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Transition metal hydrides (M-H) are ubiquitous intermediates in a wide range of
enzymatic processes and catalytic reactions, playing a central rolein H*/H,
interconversion’, the reduction of CO, to formic acid (HCOOH)?and in hydrogenation
reactions. The facile formation of M-H is a critical challenge to address to further

improve the energy efficiency of these reactions. Specifically, the easy
electrochemical generation of M-H using mild proton sources is key to enable high
selectivity versus competitive CO and H, formationin the CO, electroreduction to
HCOOH, the highest value-added CO, reduction product®. Here we introduce a
strategy for electrocatalytic M-H generation using concerted proton-electron
transfer (CPET) mediators. As a proof of principle, the combination of a series

of CPET mediators with the CO, electroreduction catalyst [Mn'(bpy)(CO),Br]

(bpy =2,2’-bipyridine) was investigated, probing the reversal of the product
selectivity from CO to HCOOH to evaluate the efficiency of the manganese hydride
(Mn-H) generation step. We demonstrate the formation of the Mn-H species by in situ
spectroscopic techniques and determine the thermodynamic boundary conditions
for this mechanism to occur. A syntheticiron-sulfur cluster isidentified as the best
CPET mediator for the system, enabling the preparation of abenchmark catalytic
system for HCOOH generation.

In mechanistic terms, the electrochemical generation of transition
metal hydrides (M-H) typically requires the reduction of the metal cen-
tre, followed by the transfer of a proton and an electronin a stepwise
fashion, via an electron transfer-proton transfer (ET-PT), or PT-ET,
sequence (Fig. 1a, grey box)**. Such sequential processes involve the
transfer of electrons and protons from different sources (the elec-
trodeandthe electrolyte, respectively). Whereas mildly reactive M-H
(that s, displaying high hydricity and bond dissociation free energy
(BDFE) values) may be generated at modest potentials using mild acid
sources*®, the most reactive M-H—of interest in the context of CO,
reduction—require generation of highly reduced metal centres or
the use of strong acids, which lowers the energy efficiency and rates.
Major advancesin M-H-mediated electrocatalysis have resulted from
improving the ET step with redox mediators™ or the PT step using
proton shuttles**°,

We propose here an alternative strategy for the electrochemical
generation of M-H, involving the overall transfer of an electrogen-
erated hydrogen atom (that is, an electron and a proton) to the metal
centre in one kinetic step, called concerted proton-electron transfer
(CPET) (Fig. 1a, blue box). This enables higher rates while requiring
only lowdriving forces, thatis, moderate reducing potentials and weak
acids. Theuse of milder proton sources thus minimizes the chances of
quenching the hydride species to generate H,, a main point to enable
high selectivity whenH, is not the targeted product. Sucha concerted
process necessitates amediator thatis able to collect an electron from
the electrode and a proton from the electrolyte, and to transfer them

concertedly as an overall hydrogen atomto generate the M-H species.
A few examples of such CPET mediators have been shown to be very
successful atincreasing reaction ratesin both oxidative™ ™ and reduc-
tive processes'". However, to the best of our knowledge, the use of a
CPET mediator to mediate the electrocatalytic generation of a metal
hydride has not been reported.

Herein, we demonstrate that the use of appropriately chosen CPET
mediators enables the energy-efficient electrocatalytic generation
of M-H species, and we explore the potential of this approach for the
electrocatalytic transformation of CO, (Fig. 1b). We report that the
iron-sulfur cluster [Fe,S,(SPh),]* (Fe-S) can be used as a CPET media-
tor in the presence of [Mn'(bpy)(CO),Br] (Mn'-cat) to promote the
electrocatalytic formation of Mn-H species. We demonstrate that
this strategy enables shifting of the CO, reduction reaction (CO,RR)
selectivity of Mn'-cat from CO to HCOOH, identifying one of the most
active catalytic systems for the selective reduction of CO,to HCOOH.
This example enabled us to validate the boundary conditions for the
choice of CPET mediators applicable in the electrochemical generation
of metal hydrides.

CPET-mediated M-H formation applied to CO,RR

The choice of anappropriate CPET mediator (med) for catalytic M-H
formation requires optimizing two CPET steps: (1) the (re)generation
ofthe med-H species with an electron and a proton; and (2) the over-
all transfer of an apparent hydrogen atom (that is, a proton and an
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Fig.1| CPET-mediated metal hydride formation. a, Generation of M-H
species viastepwise proton-coupled electron transfer (PCET: ET-PT or PT-ET,
greybox) and CPET (blue box) processes. The superscriptsindicate metal

electron) to the singly reduced metalsite (Fig. 1a, blue box). The ther-
modynamic and kinetic parameters required for efficient M-H genera-
tion using a CPET mediator are ultimately fixed by the BDFE and pK,
values of the generated hydride species. Thus, the choice of the CPET
mediator used should be tailored to the M-H species targeted and
ultimately to the desired catalytic application. Inthe present work, we
investigated theimpact of the proposed CPET-mediated generation of
M-H inthe context of CO, electroreduction, as the formation of M-H
intermediates is known to affect the catalyst’s selectivity and prod-
uct distribution. The vast majority of molecular electrocatalysts for
CO,RR promote two-electron reduction of CO,to CO or HCOOH, the
latter generally requiring formation of an M-H intermediate, whereas
CO formation typically requires the direct interaction of CO, with
the metal centre and precludes M-H formation®. Among the widely
investigated selective CO,RR catalysts, we selected Mn'-cat, giveniits
divergent behaviour in electrochemical and photochemical CO,RR
(Fig.1b). It produces CO under electrochemical conditions'®, whereas
HCOOH is generated as the major product under photochemical
conditions”. This change of selectivity relates directly to the reaction
pathway involved during catalysis: the C-centred activation of CO,
under electrochemical conditions leads to CO as the main product,
whereas the Mn-H species formed under photochemical conditions
enables HCOOH formation'. The factors influencing the formation
of Mn-H species in such molecular complexes under photochemical
conditions are, however, not fully understood. Related to this, recent
studies highlighted that the proximity of proton donorsinthe ligand
framework may enable the generation of Mn-H species also under
electrochemical conditions?°,

Aninitial screening of the thermodynamic feasibility of such a
CPET-mediated Mn-H formation using reported BDFE values?** (see
below) motivated our choice of iron—sulfur clusters (Fe-S clusters)
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as CPET mediators. Synthetic Fe-S clusters have so far not been
exploited to mediate CPET steps in a catalytic context. However,
proton-coupled electron transfer-mediated by Fe-S clusters have
been observed in Fe-Fe hydrogenases® (H cluster) as well as in 3Fe-4S
cluster-containing ferredoxins*, and recent studies have shown that
synthetic Fe-S clusters are also capable of donating or accepting an
effective H atom in a stoichiometric reaction®®, In addition, their
very low reorganization energy, which is key to the high efficiency
of electron transfers in enzymatic systems?*?, is highly desirable
for efficient (re)generation when used as a CPET mediator. Last, the
multiple site nature of CPET on Fe-S clusters, in which protonation
occurs at asulfur base, whereas reduction occurs at a Fe centre, may
constitute akineticadvantage over the use of ametal hydride to carry
out the same function as the CPET mediator, because the kinetics of
metal hydride formation may be hampered by higher reorganiza-
tion energy costs®?. On the basis of these facts, we investigated the
CO,RR using the synthetic iron-sulfur cluster, Fe-S, as a potential
CPET mediator, in combination with the well-known CO, reduction
catalyst Mn'-cat.

Under an argon atmosphere, the cyclic voltammogram (CV) ofa1:1
mixture of both Mn'-cat and Fe-S cluster in acetonitrile (CH,CN) is
seentobeidenticaltothe sumofthe CVsofitsindividual components,
revealing three consecutive le” reduction events at -1.34 V, -1.65V
and-1.89 V (Supplementary Fig.1; potentials expressed versus Fc/Fc*
(ferrocene/ferrocenium) here and in all text below). These events were
assigned, respectively, to the Fe-§% redox process, to the reduction
of Mn'-cat to the dimeric complex [Mn°(bpy)(CO),], (Mn°-dimer) and
the subsequent reduction of the dimer to the Mn™-cat species (Fig. 1b
and Supplementary Section 2.1.1).

This behaviour is markedly different under CO,RR conditions using
2,2,2-trifluoroethanol (TFE) as the proton source (Supplementary
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Fig.2|Catalyticactivity and spectroscopic characterization ofrelevant
intermediates of CPET-mediated CO,RR activity of Mn'-cat. a, Overlaid CV
traces of Mn'-cat (1mM) in the absence and in the presence of Fe-S along with
the CVof Fe-Salone (0.2 M TFE, 0.1 M TBAPFin CH,CN). b, Corresponding
products, and associated FY obtained during 90 min CPEat-1.85Vusingal:2
Mn'-cat/Fe-S mixture (0.2 M TFE, 0.1 M TBAPF, in CO,-saturated CH,CN). Thick
lines error barsindicate the systematic error of duplicate CPE measurements
andthinline errorbars correspond to the standard deviation of three
independent GCinjections. ¢, Time-dependentevolution of IRSEC signals of a
1:2Mn'-cat/Fe-S mixture in the presence of CO,onreductionat-1.65V

(40 equiv. TFE,0.1M TBAPF,in CO,-saturated CH,CN).d, Overlay of IRSEC
signals after 4 min CPE of a1:2Mn'-cat/Fe-S mixture (blue) and Mn'-cat only

Section 2.1.1and Supplementary Figs.1-6). The CV of the 1:1 mixture
of Mn'-cat and Fe-S presented in Fig. 2a exhibits two significant
changes with respect to the CVs of each complex taken separately:
the catalytic current of the peak assigned to the electrochemical
CO,RR activity of Mn'-cat at —2.05 V is enhanced by approximately
50%, and a new catalytic feature appears at —1.85 V (note that Fe-S
alone does not show any catalytic features within the experimental
potentialrange). Inaddition, asmall current enhancement (2.4 times)
of the peak at -1.65 V is observed under CO,RR conditions. In the
absence of CO, or TFE, the catalytic process at —2.05 Vis not present
and the process at -1.85 Vis substantially lowered, whereas the Fe-S% !
process remained unaltered (Supplementary Figs. 2 and 3). Increas-
ing the concentration of Fe-S (1:2 Mn'-cat/Fe-S ratio) does not affect
the current ofthe -2.05 V peak, but resultsin afurtherincrease of the
catalytic current at -1.85 V (Fig. 2a). These results suggest that the
new catalytic process at —1.85 Vis related to the generation of a new
catalytic species resulting from the synergistic combination of Fe-S
and Mn'-cat and occurring at less negative potentials than that
required for Mn'-cat alone to reduce CO,. To identify the reaction
catalysed at this new catalytic process, we carried out a series of
90 min controlled potential electrolyses (CPEs) (Supplementary
Fig.7). ACPEat-1.85 Vrevealed acomplete shift of product selectiv-
ity and formation rates (Fig. 2b): the combination of Mn'-cat and Fe-S
(1:2 ratio) enabled the formation of a large amount of HCOOH with
high selectivity (Faradaic yield (FY,coon) = 92%, product yield
(nycoon) =23 pmol) and a small amount of CO (FY, = 6%,
nco=1.6 pmol), whereas Mn'-cat alone catalyses CO,RR selectively,
as expected, to CO with low activity (FY¢o = 91%, nco =5 pmol) with

(orange) under the conditions describedinc. e, Exsitu’H NMR spectra
recorded after CPE of Mn'-cat (orange) and a1:1Mn'-cat/Fe-S mixture at
-1.65Vandaddition of TFE (50 equiv.) under Ar (blue) and CO, (green).

f, Comparison of the performance among reported catalytic CO,RR systems
selective for HCOOH production (Supplementary Section2.8 and
Supplementary Table 3). The barsindicate the range of overpotential for the
Mn'-cat/Fe-S system. To account for the uncertainties related to the actual pk,
value of the proton source insolution: the formation of HCOOH under catalytic
conditions used here was experimentally confirmed via FTIR studies, but
cannotberationalized using the pK, values reported for TFE (25.1) and
determined here for HCOOH (21.6) (Supplementary Sections 2.3 and 2.5).

no formation of H,, and Fe-S alone only produces a very small amount
of HCOOH (FYycoon = 30%, Npcoon =1.9 pmol) and H, (FY,, =17%,
ny, =1 pmol) (Supplementary Table 1). We identified the 1:2
Mn'-cat/Fe-S ratio as optimal, asboth the amount of products formed
and the selectivity for HCOOH versus CO were enhanced whenincreas-
ing the concentration of Fe-S (that is, decreasing the Mn'-cat/Fe-S
ratio), reaching aplateauatal:2ratio (Supplementary Fig. 7 and Sup-
plementary Table 1). With an overall turnover frequency (TOF) of
20 s at an overpotential of only 22-340 mV (Fig. 2 and Supplemen-
tary Section 2.5) measured from the long-term CPE experiment, the
1:2 Mn'-cat/Fe-S system stands among the best molecular electro-
catalytic systems for the reduction of CO,to HCOOH, while operating
at remarkably high Faradaic efficiency (Fig. 2f and Supplementary
Section 2.8). In addition, independently of the selectivity shift, an
approximately fivefold increase in turnover number (TON) for CO,RR
was observed with respect to the analogous CPE carried out in the
absence of Fe-S (Supplementary Table 1).

Finally, the origin of the above-mentioned increase of the current at
-1.65V under catalytic conditions with the 1:2 Mn'-cat/Fe-S system
was investigated by carrying out a CPE at -1.65 V. Selective HCOOH
formation was also observed (FYcoon = 78%, Nycoon = 7.6 pmol; Sup-
plementary Table 1) yet with significantly lower rates (TOF = 0.4 s™)
than at-1.85 V. Nevertheless, selective reduction of CO,to HCOOH at
suchamodest overpotential 20-140 mV) s, to our knowledge, unprec-
edented for first-row transition metal catalysts (Fig. 2f). In addition,
we suspect parasitic side reactions, significant at such low currents,
to account for the remaining FY, as significantly increased FY for
HCOOH were observed at 1.7 V (FY,;coon = 91%, Nyycoon = 9.5 pmol;
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Supplementary Table 1). Last, CPE at the third catalytic wave
(E.eq=—2.05 V) with a1:2 ratio of Mn'-Cat/Fe-S revealed an increased
CO:HCOOH ratio (FYcqo =32%, FYycoon = 56%) together with small
amounts of H, (FYHz =6%). This lowered selectivity for HCOOH is
consistent with the combination of the catalytic process at -1.85V,
mentioned above, and the catalytic process at -2.05 V originating from
theresidual activity of Mn'-Cat, as suggested by the CV studies. Decom-
position of the complexes under catalytic conditions and modulation
of the reactivity by potential side products of the solvolysis of Fe-S
were ruled out (Supplementary Section 2.9 and Supplementary
Figs.11and 12).

Spectroscopicidentification of Mn-H species

Such a change of selectivity from CO to HCOOH suggests the forma-
tion of aMn-H intermediate'®® in the presence of Fe-S and prompted
us to investigate reaction intermediates via in situ spectroscopic
techniques. Infrared spectro-electrochemical (IRSEC) studies under
optimized catalytic conditions (CO,-saturated electrolyte solution,
40 equiv. TFE, 2 mM Mn'-cat and 4 mM Fe-S), revealed the appear-
ance of the characteristic v, vibrations of the Mn(l) hydride complex
[Mn'(bpy)(CO),H] (Mn'-H) at1,990 and 1,892 cm, together with aweak
vibration at1,764 cm™, when the potential of the cell was held below
-1.65V (Fig. 2c). Whereas the carbonyl stretches v, of Mn'-H have
been reported'®?, the new band at 1,764 cm™ observed here can be
tentatively assigned to the corresponding vy, stretch of Mn'-H, as
it lies in the range of reported Mn'-H vibrations®® and was not present
when using deuterated TFE (TFED) instead of TFE (Supplementary
Fig.16). None of the vibrations associated with Mn'-H were observed
inthe absence of Fe-S or TFE (Supplementary Fig.14). With respect to
the IRSEC spectrum recorded in the absence of Fe-S (Fig. 2d, orange
trace), astriking feature of the 1:2 Mn'-cat/Fe-S spectrum (Fig. 2d, blue
trace) istherelatively lower intensity of the v, vibrations at1,975,1,934,
1,878 and 1,853 cm™ assigned to Mn®-dimer (Supplementary Section 3.1
and Supplementary Table 5). This suggests that the promoted forma-
tion of Mn'-H in the presence of Fe-S hinders the dimerization of the
Mn(0) complex [Mn°(bpy)(CO),] (Mn°-cat) to Mn°-dimer. Inaddition,
the appearance of a set of v, vibrations at 2,012,1,935and 1,920 cm™
points to the formation of a neutral [Mn(bpy)(CO),L] (Mn°-L) complex®
(L being aneutral ligand, such as CH;CN; Fig. 2d and Supplementary
Fig.15). Such a complex is not observed in the absence of Fe-S and
we tentatively attribute its formation to a weak interaction between
the reduced cluster [Fe,S,(SPh),]*>” (Fe-S™) and Mn'-cat, which trig-
gers Br™ release and subsequent reduction of the cationic acetonitrile
complex. In situ formation of HCOOH was further confirmed by the
appearance of its characteristic vibration at 1,700 cm™ (ref. °). When
the potential of the IRSEC cellis shifted slightly further to the negative
(to approximatively -1.85 V), we observed the initial fast increase of
the vibrations associated with Mn'-H, followed by a slow decay along
with growth of the vibrationat 1,700 cm™, suggesting intense HCOOH
generation (Supplementary Fig.17). The additional vibrations at 1,911
and 1,810 cm™, which grow further when the potential of the cell is
shifted to more negative values, are attributed to [Mn(bpy)(CO),]"
(Mn™-cat)®. Mn-cat catalyses the selective reduction of CO,to CO
anditsgradual appearance at the most negative potentials is consistent
withtheincreased FYsfor CO observedin CPE experiments at potentials
below-1.85V.

Formation of Mn'-H was further confirmed by the appearance of a
hydride resonance at-3.12 ppmin the 'HNMR spectrum of al:1solution
of Mn'-cat/Fe-S, reduced by a CPE step at —1.65 V in CD,CN followed
by the addition of a CO, saturated TFE/CD,CN solution (2 M, 30 pL)
to the NMR tube (Fig. 2e, green spectrum). The simultaneous pres-
ence of aresonance at 5 = 8.4 ppm, assigned to HCOOH, confirms the
catalytic activity of the complex at that potential and explains the low
intensity of the Mn'-H signal, as it is consumed to generate HCOOH.
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Consequently, the appearance of the hydride resonance is more pro-
nounced when the same experiment is carried out in the absence of
CO, (Fig.2e, blue spectrum). Using TFED instead of TFE in these experi-
ments led to the disappearance of the Mn'-H and HCOOH signals from
the'HNMR spectra and the appearance of peaks at the same chemical
shifts in the ’H NMR spectrum (Supplementary Fig. 22). None of the
signals associated with Mn'-H were observed in the absence of Fe-S
under identical conditions (Fig. 2e, yellow spectrum), with'H NMR
confirminginstead the formation of Mn°-dimer, as observed in IRSEC
experiments (Supplementary Section4 and Supplementary Fig.17). As
suggested in the IRSEC experiments, '"H NMR data confirmed that the
formation of Mn°-dimer on reductionis minimizedin the presence of
Fe-S (Supplementary Fig.19), favouring instead the formation of aneu-
tral Mn°-L species. This Mn®-L species appeared to be stable towards
disproportionation at the experimental timescale (Supplementary
Figs.20 and 26).

Combined with CV measurements, the IRSEC and '"H NMR data
provide evidence for the formation of Mn'-H. Mn'-H generation is
observed after the 1e” reduction of Mn'-cat to Mn°-cat, which occurs
at a potential at which Fe-S is already in the reduced Fe-S™ state. CV
and'H NMR datasuggest that Fe-S™ is oxidized on formation of Mn'-H:
thereversibility of the Fe-S/Fe-S™ process is lostin the presence of TFE
(Supplementary Fig. 6) and Fe-S appears in the 'H NMR spectrum after
addition of TFE to al:1solution of Mn'-cat/Fe-S reduced by a CPE step
at-1.65V (Supplementary Fig.19). Nonetheless, thermodynamic and
kinetic considerations rule out the possibility of an ET-PT mechanism
mediated by Fe-S and generating Mn'-H on protonation of Mn-cat:
the electrochemical generation of Mn'-H via an ET-ET-PT pathway
fromMn'-cat occurs at-1.87 Vin the presence of strong proton sources
(suchasmorpholineinthe presence of CO,, pK, = 17)*. This potential
is more cathodic than that required for the generation of Mn'-H in
the presence of a CPET mediator occurring at —1.65 V. The absence
of Mn™-cat features at this potential in'H NMR and IRSEC data in the
absence of proton sources (Supplementary Figs. 14 and 19) confirms
thatMn™-catis not presentinsolution and that Fe-S™ does not actas
aredox mediator to promote its formation. Thisisin good agreement
with the significantly more anodic potential of the Fe-S/Fe-S™ couple
with respect to allMn'-cat reduction processes. Most importantly, in
the presence of weaker acids (for example, TFE in the presence of CO,,
pK, =25.1), we determined that CO, binding to Mn™-cat, generated
on two successive ET steps, is kinetically much faster than proton
binding (approximately 15 times faster; Supplementary Section 6
and Supplementary Fig. 27). These relative binding rates have been
proposed to be the main reason for the high CO selectivity of Mn'-cat,
the formation of Mn'-H being kinetically hindered in the presence
of CO, (ref. ). The high selectivity for HCOOH observed here in the
presence of Fe-S thus further confirms that the formation of the cata-
lytically active Mn-H species does not result from a ET-PT pathway. In
arelated manner, the quantitative dimerization of Mn°-cat observed
inthe absence of Fe-S at the potentials required for Mn'-H formation
(Supplementary Figs. 14 and 19) precludes a PT-ET mechanism. This
is consistent with a CPET from an in situ-generated [Fe-S]H species
to Mn°-cat to generate Mn"-H, in agreement with the kinetic isotope
effect of1.85 determined here and lying in the typical range observed
for CPET steps (Supplementary Section 5). Fe-S acts here as a CPET
mediator for the catalytic generation of amanganese hydride species.
It highlights that the ability of Fe-S clusters to promote hydrogen
atom transfer, which is known for stoichiometric reactions?, can be
exploited in a catalytic pathway.

Boundary conditions for CPET-mediated M-H
generation

This prompted us to attempt to determine the thermodynamic and
kinetic feasibility of such a CPET-mediated metal hydride generation.
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Fig.3| Thermodynamic and kinetic considerations for catalytic
CPET-mediated metal hydride formation. a, Schematicrepresentation of the
reaction stepsina CPET-mediated M-H generation followed by hydride transfer
to CO,and theassociated free-energy parabolarepresentation. b, Equations (1)
and (2) describe the free-energy barrier, AG* 1, and the reaction rate constant,
keper, for aweakly coupled non-adiabatic CPET process; 4is the reorganization
energy, Aisthe Arrhenius pre-exponential factor determined from overlap

Two CPET steps have to be considered: (1) the (re)generation of the
med-H species with an electron and aproton; and (2) the overall trans-
fer of an apparent hydrogen atom to the singly reduced metal site
[M@*] (Fig. 3a). Both steps can be interpreted in a Marcus-type for-
malism (Fig.3b), inwhich asymmetric dependence between the rate
of the reaction (kcper) and the thermodynamic driving force (AG’ cper)
is expected, resulting in a lower activation barrier than required for
the stepwise ET-PT and PT-ET processes. This dependence may be
diminished by the fact that both a proton and an electron must syn-
chronously tunnel, resulting in a potentially higher pre-exponential
factor (A) than for isolated ET and PT steps. Nevertheless, the use of
mild reducing agents and weak acid sources should mitigate that
fact, and enable faster CPET rates, while being highly beneficial for
catalytic purposes because the reaction proceeds at a lower overall
driving force AG 1. Hence, considering the two steps of a catalytic,
CPET-mediated generation of M-H species in the Marcus formalism,
as presentedin Fig. 3a, enablesidentification of the key parameters to
optimize for an effective catalytic M-H formation that occurs at high
rate and minimal thermodynamic cost while enabling regeneration
of the CPET mediator.

First, efficient (re)generation of the CPET mediator requires mini-
mizing the driving force AG’, and the reorganization energy A, for
the generation step med » med-H. AG’, corresponds to the BDFE of
the med-H species, which can be estimated using the Bordwell equa-
tion (Fig. 3b). The two main parameters affecting the reorganization
energy A, arethe solvent reorganization energy and the inner-sphere

integrals of the electronic and proton vibrational states between the substrate
and product, Tis the absolute temperature and kg is the Boltzmann constant.
The Bordwell equation (3) enables estimating the BDFE values using K, as the
acidity constant of the protonated mediator med-H, E° as the reduction
potential of the med®" couple, C;being asolvent-dependent constant.

¢, Boundary conditions to be met to ensure catalytic CPET-mediated M-H
generation.

reorganization energy of the mediator, which s related to the intrin-
sicgeometry change that occurs on generation of the med-H species.
Inthe specific case of a CPET mechanism, the overall charge will not
vary, and the main contributor to the overall reorganization energy
willbe theinner-sphere one. A good strategy to lower A, is therefore
to select a mediator with minimal structural and polarity changes
on CPET.

Second, from athermodynamic point of view, for the CPET to occur
from med-H to the reduced metal complex M (that is, AG’, < 0), the
BDFE of the med-H species (BDFE™") should be lower than the BDFE
of the M-H species (BDFEM") formed?. These values should, however,
beclose, tolower the associated kinetic energy barrier, as highlighted
above.

Last, to ensure an efficient proton transfer from the proton source
to the mediator, the relation pK,Potnseuree < pK, ™4 should be fulfilled.
Additional selection factors come into play when H, generation is not
thereaction of interest and will be discussed below.

Hence, forthepresentsystem,aneffective CPET canoccurif BDFEFeSH
is lower than BDFEM™® However, verifying this condition firstimplies
determining these BDFEs, which were not previously reported. We
determined BDFEeS™" here to be as low as 63.5 kcal mol ™, in good
agreement with the BDFE value of 60.5 kcal mol™ recently reported
for another Fe-S cluster bearing substituted thioaryloxide ligands?.
The determination of this value necessitated evaluating the pK, value
of [Fe-SIH, which we determined electrochemically using a proto-
nated P1 phosphazene base (Supplementary Section 7) and found
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Fig.4|CO,RRactivity of Mn'-catin the presence of various CPET mediators.
a,b, Productyields (a) and associated Faradaicyields (b) for CO,RR using
Mn'-catin the presence of various CPET mediators. The first three entries from
theleft correspond to experiments carried outin the presence of aproton
source (0.2 M TFE, except for Ru-NH* where 1.5 M H,0 was used), whereas the
otherentriesrelate to catalytic tests carried outinthe absence of aproton
source and at high concentration of the CPET mediator (0.1-0.5 M), error bars

avalue of 30.3 + 0.3. This value lies in the expected range for this
species assuming that a one-electron transfer increases the pK, by
4-6 units compared to the oxidized species, as observed for syn-
thetic Fe,S, clusters®. The lower limit of BDFEM™ was estimated as
65.8 kcal mol™ on the basis of CV and 'H NMR data (Supplementary
Section 8). This valueis slightly higher than those reported for other
manganese hydride complexes, such as HMn(CO); (60 kcal mol™)
and HMn(CO),PPh; (61 kcal mol™)*. To further assess BDFEM"" we
studied the CO, electroreduction activity and respective product
ratios between CO and HCOOH of Mn'-cat in the presence of aseries
of CPET mediators (Fig. 4a) covering a range of BDFE values around
this estimated lower boundary. Figure 4b reveals that the amount of
HCOOH islowered withincreasing the BDFE™“" of the CPET mediator
using [Ru"(acac),(Pylmz)] (Ru-NH) (acac, acetylacetonate; Pylmz,
2-pyridyl-imidazole) and 2,5-di-tert-butylhydroquinone (DTH,Q)
andvanishedinthe presence of 1,4-dihydroquinone (H,Q) or phenol
(PhOH), for which CO was observed to be the sole CO,RR product
(Supplementary Section 9). The presence of significant amounts of
HCOOH as areaction product reveals the formation of Mn'-H, and ena-
bles bracketing BDFEM™" between 63.5 kcal mol™and 67.3 kcal mol™, in
good agreement with the experimentally determined lower boundary
of 65.8 kcal mol™. This first evaluation of BDFEM"" enables determi-
nation of the thermodynamic feasibility of the hydride transfer from
Mn'-H to CO, from a hydricity point of view***, The lower limit of
hydricity of the Mn'-H is estimated to be approximately 57.6 kcal mol™
according to the standard reduction potential correlation (Supple-
mentary Section 10). This is significantly higher than the thermo-
dynamic threshold for HCOOH production (44 kcal mol™)*. Such a
hydride transfer to CO,, occurring despite an apparently unfavourable
driving force, was recently observed for arelated Mn'-H complex, and
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indicate the systematic error of duplicateindependent CPE measurements.

¢, Scaling relation of BDFE™ " with formic acid production, whichled to the
determination of BDFEM™"via the reaction shown at the top. The BDFE values
mentioned here are summarized in Supplementary Section 6.d, Proposed
mechanistic cycle for Fe-S-mediated Mn'-H formation and subsequent transfer
ofthe hydrideto CO,.

was proposed to be driven by the formation of aMn'-OCHO species®.
To demonstrate that such atransfer could occur in the specific case of
Mn'-H, we reacted a solution of Mn'-H prepared by CPE under CO,, and
observed the consumption of the Mn'-H species and the appearance
of [Mn'(bpy)(CO);(OCHO)] (Mn'-OCHO). (Supplementary Figs.19 and
22).Nevertheless, the low rate observed for HCOOH generation when
CPE s carried out at -1.65 V confirms that Mn'-H needs to be further
reduced to generate amore active catalyst. This reduction occurs at
approximately -1.85 V to generate a formal Mn(0)-hydride species
(Mn°-H), whose BDFE value can be approximated as 10-15 kcal mol™
lower than that of Mn'-H***. The hydricity value of Mn°-H lies in the
range observed for very selective CO,RR to HCOOH catalysts***, and
is hence fully consistent with the observed high selectivity and rate
for HCOOH production observed here. This latter finding permits us
tovalidate the reaction pathway for the fast electrocatalytic CO,RR to
HCOOH by the composite system (Mn'-cat/Fe-S) showninFig. 4d; Fe-S
mediates a CPET step to electrogenerated Mn®-cat affording Mn"-H
while hindering the competitive dimerization of Mn®-cat; Mn'-H is
further reduced to generate Mn°-H, which subsequently mediates a
hydride transfer to CO, to produce HCOOH. The reduction to Mn®-H
remains thermodynamically more favourable (approximately 65 mV
difference in peak potential) than the direct generation of Mn'-H
in the absence of a CPET mediator via the protonation of Mn™-cat
(Supplementary Fig. 6).

The determined BDFE and hydricity values also shine a light on
the observed selectivity towards HCOOH generation when Mn'-cat
is used in photochemical CO,RR. The typical decrease of the BDFE
for the composite system made of the photosensitizer and proton
source, to values below 40 kcal mol™ onlight excitation®, is sufficient
totrigger the formation of Mn'-H and HCOOH production. Similarly,



this work may provide a rationale for the recently observed change
of CO,RR selectivity to HCOOH of Mn'-cat in the presence of an iso-
propanol/triethylamine mixture, which was published during the
reviewing of the present work®. The interaction between isopropanol
and triethylamine in the presence of CO, results in alowering of the
pK, of over 20 units, which could explain lowering of the effective
BDFE value of isopropanol below 65.8 kcal mol™ and the generation
of Mn'-H by CPET.

In addition, these electrocatalytic tests in the presence of various
CPET mediators highlight several key features regarding their role in
the catalytic activity of Mn'-cat. First, a substantial enhancement of
CO,RR activity of Mn'-cat was also observed in the presence of CPET
mediators such as H,Q without change of selectivity (Figs.2b and 4a),
promoting the selective CO,RR to CO. We assigned this strong rate
enhancementto the fact that the BDFE value of H,Qis too high to enable
generation of Mn"-H species, but that H,Qstill acts asa CPET mediator
toenhance the CO,RRrate, promoting faster proton-electron transfer
totheactivated CO, moleculeinthe known CO,to CO reaction pathway
using Mn'-cat®. Such rate enhancement without a change in selectiv-
ity has recently been reported for CO,RR to CO using iron porphyrin
complexesincombination with asynthetic NADH analogue as the CPET
mediator*’. Second, the catalytic CO,RR performances for HCOOH
obtained using Fe-S as the mediator (TON,,coon = 4) are significantly
better than using Ru-NH (TON,;co0n = 0.8) and DTH,Q (TONycoon = 0.9)
(Supplementary Table1).

The small difference in BDFE values of the above-mentioned CPET
mediators (below 1 kcal mol™ between Ru-NH, DTH,Q and Fe-S) is
unlikely to explain this strong discrepancy in CO,RR TONs for HCOOH.
The regeneration step was analysed in detail (Supplementary Sec-
tion 2.5), and it was found that the lower TONSs resulted from the two
points identified above as critical for an efficient regeneration of the
CPET mediators, namely, the ability of the proton source to transfer a
protontothe mediator and the fast reduction of the oxidized mediator.
These observations enable headlining a key criterion to consider for
the rational choice of a CPET mediator for catalytic M-H generation
according to Fig. 3a, when H, production must be avoided. Once the
optimal BDFE value of the CPET mediator for atargeted M-H""* forma-
tionhas been determined according to theboundary conditionslisted
in Fig. 3¢, the Bordwell equation sets the relationship between the E°
and pK, to be verified for the CPET mediator. The optimal mediator
should be chosento have the highest possible pK, value, to enable effi-
cientregeneration of the mediatorinthe presence of weak acids while
disfavouring the protonation of the hydride species affording H,. This
imposes the requirement that the optimal £° value of the CPET media-
tor should be as cathodic as possible while remaining in the potential
window of interest for the system, and being determined by either the
potential for the direct 2e” reduction of the complex of interest or the
solvent/substrate wall.

Conclusions

Theresults presented here further highlight that Fe-S is aremarkably
effective CPET mediator for the current catalytic system, as it perfectly
fulfils the boundary conditions described in Fig. 3c, and the close BDFE
values of [Fe-S]H and Mn'-H, together with the intrinsic low reorganiza-
tionenergy of Fe-S, enable maximizing the efficiency of the (re)genera-
tion of the CPET mediator. Related to this, the efficient regeneration
in the presence of mild proton sources prevents direct protonation
of the Mn-H generated on CPET and ensures high selectivity against
undesired H, evolution.

These results serve as a proof of concept for the rational choice
of a CPET mediator enabling catalytic metal hydride formation, and
showcase the potential of synthetic Fe-S clusters as CPET mediators
owingtotheirlow reorganizationenergy and the simple tuning of their
redox potential on modulation of the ligand framework. Awide range

of catalytic reactions involving M-H could benefit from the approach
and guiding principles presented here.
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