CO is bound the Fe site and
not bridging the two metal centers as in the case of the {NiFe'}o parent complex.
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Figure 7. (left) Difference electron densities sketch of the NIR TDDFT-predicted
transition for {FeFe'}¢o* at 1017 nm (yellow = negative, red = positive), (right) localized
SOMO of {FeFe'}¢o*.

The terminal coordination of CO to the [FeLN252] moiety in {FeFe'}¢o() is consistent with
the redox properties of the {FeFe'}cy / {FeFe'}¢o system: although this reduction is
proposed to mainly occur at the bipyridine site of LN252 as in {NiFe'}{,, its potential is
significantly higher (E1/2 = -1.65 V for {FeFe'}{q vs E1/2 = -1.90 V for {NiFe'}{y). The fact
that {FeFe'}q is easier to reduce than {NiFe'}.q (i.e. the one-electron reduced form of
{NiFe'}{,) may be due to the stronger back-bonding of the terminal CO ligand in
{FeFe'} g vs the bridging CO in {NiFe'} .

Electrocatalytic activity for H. production of {FeFe'}{,. The electrocatalytic behavior
of {FeFe}{, for Hz production has been evaluated using EtsNHBF4 as a mild proton
source in MeCN (pKa = 18.6),32 conditions that are identical to those used during the
investigation of {NiFe'}{,.(Natchem) In the presence of increasing amounts of EtsNHBF.
(0.2-6 mM), a catalytic process (Ecat/2 in the range —=1.89 to —1.94 V for a concentration in
EtsNHBF4 in the range 1 to 6 mM EtsNHBF4, vs Eno catalyst = -2.16 V vs Fc*/0, potentials
being measured at the half-wave) develops at potential ~250 mV more cathodic than the
second process generating {FeFe'}¢, (Figure 5). The lower value of Ecay/2 compared to
E1/2 {FeFe'}¢o/{FeFe'}co (see the inset of Figure 5) indicates that the two-electron
reduced species reacts with a proton to generate an intermediate that needs to be
further reduced at a lower potential before to react with a second proton to generate H>
(see below). The plots of catalytic current intensity (icat) versus the concentration of
added EtsNHBF4 provide a linear correlation indicating a diffusion controlled regime for
catalysis under these conditions (SI).5 Bulk electrolysis experiments performed at ~ -1.8
V vs Fc*/0 on a Hg-pool cathode (SI) confirmed the electrocatalytic production of H>
(detected by GC) in the presence of {FeFe}{y (~15 turnovers achieved with ~60%
Faradaic yield within ~20 min, ~60% conversion from 10 mM EtsNHBF4).

Mechanistic considerations. The parent {NiFe'}{, electrocatalyst was shown to follow
an E(ECEC) mechanism for H, production.25 27 The {NiFe'}{, complex undergoes a one-
electron reduction at the Ni center to afford [LN252NilFel!lCp(CO)] ({NiFe'}¢o), which is
further reduced to produce the radical based [LN252°Ni!FellCp(CO)]- complex that is then
protonated on Fe affording a semi-bridging hydride [LN252Nill(H)FellCp(CO)]-.
[LN2S2Njll(H)Fel!Cp(CO)]-. The complex then needs to be further reduced before to react
with a second proton to produce Ho.

Based on our present experimental results and on the mechanism of the parent
{NiFe'}{, catalyst,25-27 a similar E(ECEC) mechanism is proposed for electrocatalytic H
production with {FeFe'}{, (Scheme 3).
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Scheme 3. Proposed catalytic pathways for Hz evolution with {FeFe'}{, catalyst
(potentials are referred to Fc*/9).

The first reduction generates the spectroscopically characterized mixed-valence
{FeFe'}¢o complex (see above). This species undergoes a second one-electron reduction
to form {FeFe'}¢,. The fact that the catalytic wave occurs at a reduction potential lower
than Ei;2 = -1.65 V versus Fc*/% (corresponding to the {FeFe'}.y/{FeFe'};, redox
system) evidences that: (i) {FeFe'}¢, is protonated to generate either a Fe-hydride or
thiol-containing intermediate, {FeFe'}y ¢o and (ii) this protonated species needs to be
reduced before reacting with a second proton to produce Ha. {FeFe'}qis thus
regenerated for another electrocatalytic cycle.

Interestingly, for the FeFe electrocatalyst the E(ECEC) cycle can be experimentally
validated, while for the parent NiFe complex it was mainly predicted by DFT calculations.
In the case of {NiFe'}{, the predicted potential of the third reduction process (that
occurs after the first protonation step) is higher than the second one (E%a =-1.42 V and
EOac= -1.77 V vs Fc*/9, respectively)?’ and thus was not detectable.?5 In contrast, for
{FeFe'}{, the third reduction process can be directly observed since it occurs at a lower
reduction potential (Ecatj2 = -1.94 Vvs E1/2 =-1.65 V).

Discussion

In the present work, we investigated a FellFell complex as the homodinuclear
counterpart of the efficient heterodinuclear NiFe HER electrocatalyst
[LN2S2NillFellCp(CO)]*, in which the Nil ion has now been replaced by Fell. The objective
of this study is to evaluate the influence of the nature of the metal ion located in the
N2S2 site on the HER reactivity.

Structural differences between the two M!Fell complexes, both in the solid state and in
solution, have been observed. In the solid state, the FeFe complex could not be isolated
in an isostructural form of {NiFe'}{, since it contains two CO molecules: one bound to
Fe’ ({FeCp}) in a semi-bridging manner and one terminally bound to the Fe center
({FeLN252}), In low-concentrated MeCN solutions, one CO ligand is removed and the
remaining CO ligand is bridging, whereas in {NiFe'}{, it is terminally-bound to the Fe’
moiety. Stabilizing a four-coordinate Fe!' ion in the Fe site is difficult. In the specific case
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of the LN252 ligand, even if mononuclear tetracoordinated [MLN252] complexes have been
previously isolated with M = Co!,33 Cull,3¢ Zn! 35 and Ni!,3¢6 we did not succeed in
isolating the corresponding [FeLN252] complex. Instead, the mononuclear [FeLN252(Cl)]-
and the dinuclear [Fez(LN252)(LN252H)]* complexes were obtained, in which the Fel!l ions
are five-coordinated.?®. 31 Likewise, in [(N2Sz)(Fe-NO)Fe(CO)Cp]* (Scheme 1)
Darensbourg et al. needed a NO co-ligand to complete the N2S2 coordination of one Fe
center.24 For [(dppe)Ni(p-pdt)Fe(CO)3], an additional CO was required to isolate the
homobimetallic congener [(dppe)(CO)Fe(u-pdt)Fe(CO)s], as in the present case.l”

Since our aim is to evaluate the role of the metal in the catalytic process, the most
relevant species to be compared are the one-electron reduced complexes, {MFe'}¢o,
which represent the entrance in the proposed catalytic cycles. Even if only one CO is
present in both structures, it is terminally bound to the {FeLN252} moiety in {FeFe'}¢o,
while it bridges the Ni and Fe ions in {NiFe'}¢o. The electronic structure is also notably
different since {FeFe'}.q displays a mixed-valence character of type II, whereas in
{NiFe'}o the spin-density is almost exclusively localized on the Ni site.

Concerning the electrocatalytic HER process, it occurs in both cases through an E(ECEC)
mechanism: for {FeFe'}{,, cyclic voltammetry experiments carried out in the presence
of EtsNH* (see Figure 5) demonstrate experimentally this pathway, while for {NiFe'}{, it
was mainly supported by DFT. The overpotential requirement of the {FeFe'}{,
electrocatalyst (7 = 730 mV) is slightly higher than that of {NiFe'}{, (7 = 690 mV).
Indeed, even if the second E-step occurs at a less negative potential for {FeFe'}{,, the
catalytic wave develops at a lower potential for the FeFe compound (see above). Finally,
the FeFe and NiFe systems display comparable catalytic stabilities in MeCN solution
(TON {FeFe}{,= 15, TON {NiFe}{,= 16).

All together, these data suggest that even if the electronic and structural parameters of
the key intermediates, i.e. the one-electron reduced {MFe'}¢q species, slightly differs, the
nature of the metal ion located in the N2S2 ligand does not significantly impact the
catalytic HER efficiency and an E(ECEC) pathway is proposed in both cases. The
reactivity is most likely dominated by the coordinating and electronic properties of the
LN252 Jigand itself, especially owing to its non-innocent redox character. In fact, for both
NiFe and FeFe electrocatalysts, the second reduction process is proposed to occur on the
bipyridine unit of LN252, In addition, DFT calculations carried out for the NiFe system
predict that the third reduction process also occurs on the bipyridine unit. Since, a
similar mechanism is suggested for the FeFe system, it clearly appears that the redox
activity of the LN252 ligand, especially its bipyridine unit, partly drives the entire catalytic
process.

Interestingly, the present study describes a rare example of an [FeFe] Hzase model that
mimics the iron oxidation states relevant to enzyme reactivity. The {FeFe'}¢o mimics
the Hox state (scheme 1) and an ECEC pathway generates H; from both {FeFe'}¢, and
the Hox state. By contrast, most of the reported [FeFe] Hzase models involve more
reduced complexes, FelFe! or FelFel, stabilized through the coordination of phosphines
and/or multiple CO ligands, as the resting state.!:2 The {FeFe'}¢, intermediate formed
during the electrocatalytic cycle parallels the generation of the super-reduced state,
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proposed to be involved during the catalytic cycle of [FeFe] hydrogenase.-ln this case,
the bipyridine moiety acts as an electron reservoir for the FeFe catalyst, like the
proximal [4Fe4S] cluster in [FeFe] Hzase.-

Regarding the protonation steps, especially the one that is proposed to occur after the
generation of the two electron reduced species, {FeFe}cq, it can lead to a Fe-hydride
species or to a thiol-containing intermediate, {FeFe}yco. Based on several DFT
investigations, it has been proposed that such type of (hetero)dinuclear complexes with
bridging thiolates display the propensity to protonate a thiolate during the catalytic
process followed by the decoordination of the corresponding thiol, because of the
hemilability properties of these metallodithiolate ligands.(darensbourg et hall, acs catal)
24,26-27,37, [n contrast, in the present case of {FeFe}{,, we propose the generation of a
terminal hydride on the Fe' site based on the fact that (i) a metal-hydride is generated
during the first protonation of the parent {NiFe}{, electrocatalyst, and (ii) the Fe' site is
proposed to have a vacant site based on the DFT-predicted structure of {FeFe'}¢o.

Conclusion

In summary, we succeed to compare the activity between a [FeFe] Hzase mimic and its
previously reported [NiFe] analogue, two dinuclear HER catalysts in which only the
nature of the metal (Ni vs Fe) in the {MLN252} metallodithiolate ligand is modified.
Although the structure of the catalytic intermediates, especially the one electron
reduced species, notably differs, the activity of the two electrocatalysts is similar. This
might be explained by the non-innocent redox activity of the LN252 ligand that is
proposed to dominate the catalytic process. Further studies are needed at probing the
full catalytic cycle, deciphering between terminal or bridging hydride ligands as catalytic
intermediates and investigating if hemilability of the metallodithiolate ligand is at play
in the H; evolution process mediated by {FeFe}{o:
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