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ABSTRACT: Despite the report of several structural and functional models of the [NiFe]- [NiFe]
hydrogenases, it is still unclear how the succession of electron and proton transfers during H, | Electrocatalysts
production catalysis are controlled in terms of both sequence (order of the chemical or redox

steps) and sites (metal and/or ligand). To address this issue, the structure of the previously R=© °r\@/
described bioinspired [NiFe]-hydrogenase complex [LN*Ni"Fe'Cp(CO)]* (LNi"Fe"Cp, c  cp a
with LN*? = 2,2'-(2,2"-bipyridine-6,6'-diyl)bis(1,1’-diphenylethanethiolate) and Cp = 2H* + 2e- [NiFe] H
cyclopentadienyl) has been fine-tuned by modifying exclusively the Fe site. In € — 2
[LN*Ni"Fe"'Cp*(CO)]* (LNi"Fe""Cp*, with Cp* = pentamethylcyclopentadienyl), the . &
Cp~ ligand has been replaced by Cp*~ to change both the redox and structural properties of CO Inhibition
the overall complex as a consequence of the steric hindrance of Cp*~. The LNi"Fe"Cp*
complex acts as an efficient electrocatalyst to produce H,. Density functional theory (DFT)
calculations support a CEEC cycle, following an initial reduction. The initial protonation leads
to the cleavage of one thiolate—iron bond and the next reduction to the generation of a
bridging Fe-based hydride moiety. Interestingly, the second protonation step generates a species containing a terminal Ni-based
thiol and a bridging hydride. In the presence of CO, the electrocatalytic activity of LNi""Fe""Cp* for H, production is markedly
inhibited (about 90% of loss), while only a partial inhibition (about 30% of loss) is observed in the case of LNi"Fe"'Cp. DFT
calculations rationalized this effect by predicting that interactions of the one- and two-electron-reduced species for LNi"Fe"'Cp*
with CO are thermodynamically more favorable in comparison to those for LNi"Fe"'Cp.

Cp :30% (Loss)
Cp* : 90% (Loss)
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B INTRODUCTION

[NiFe]-hydrogenases catalyze the reversible reduction of
protons into dihydrogen and function at ambient temperature
and pressure with a low overpotential requirement."” The
active site of [NiFe]-hydrogenases is composed of a unique
heterodinuclear NiFe complex, in which the two metal sites are
bridged by two thiolates from cysteine residues (Scheme 1).°
The coordination sphere of nickel is completed by two
terminal cysteinates and that of iron by two CN™ and one CO
ligands. In the currently proposed catalytic mechanism, the two
electrons and two protons required to form H, are supplied to
the active site in a controlled and sequential four-step

species (Ni-R),"”'* which promptly releases H, and regener-
ates Ni-SI,. This nickel-centered mechanism thus follows an
ECEC pathway (E = electron transfer, C = chemical reaction,
here corresponding to a proton transfer). Hydrogenase activity
has been shown to be inhibited in the presence of carbon
monoxide.”*™"” Two CO-binding states, Ni-SCO (Ni"—
C0)'"™" and Ni-CO (Ni'=CO)">" are generated by direct
reaction of CO with the Ni-SI, and Ni-L states, respectively
(Scheme 1) and have been thoroughly characterized. Ni-SCO
is the sole CO adduct that is currently proposed to be involved
in the CO inhibition process,””'® but the recent implication of
Ni-L as a catalytic intermediate in the H'/H, interconversion

pathway."*~® The Ni"'Fe'! initial state (Ni-SI,) is first reduced
to a Ni'Fe!! intermediate (Ni-L),””'" which is successively
protonated to generate a first Ni''(u-H)Fe"" hydride species
(Ni-C)."""* Ni-C is then reduced by one electron and
protonated to produce the corresponding (SH)Ni"(u-H)Fe"
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mechanism calls for further investigation.
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Scheme 1. Proposed Catalytic Cycle of the [NiFe]-Hydrogenase and Inhibition Process in the Presence of CO”
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Modeling the singular structure and unrivaled reactivity of
the [NiFe]-hydrogenases is critical not only to gain a deeper
understanding of the enzymatic mechanism but also to develop
economically and environmentally viable catalysts for H,
production.”®™>> Among the existing bioinspired NiFe
complexes, few display reactivity localized, at least partially,
at the Ni site,”*™2° while in most cases the H* reduction
process and the generation of hydride species occur on the Fe
site. McMaster and Schroder reported the first Ni-L model, but
this species proved inactive toward proton reduction.’®
Rauchfuss and Lubitz demonstrated that the first reduction
process of a NiFe H,-evolving electrocatalyst is centered on
nickel,”* even though protonation of the generated Ni'Fe'
intermediate affords a hydride terminally bound to iron, as
suggested by DFT calculations.

Several bioinspired NiFe complexes’”® have also been
described in the past decade using a (LNZS2SHNi! unit
combined with [CpFe"(CO)(MeCN),]* and display moderate
activity.”® More recently, we have described a bioinspired NiFe
complex, [LN**Ni"Fe'Cp(CO)]* (with LN*?= 2,2'-(2,2'-
bipyridine-6,6’-diyl)bis(1,1’-diphenylethanethiolate);
LNi"Fe"Cp in Scheme 2), that reproduces the structural
features and function of the active site of [NiFe]-hydrogenase
with redox chemistry mainly centered on the Ni site. We were
also able to isolate and experimentally characterize an active
Ni'Fe' intermediate modeling the Ni-L state and to generate a
Ni''Fe!' hydride species.”® A mechanistic theoretical inves-
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tigation carried out by Hall et al.”’ revealed that the hydride
ligand is actually bridging the two metallic ions (instead of
terminally Ni bound as suggested in the initial study),*® which
is made possible thanks to the hemilability of the bridging
dithiolate LN*$? ligand.*® Such a hemilability property was
previously observed for other dithiolato-bridged Ni—Fe
complexes, including one with a {Fe(CO)Cp} unit reported
by Darensbourg and Hall.>' ** However, the Ni''Fe"" hydride
generated from LNi"Fe''Cp requires further reductive
activation before H, evolution can proceed.”

The aim of the present work is to investigate the role of the
Fe unit in the sequential electron and proton transfers during
catalysis and the involved protonation/reduction sites: i.e. Fe,
Nij, or ligand. For this purpose, we have modified the former
LNi"Fe""Cp complex at the Fe site, keeping the Ni site
unchanged. Specifically, we have replaced the Fe-bound
cyclopentadienyl (Cp~) by pentamethylcyclopentadienyl
(Cp*”) and studied how this modification affects the
structural, redox, and electrocatalytic properties of the
heterodinuclear complex. We also report here the effect of
CO addition on the redox and catalytic activity of both the
Cp~ and Cp*” derivatives. Studies of the CO inhibition
process on NiFe models only include two Ni-SCO models.*>*°
One reversibly binds CO at the Ni"" center, but no reactivity
toward H* was reported.”® The other displays H, evolution
electrocatalytic activity, which is inhibited in the presence of
CO, but CO binds to iron.>>*’
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Figure 1. ORTEP view of the LNi"Fe""Cp* cation of [LNi"Fe"Cp*(CO)]BF,-0.69CH,Cl,-0.15Et,0-0.15H,0 (50% thermal ellipsoids, Ni--Fe =
3.391(6) A, (SNiS)(SFeS) = 152.54 (4)°) and representations of the hinge angles found in the {NiFeS,} cores of (a) LNi"Fe"Cp* and (b)

LNi"Fe"Cp.

B RESULTS

Synthesis and Characterization of LNi'Fe'Cp*. The
synthetic procedure previously used to isolate LNi'Fe'Cp°
has been adapted for the synthesis and isolation of the
corresponding Cp* derivative, [LN**’Ni"'Fe’'Cp*(CO)]*
(LNi"Fe""Cp*), using [Cp*Fe"(CO)(MeCN),]* as the Fe
precursor (see Scheme 2). The X-ray structure of the
LNi"Fe"Cp* complex reveals a {NiFeS,} core with two
bridging thiolate ligands similar to that of LNi"Fe"Cp (Figure
1 and Tables S1 and S2) but with significant geometric
variations. In LNi"Fe"Cp* the Ni--Fe distance of 3.391 A is
significantly longer than in LNi"Fe"'Cp (2.88(4) A) or in the
active site of [NiFe]-hydrogenases (~2.8 A range),”® leading to
the quasi-planar {NiFeS,} diamond core. The hinge angle,
defined by the intersection of the NiS, and FeS, planes, is
152.5°, and the NiFeS, atoms deviate less than 0.18 A from the
mean plane. For comparison, hinge angles of 107.2 and 111.9°
and deviations from the NiFeS, mean plane up to 0.53—0.57 A
are found for the two crystallographically independent units of
LNi"Fe"Cp with a butterfly structure (Figure 1). This most
likely results from steric repulsion between the methyl
substituents of Cp*~ and the phenyl rings of the L"*** ligand
(see below). Apart from these differences, the same
steroisomeric form is found in both Cp and Cp* derivatives
with an exo conformation (Scheme S1).%°

Fully optimized DFT calculations confirmed that for
LNi"Fe""Cp* the quasi-diamond geometry of {NiFeS,} is
more stable than the butterfly geometry by 3.3 kcal mol™},
while that for LNi"Fe"Cp is less stable by 1.8 kcal mol™". The
butterfly geometry has both six-membered rings (Ni—-N—C—
CH,—CPh,—S—) in boat conformations with respect to the
Ni. These two boat conformations orient the S lone pairs®® and
shorten the Ni---Fe distance in the Cp complex, while in the
Cp* complex such geometry is prevented because of the
interactions between the phenyl and methyl groups. In
LNi"Fe""Cp*, it has been experimentally observed that the
Ni site displays a distorted-square-planar geometry featuring a
pseudotetrahedral twist angle (S—Ni—S/N—Ni—N) of 13.84°,
notably smaller than in the mononuclear [NiLN**] precursor
(29.15°)* but much larger than in LNi"Fe"Cp (5.47°). It is
the inversion of one of the thiolate arms (N--S linker) in
LNi"Fe""Cp* with respect to LNi"Fe"'Cp that leads to the
changes in the quasi-diamond (boat—chair) vs butterfly

(boat—boat) geometries and the twist angles. This demon-
strates the geometrical flexibility of the Ni site surrounded by
the L"*** ligand.

The ESI-mass spectrum of a MeCN solution of
LNi"Fe""Cp* displays a peak at m/z 855.2, corresponding to
[LN*2Ni'"Fe'Cp*(CO)]* (Figure S1), indicating that its
dinuclear structure is preserved in solution. As in the case of
LNi"Fe"'Cp, the Ni" and Fe" ions are low spin (S = 0),
resulting in a diamagnetic complex, as attested by EPR silence
and diamagnetic '"H NMR spectra in MeCN (Figure S2). The
low-spin state of the Fe' ion is confirmed by its Mdssbauer
spectrum (Figure S3), which displays a doublet with isomer
shift (6 = 0.44 mm s™") and quadrupole splitting (AE(%: 1.79
mm s™') values that are close to those found for LNi"Fe"'Cp
(6 =039 mm s ! and AEq = 1.82 mm s"). Accordingly, the
CO stretching vibration (Tco 1926 cm™) is in the same range
as for LNi"Fe"Cp (T 1929 cm™), consistent with a similar
environment of the Fe' ion in both complexes. The selective
NOE 'H NMR spectrum (Figure S4) confirms the proximity
between the CHj substituents of Cp* and phenyl rings of the
LN?5? Jigand in MeCN solution, which forces the system to
adapt a constrained quasi-planar {NiFeS,} core.

Redox and Electrocatalytic Properties of LNi"Fe''Cp*.
The cyclic voltammogram (CV) of LNi"Fe""Cp* recorded in
MeCN displays two one-electron-reduction processes and
differs from that of LNi"Fe"Cp, for which the two reduction
systems are reversible (Figure 2). The first apparently
irreversible reduction of LNi"Fe''Cp* (E)e = =146 V vs
Fc'/Fc) is associated with an oxidation peak at E,, = —1.04 V.
Upon an increase in the scan rate, the process becomes
partially reversible (see Figure SS). It thus can be interpreted
as a one-electron reduction that is followed by a rapid
chemical reaction. By comparison with the CV of
[Cp*Fe"(CO)(MeCN),]* recorded under the same condi-
tions (Figure S6), we could assign the oxidation process at E,
= —1.04 V to the oxidation of the reduced form of the
mononuclear [Cp*Fe"(CO)(MeCN),]* fragment. We pro-
pose that the one-electron reduction of LNi"Fe"'Cp* occurs at
the Ni site as for LNi"Fe"'Cp to generate [LN*Ni'Fe"'Cp*-
(CO)] (LNi'Fe"Cp*) (see DFT Mechanistic Investiga-
tions).”**” LNi'Fe"Cp* is unstable on the CV time scale
and undergoes decomposition into [Ni"LN?%?] and the product
of reduction of [Fe''Cp*(CO)(MeCN),]*, defined as
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Figure 2. (a) CVs of 0.2 mM solutions of LNi"Fe"Cp* (solid line)
and LNi"Fe"Cp (dotted line) in MeCN/0.1 M »-Bu,NCIO,
recorded on a glassy-carbon working electrode at 100 mV s™'. (b)
CVs of the same LNi"Fe""Cp* solution before (black line) and after
the addition of various amounts of [Et;NH]": ( red line) 1 equiv,
(blue line) 2 equiv, (green line) S equiv, (pink line) 10 equiv, (olive
line) 1S equiv, and (navy line) 20 equiv (same conditions as in (a)).

[Cp*Fe!(CO)(MeCN)] by DFT calculations (see DFT
Mechanistic Investigations). Consistently, the second reduc-
tion process displays a reversible signal at E; , = —=1.83 V (AE,
60 mV), which matches the cathodic signal of the
mononuclear [NiL™***] complex corresponding to a bipyr-
idine-centered one-electron-reduction process.** From variable
scan rate experiments (see the Supporting Information), a first-
order rate constant (k) of 16(2) s has been determined for
the decomposition of LNi'Fe"Cp* into [NiLN?**] and
[Cp*Fe(CO)(MeCN)] (halflife time of LNi'Fe""Cp* ~0.04
s; in the CV at 100 mV s}, the time between the two
reduction systems, separated by about 300 mV, is ~3 s).
Dissociation is likely induced by the steric hindrance of both
Cp*~ and LN*? ligands that precludes the CO ligand from
bridging the two metallic ions, as confirmed by its DFT
optimized structures. In contrast, it has been proposed that the
bridging CO ligand stabilizes the LNi'Fe"Cp species.”’

A 140 mV cathodic shift of the first Ni-centered reduction
process is observed for LNi"Fe'Cp* with respect to
LNi"Fe"Cp (EPC = —1.32 V). This behavior can be due to
(i) the more electron donating character of Cp*~ in
comparison to Cp~, leading to a larger electron density on
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thiolate ligands and, thus, indirectly on the Ni site in
LNi"Fe"'Cp* and/or to (ii) the difference in the {NiFeS,}
core geometry (butterfly vs quasi-planar) that leads to
structural changes around the redox-active Ni center, especially
to different orientations of thiolate lone pairs with respect to
the Ni atom. The discrepancy between the redox properties of
LNi"Fe"Cp and LNi"Fe"Cp* illustrates how the organo-
metallic iron unit (via either the electronic or steric properties
of the Cp-type ligand) can modulate the electronics of the
nickel center, as proposed in the case of [NiFe]-hydrogenase.*®

The CV of LNi"Fe''Cp* is notably modified in the presence
of 1-20 equiv of Et;NHBF, (pK, = 18.6 in MeCN,"" Figure 2
and Figure S8). It can be observed that the signal at E,, =
—1.04 V present on the reverse scan of the CV of LNi"Fe"'Cp*
disappears, suggesting that dissociation of LNi'Fe'Cp* is
prevented in the presence of protons.*” In the presence of
Et;NHBF,, a catalytic process (E.,, = —1.86 V vs Fc'/F,
measured at the half-wave) develops on top of the second wave
of LNi"Fe""Cp*. The potential of this reversible redox system
is similar to that of the [NiLN?*?]/[NiLN**?]~ couple, likely
because both are centered at the bipyridine unit and are only
slightly influenced by remote modifications. However, the
shape of the H' reduction wave catalyzed by LNi"Fe""Cp*
strongly differs from the corresponding waves observed in the
presence of the two mononuclear [NiL"**] or [Cp*Fe"(CO)-
(MeCN),]" complexes (Figure S9).

Bulk electrolysis experiments performed at —1.85 V vs Fc'/
Fc on a Hg-pool cathode confirmed electrocatalytic production
of H, in the presence of LNi"Fe""Cp* (Figure S10). The H,
evolution performances (17 turnovers achieved with 76%
Faradaic yield within 100 min, 72% conversion from 50 mM
Et;NHBF,) are comparable to those of LNi"Fe"Cp (16
turnovers achieved, 70% conversion within 100 min and
Faradaic yield of 70%). However, the mononuclear Fe'
precursor, [Cp*Fe'(CO)(MeCN),]*, displays no reactivity
toward protons under similar conditions; [NiLN**] produces
H, but with a minor activity (9 turnovers achieved within 100
min).

DFT calculations (see DFT Mechanistic Investigations)
proposed an CEEC mechanism starting from the reduced
LNi'Fe""Cp* species that is consistent with this electro-
chemical set of data. Foot of the wave analysis (FOWA) has
been realized in order to gain kinetics-related information for
the H, production catalytic cycle.”** A scan rate and acid
concentration independent second-order rate constant (k) of
(6.8 +0.3) x 10* M~ 57! was determined.

DFT Mechanistic Investigations. To gain further insights
into the mechanism of electrocatalytic H, production by
LNi"Fe""Cp*, DFT calculations have been performed and a
full mechanism is proposed in Scheme 3 and Scheme S2 (at
the B3P86 level). First, we focused on the rationalization of the
redox properties of LNi""Fe'Cp* in the absence of protons.
The DFT optimized structure of LNi"Fe"Cp* ([1*]*; note
that specific notations are used for the DFT optimized
structures), with a singlet ground spin state, is fully consistent
with the structural data obtained on LNi'Fe"Cp* by X-ray
diffraction (less than 0.02 A errors; Figure S13 and Tables S3
and S4). In addition, DFT calculations reproduce the IR
frequencies of CO vibration for the Cp* and Cp complexes, as
well as the large difference in their redox potentials E° (see
Tables SS and S6). The first reduction process is predicted to
occur at By = —1.19 V (—1.44 V at the TPSS level), in
agreement with the CV that displays a first irreversible redox
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Scheme 3. DFT(B3P86) Calculated H, Production Catalytic Cycle for LNi"Fe'Cp*“
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“The relative Gibbs free energies (AG) and barriers (AG¥) are given in kcal/mol. The reduction potentials (E° vs Fc*/°) are given in V. CS and OS
indicate the closed-shell singlet and open-shell singlet states, respectively. The superscript numbers indicate the spin state. The relative acidities
(ApK, = pK,(CatH) — pK,(Et;NH")) are reported with reference to Et;NH' in MeCN. The more positive ApK, values indicate that the
protonation reaction is thermodynamically favorable, while the more negative ApK, values indicate that the protonation reaction is
thermodynamically unfavorable. The green arrow indicates the ElECEC] pathway, while the pink arrow indicates the E{CEEC] pathway. All of the
optimized geometries and the other tests are displayed in the Supporting Information.

system at E,. = —146 V (Scheme 3). This one-electron-
reduction process is Ni-based and generates the Ni'Fe'' species
[1a*] (spin density of 0.68 for the Ni ion and —0.01 for the Fe
ion; Figure S14), as with the Cp derivative. However, in [1a*],
the CO molecule is terminally bound to the Fe unit instead of
bridging between the metallic ions in the Cp derivative. This
difference is proposed to be at the origin of the instability of
LNi'Fe"Cp*, resulting in the evolution to form [NiLN?52] and
a FeCp*-based species. We investigated this decomposition
process by computing the reduction potentials of all possible
units, including [FeCp*(CO)]”* (E. = —0.47 V), [FeCp*-
(CO)(MeCN)]”* (Eqe = —091 V), and [FeCp*(CO)-
(MeCN),]”* (Eqe = —1.36 V) (Table S11). In agreement
with the experimental data (E, = —1.04 V), it can be
concluded that the generated [1a*] species decomposes into
[NiLN*%?] and [FeCp*(CO)(MeCN)]. Consistently, this
process is calculated to be thermodynamically favorable (AG
= —14.6 kcal mol™'). The second reduction process is
predicted to occur at E_j. = —1.85 V, in agreement with the
experimental data (E,/, = —1.83 V), leading to the formation
of [1a*]~ through a ligand-based reduction. The spin density
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indicates that the bipyridine moiety acts as an electron
reservoir and that the Ni ion remains in the +I oxidation state
(Figure S15). Therefore, the experimentally observed redox
system is proposed from the DFT calculations to originate
from the reductions of [NiLN**?] combined with the potential
contribution of [1a*].

In the presence of [Et;NH]", a catalytic wave develops on
top of the second wave in the CV of LNi"Fe"Cp*. DFT
calculations at the B3P86 level predict that protonation of the
one-electron-reduced [la*] species is thermodynamically
feasible on the basis of the ApK, value found for the most
stable isomer among the 10 calculated isomers of [1H*]*
(Scheme S4). Although the B3P86 ApK, (vs [Et;NH]") value
of —0.4 is slightly unfavorable, positive ApK, values are found
with other functionals (+6.3 for B3LYP). Thus, the direct
protonation of [1a*] to [1H*]* is likely and is consistent with
experimental data. The most stable isomer of [1H*]*
corresponds to the protonation of one bridging thiolate,
leading to its partial decoordination, and to the generation of a
terminal-thiol-based Ni' species (Scheme 3). [1H*]* is then
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reduced into [1H*] at a predicted potential, which is very
close to that for the first reduction.

At the experimental value for catalytic H, production (E, , =
—1.83 V), the calculations predict that, if [1a*] is not directly
protonated, it is reduced to [1a*]~, which is followed by a
favorable protonation step (ApK, (vs [Et;NH]") = +21.6) to
give [1H*] (Scheme 3). The structure of the most stable
isomers of [1H*] (among seven calculated isomers, Scheme
SS) corresponds to a hydride Ni'Fe"" species, in which one
thiolate is no longer coordinated to the iron (Figure S17a).
Decoordination of one bridging thiolate from a Ni'(u-SR),Fe"
complex during electrocatalytic H, evolution has been also
proposed by Hall, Darensbourg, and co-workers in a recent
work®" and by Tang and Hall for LNi"(H)Fe"Cp.”” The
hydride is bridging between the two metallic ions in [1H*]
with a shorter Fe—H bond of 1.55 A (vs Ni—H, 1.75 A; Figure
S17a). The terminal Ni hydride and Fe hydride species have
higher free energy than the semibridging NiFe hydride species
(29.9 and 10.2 keal mol™', respectively).

Neither the terminal thiolate nor the hydride in the singlet
or triplet [1H*] is basic enough to be protonated to form the
thiol hydride [HIH*]* or the side-on Fe n*H, complex
[1H,*]*, as indicated by the negative ApK, values (vs
[Et;NH]") of —10.9/—11.0 and —10.8/—11.6, respectively.
In addition, direct proton delivery from [Et;NH]" to the
hydride in [1H*] to produce H, can be ruled out, since this
process is both thermodynamically (*“**AG = 4.3/10.9 kcal
mol™') and kinetically (AG* = 29.5 kcal mol™") unfavorable.
Thus, a third one-electron-reduction process must occur prior
to a second protonation step.

The reduction of [1H*] to [1H*]" is predicted to occur at
the bipyridine ligand (Figure S18), with a calculated reduction
potential for this couple at E.; = —1.66 V. As this potential is
less negative than that of the [1a*]™° couple by 0.19 V
(Scheme 3), this process is consistent with electrocatalytic
data.

Upon addition of the second proton to [1H*]™, two
protonation sites can be envisaged: (i) the terminal thiolate,
leading to the thiol hydride complex [H1H*], or (ii) the
bridging hydride, to generate the side-on Fe 7>-H, complex
[1H,*]. On the basis of DFT calculations, the formation of
[H1H*] is predicted to be kinetically (A(AGF) = 6.9 keal
mol™') and thermodynamically (A(AG) = 0.4 kcal mol™")
more favorable than that of [1H,*] (Scheme 4). On the basis
of these considerations, after the protonation of [1H*]~
form [H1H*] (ApK, = +3.6), the proton and the hydride react
together (AG¥ = 6.7 kcal mol™) to yield [1H,*]. Finally, H, is

Scheme 4. Two DFT(B3P86) Calculated Pathways for the
Protonation of [1H*]™ (TEA = Et;N)
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released from [1H,*] with the concomitant regeneratlon of
the reduced spec1es [1a*] (AG* = 8.3 kcal mol™! and AG =
4.9 kcal mol™"). Interestingly, in [H1H*]*, the hydride is
symmetrically bridging both metallic ions (Fe—H and Ni—H
distances of 1.63 and 1.62 A, respectively) and is oriented
toward the proton of the thiol in such a way that the H---H
distance is about 2.9 A (Figure S19). Such an arrangement is
also found in the Ni-R state of the enzyme, in which the
hydride species is also bridging but is shifted toward the Ni site
(Fe—H and Ni—H distances of 1.72 and 1.57 A, respectively)
and is located at 2.45 A away from the proton of a thiol
terminally bound to the Ni site.'* A similar intermediate has
been also proposed in the case of a Ni''(u-SR),Fe"
electrocatalyst, for which DFT calculations predict a thiol-
containing Fe-based hydride intermediate, but the hydride is
terminally bound to the iron ion.”" Such an intermediate is also
found in the catalytic cycle of [FeFe]-hydrogenase and its
synthetic models, for which a terminal Fe-bound hydride and
an ammonium are generated as the last intermediates prior to
the formation of H, (or the first intermediate arising from the
heterolytic cleavage of H,).”™* 1In a broader context,
LNi"Fe""Cp* thus represents an additional model of a H,-
evolving electrocatalyst in which the H—H bond is formed
through the reaction between a pendant acid and a metal
hydnieé, 5fonﬁrmmg the importance of such a structural
f.

On the basis of the DFT-predicted mechanism, after a first
reduction step required to activate LNi"Fe'Cp* and generate
a Ni'Fe" species, the catalytic H, evolution cycle is proposed to
follow either an ECEC or an CEEC mechanism (Scheme 3).
However, since it has been experimentally observed that
LNi'Fe"'Cp* interacts with [Et;NH]*, the E[CEEC] mecha-
nism can be proposed as the main pathway. As in the [NiFe]-
hydrogenase, especially in the Ni-R and Ni-L states,”"*
protonation of a terminal Ni-bound thiolate is predicted to
occur in the presence of a relatively weak acid (in [H1H*]). So
far only one structural and functional NiFe model has been
shown to undergo protonation of a terminal Ni-bound thiolate,
but this occurs only under strongly ac1d1c conditions, irrelevant
to those used in the catalytic assay.>”

A recent work described by Darensbourg and Hall
highlighted the hemilability of bridging thiolates in such
types of catalysts during protonation steps. In their systems the
redox chemistry mainly occurred on the Fe site and the
hydride species were predicted to be terminally bound to the
Fe ion.’' It is worth noting that, in the mechanism proposed
for both LNi"Fe'Cp and LNi"Fe"Cp* electrocatalysts, the
redox chemistry occurs on the Ni site (including the bound
bipyridine unit) and the protonation steps occur on both a
terminal thiolate and the metallic sites through formation of a
bridging hydride. Such a reactivity is similar to that observed
for the [NiFe]-hydrogenase, even if in both the Ni-R and Ni-C
states the hydride ligand is shifted toward the Ni site."*

Effect of CO Addition on Electrocatalytic Proton
Reduction. The CVs of LNi"Fe"Cp and LNi"Fe"Cp*
recorded in the presence of CO demonstrate that their redox
properties are modified by CO addition. When CO is bubbled
into a solution of LNi"Fe""Cp*, the first cathodic peak is
shifted from —1.46 to —1.41 V vs Fc'/Fc and the
corresponding backward peak at E,, = —1.04 V is suppressed
(Figure 3). This supports an interaction of CO with
LNi'Fe""Cp* and its further stabilization (no more decom-
position at the CV time scale is observed). CO binding
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Figure 3. (a) CVs of LNi"Fe""Cp* before (dotted line) and after
(solid line) CO bubbling (0.2 mM solution in MeCN/0.1 M n-
Bu,NCIO,, glassy-carbon electrode, 100 mV s™'). (b) CVs of
LY*2Ni"Fe""Cp* (same conditions as in (a)) in the presence of 15
equiv of [Et;NH]" before (black line) and after (red line) CO
bubbling and after successive Ar bubbling (blue line).

stabilizes the dinuclear Ni'Fe'' complex because of the strong
m-acceptor character of CO that decreases the electronic
density on the Ni' ion.

The case of LNi"Fe"'Cp is different (Figure S7): while the
first reduction system remains almost unchanged after
bubbling CO, a partial loss of the reversibility of the second
reduction signal is observed, accompanied by an anodic shift
(E,, is displaced from —1.91 to —1.87 V). The fact that only
the second redox reduction system of LNi"Fe"'Cp is affected
by the presence of CO evidences that CO exclusively interacts
with its two-electron-reduced form, L*Ni'Fe''Cp.*

The H, evolution activity of both electrocatalysts was also
assessed in the presence of CO by cyclic voltammetry. When
CO is bubbled into a MeCN solution containing 15 equiv of
[Et;NH]*, the electrocatalytic activity of LNi"Fe''Cp is
partially inhibited (about 30% loss, Figure S7), while for
LNi"Fe""Cp* a quasi-complete inhibition occurs (about 90%
loss) (Figure 3). As expected, when CO is removed from the
solution by argon bubbling, the activity of both complexes is
restored.

DFT calculations gave insights into the inhibition of the H,
evolution activity by CO. The structures of the CO adducts in
both the Cp and Cp* systems were computed. For simplicity,
Scheme S shows only the most stable CO adducts, while the
other optimized species are displayed in Scheme S6. The
calculations predict that all of the cationic ([1a*]* and [1a]"),
neutral ([1a*] and [la]), and anionic species ([1a*]~ and

[1a]7) are able to react with CO but to different degrees. The
most stable adduct species are found to have one broken Fe—S
bond. CO is terminally bound to the Fe ion for the cationic
and neutral species, while it is (semi)bridging both metals for
the anionic species (Figures $23 and $24).

In the presence of CO and in the absence of protons, the CV
of LNi"Fe""Cp* evidences an effect on the first reduction
process, while for LNi"Fe"Cp the influence of CO is observed
only on the second reduction process. This is consistent with
the computational results (Scheme S). First, the interaction of
CO with the one-electron-reduced species [1a*] is thermody-
namically more favorable (AG = —17.2 kcal mol™") than with
[1a] (AG = —1.3 kcal mol™"). Second, binding of CO with the
two-electron-reduced species [la]” is thermodynamically
more favorable (AG = —6.1 kcal mol™!) than with [1a].

Furthermore, the affinity of CO for [la*]™ is largely
thermodynamically favorable, leading to a L°Ni'Fe" species in
which CO is bridging between the two metallic ions (Fe—CO
and Ni—CO distances of 1.89 and 2.03 A, respectively; Figure
$23). A similar structure is observed in the interaction of CO
with [1a]™ (Figure S24).

These calculations can fully rationalize the observed
electrocatalytic activity of both LNi"Fe""Cp and LNi"Fe"Cp*
complexes in the presence of CO and protons: a partial
inhibition for H, production with LNi"Fe""Cp (about 30%
loss) vs a quasi-complete inhibition with LNi"Fe""Cp* (about
90% loss). Indeed, the interactions of both one- and two-
electron-reduced species for the Cp* derivatives [1a*] and
[1a*]~ with CO are calculated to be thermodynamically more
favorable than those of Cp derivatives [1a] and [1a]™.

B CONCLUSION

This study highlights how ligand design can be used to finely
tune the reactivity of bioinspired [NiFe]-hydrogenase com-
plexes. Substituting the pentamethylcyclopentadienyl (Cp*™)
for the cyclopentadienyl (Cp~) ligand at the Fe center in
LNi"Fe’'Cp*) complexes leads to remarkable modifications in
terms of structural properties, especially for the {Ni(u-S),Fe}
core with a quasi-diamond structure in LNi"Fe"'Cp* in
comparison to a butterfly structure in LNi""Fe"Cp. Even when
both complexes evolve H, with similar mechanisms, the
structures of the catalytically active Ni'Fe'' species display a
notable difference, with the CO ligand bridging both metals in
the Cp derivative and being terminally bound to the Fe ion in
the Cp* species. These differences translate into a more
pronounced instability of the one-electron-reduced form of the
Cp* derivative, LNi'Fe"'Cp*. However, the dinuclear structure
of this reduced species is retained under catalytically relevant
conditions and LNi"Fe""Cp* proves to be only slightly slower
than LNi"Fe""Cp in catalyzing H, evolution. The most
important difference between these two complexes is in the
electrocatalytic H" reduction activity in the presence of CO:
only partial inhibition (about 30% loss) is observed with
LNi"Fe"'Cp, while the inhibition is quasi-complete (about
90% loss) with LNi"Fe"Cp*. In addition, the electrochemical
behavior of LNi"Fe"'Cp* in the presence of CO combined
with the DFT investigation evidenced that CO can bind to
LNi'Fe"'Cp*, a model of the Ni-L state. Since it is currently
proposed that CO inhibition of [NiFe]-hydrogenase occurs
only through the Ni-SCO state (Ni''=CO), this work suggests
that Ni-CO (Ni'-=CO), formed from Ni-L, may also be
involved in this inhibition process.
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Scheme 5. Thermodynamic Data (kcal mol™") for the Interaction of CO with Cationic, Neutral, and Anionic Species in both

Cp* and Cp Derivatives
(a) LNiFeCp*

(b) LNiFeCp
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