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ABSTRACT: DFT has been used to investigate viable mechanisms of the hydrogen
evolution reaction (HER) electrocatalyzed by [Fe2(CN){μ-CN(Me)2}(μ-CO)(CO)-
(Cp)2] (1) in AcOH. Molecular details underlying the proposed ECEC electrochemical
sequence have been studied, and the key functionalities of CN− and amino-carbyne
ligands have been elucidated. After the first reduction, CN− works as a relay for the first
proton from AcOH to the carbyne, with this ligand serving as the main electron acceptor
for both reduction steps. After the second reduction, a second protonation occurs at CN−

that forms a Fe(CNH) moiety: i.e., the acidic source for the H2 generation. The hydride
(formally 2e/H+), necessary to the heterocoupling with H+ is thus provided by the μ-
CN(Me)2 ligand and not by Fe centers, as occurs in typical L6Fe2S2 derivatives modeling
the hydrogenase active site. It is remarkable, in this regard, that CN− plays a role more
subtle than that previously expected (increasing electron density at Fe atoms). In
addition, the role of AcOH in shuttling protons from CN− to CN(Me)2 is highlighted. The incompetence for the HER of the
related species [Fe2{μ-CN(Me)2}(μ-CO)(CO)2(Cp)2]

+ (2+) has been investigated and attributed to the loss of proton
responsiveness caused by CN− replacement with CO. In the context of hydrogenase mimicry, an implication of this study is that
the dithiolate strap, normally present in all synthetic models, can be removed from the Fe2 core without loss of HER, but the
redox and acid−base processes underlying turnover switch from a metal-based to a ligand-based chemistry. The versatile nature
of the carbyne, once incorporated in the Fe2 scaffold, could be exploited to develop more active and robust catalysts for the HER.

■ INTRODUCTION

Due to their similarities with the [FeFe]-hydrogenase active site
(Scheme 1, I), diiron dithiolato carbonyls (Scheme 1, set of
compounds II) have been the subject of intense research
activities in the past decade which strongly contributed to a
better understanding of structural and mechanistic aspects of

[FeFe]-H2ases.
1,2 Interest toward diiron dithiolate model

systems is also driven by the need to address a fundamental
issue in the use of H2 as an energy vector: the replacement of
platinum (and other noble metals) with catalysts based on
abundant and sustainable metals such as iron.3 On the basis of
the reasonable assumption that diiron complexes resembling
the active site of natural [FeFe]-H2ases might act as effective
electrocatalysts for H2 production, a huge number of diiron
mimics have been designed by modification of the bridgehead
group or substitution of carbonyls and cyanides with other
ligands.4−8 In spite of the considerable efforts, the development
of efficient electrocatalysts for H2 production based on [FeFe]-
H2ases mimics is still far from being fully accomplished.
Extension of the research field into a broader area involving
diiron complexes not necessarily restricted to dithiolate mimics
would potentially provide more chances to develop new and
efficient catalysts. In other words, going beyond the “dithiolate
paradigm”, but still taking advantage of possible cooperative
effects associated with the presences of two adjacent Fe atoms,
should provide access to electrocatalytic H2 production based
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on a mechanism not so strictly related to those of [FeFe]-
H2ases. With this idea in mind we have recently investigated a
number of diiron organometallic complexes containing cyclo-
pentadienyls (η5-C5H5, Cp), bridging and/or terminal CO, and
bridging hydrocarbyl ligands such as alkynyl, alkenyl, allyl,
allenyl, vinyliminium (Scheme 1, compound III), and vinyl-
alkylidene (Scheme 1, compound IV) as potential electro-
catalysts for H2 production.9 The presence of Cp ligands
produce effects comparable, at least in terms of electron donor
ability, to those of other ligands (e.g., phosphines, isocyanides,
carbenes) generally used to replace CO in dithiolate mimics.10

In our case, the most relevant change is the replacement of
bridging dithiolate or aza-dithiolate ligands with bridging
hydrocarbyl ligands, in that aza-dithiolate ligands are recognized
to have a major role in H2ases,

11,12 as well as in model
systems.13−20

We found that in a limited number of cases diiron complexes,
namely those containing a bridging carbyne (e.g., complex 1,
Scheme1), can act as electrocatalysts for H2 generation,
affording results comparable to those of many common
dithiolate systems (TON 15.5 for complex 1).9 It was not
clear why these, unlike other diiron hydrocarbyl complexes,
were effective in providing a catalytic pathway to proton
reduction. In particular, it was surprising that complexes with
the most structured bridging ligands, incorporating π-extended
systems and heteroatoms, such as vinyliminium III and
vinylalkylidenes IV, in principle better candidates to mimic
the behavior of bridging azadithiolate, were ineffective as
catalysts. Indeed, on the basis of chemical and electrochemical
evidence we came to the conclusion that these bridging ligands
were detrimental to catalysis in that reduction and protonation
events occurred at the ligand, in place of the metal, therefore
inhibiting a fundamental step in the sequence required to
generate H2. Our preliminary screening work also evidenced
that only carbyne complexes containing a CN− ligand gave
significant catalysis. A reasonable but general explanation is that
only a specific combination of ligands can provide a favorable
electron density at the Fe−Fe core to favor metal protonation
without shifting the reduction potentials to very negative values,
which is disadvantageous. However, cyanide might have a
specific role in the rather complex sequence of steps involved in
the catalytic H2 production in that replacing cyanide ligand by
CO in the complex [Fe2{μ-CN(Me)2}(μ-CO)(CO)2(Cp)2]

+

(hereafter 2+) results in a complete loss of H2 evolution
reactivity (HER). DFT has been thus used to address this
crucial difference, through the characterization of possible
reaction mechanisms associated with H2 production at a
molecular level.

■ COMPUTATIONAL DETAILS
DFT calculations have been carried out by the Turbomole 7.1.1 suite
of programs.21 The GGA BP86-RI functional22 has been used in
conjunction with the split-valence polarized basis TZVP23 on all
atoms, thus explicitly considering also the core electrons of Fe. This
computational scheme turned out to reliably model several features
related to diiron hydrogenase mimics.24−29

BP86 has also been reported to outperform the more popular
B3LYP30 in the theoretical reproduction of the redox potentials of Fe2
complexes modeling hydrogenase, which is a crucial aspect when
studying the electrocatalytic behavior of these compounds.31 The
results herein confirm the previously reported data (vide infra).
Nonetheless, the selected theory level has been herein further

validated by comparing simulated structural parameters vs available
XRD geometries and also theoretical vs experimental reduction

potentials. Moreover, with the aim of corroborating the information
emerging from our computations, the energy profiles associated with
the HER have been recomputed also by means of other functionals
such as the aforementioned B3LYP (Table S5 in the Supporting
Information), and the meta-GGA M0632 has been used to test possible
better performance in reproducing structural parameters.

The solvent has been modeled according to the COSMO approach,
which considers the solvent as a dielectric continuum (with ε = 37.5;
acetonitrile).33

Transition state structures have been searched through an analytical
Hessian (or pseudo-Newton−Raphson) procedure entailing an initial
preoptimization of a guess of transition state, continued through an
eigenvector following step.34 Atomic partial charges have been
evaluated by natural bond orbital (NBO) methods.35

The Fc/Fc+ redox potential (−4.87 V; acetonitrile) has been used as
a reference to scale the absolute reduction potentials. Indeed,
computation of reduction potentials is based on the free energy
difference (in solution) between reduced and oxidized species, ΔG°solv
= G°(ox)solv − G°(red)solv, through the equation ΔG°solv = −nFE°,
where n is the number of electrons involved in the reduction and F is
the Faraday constant (23.061 kcal mol−1 V−1). In order to obtain free
energy, the KS-SCF electronic energy (Esolv) has been corrected by
enthalpy and entropy contributions at 298.15 K and 1 bar (BP86
scaling factor 0.9914). In some cases, the use of ΔEsolv provided a
better match to experimental data than ΔG°solv and the reasons for
such an apparent anomaly have been recently discussed and clarified in
a paper on DFT modeling of the redox behavior of [FeFe]-
hydrogenase models.36

■ RESULTS AND DISCUSSION
Characterization of 1 and 2+. The main geometrical

parameters of possible isomers of the amino-carbyne complexes
1 and 2+ are shown in Table 1, along with those of [Fe2(μ-

CNMe2)(μ-CO)(CO)(CH2CN)(Cp)2] (1(CH2CN)), an ana-
logue of 1.37 The labels “a” and “b” denote the reciprocal trans/
cis disposition of the Cp ligands. The very good match between
XRD37 and DFT parameters confirmed the selected computa-
tional method as suitable to describe the molecular species
under investigation (the XRD vs DFT discrepancy is on the
order of 0.02 Å and B3LYP AND M06 provided 0.04 and 0.03
Å, respectively; see Figure S1 and Table S1 in the Supporting

Table 1. Most Relevant DFT Interatomic Distances of 1, 2+,
and 1(CH2CN) and X-ray Data of 1(CH2CN)

a

1a 1b 2a+ 2b+ 1(CH2CN)
1(CH2CN)

XRD

Fe1···Fe2 2.531 2.513 2.538 2.543 2.516 2.502
Fe1···C2 2.022 2.013 1.942 1.945 2.029 2.003
Fe2···C2 1.859 1.859 1.944 1.946 1.844 1.852
Fe1···C1 1.878 1.884 1.877 1.877 1.889 1.886
Fe2···C1 1.829 1.835 1.878 1.878 1.833 1.843
Fe1···Cp1
(av)

2.155 2.147 2.150 2.157 2.150 2.100

Fe2···Cp2
(av)

2.155 2.150 2.151 2.157 2.150 2.120

aDistances in Å.
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Information for optimized structures and geometrical param-
eters).
In terms of electron counting, although bridging carbynes

(alkylidynes) are generally considered as neutral three-electron
donors, in the case of the bridging amino-carbyne complexes,
these are more conveniently considered as μ-CNRR′+
(iminium, two-electron donor). This accounts for the relatively
short μ-C−N bond distance (about 1.30 Å) and is also
consistent with a formal FeI2 oxidation state.
X-ray analysis revealed that 1(CH2CN) features the Cp

ligands in a mutual cis orientation and the CN− group in a
terminal position at Fe. A trans disposition of Cp groups and
the Fe terminal position of the CN− ligand are instead
preferred in 1, since (i) 1a is predicted to be slightly more
stable (by 0.6 kcal/mol, Table S2 in the Supporting
Information) than 1b and (ii) isomers featuring bridging
cyanide are ∼10 kcal/mol higher in energy than the ground
state. In 2+, instead, the cis isomer is predicted to be 0.4 kcal/
mol more stable than the trans isomer. Since the energetic
differences between cis and trans isomers of both complexes are
far below the accuracy limit of DFT, it can be concluded that
there is not a clear preferential disposition of the Cp ligands in
the class of compounds under investigation.
These results are consistent with previously reported

observations concerning the cis/trans isomeric composition
of related complexes of the type [Fe2{μ-CN(Me)R}(μ-
CO)(CO)(X)(Cp)2] (X = halides and pseudohalides).38

Mechanistic Dissection of the ECEC Electrochemistry
of HER. Reduction of 1 and 2+ (ECEC). The first event of HER
catalyzed by 1 (2+ is catalytically incompetent) is a one-electron
reduction. This clearly emerges from CV data, which indicate
an ECEC mechanism, already reported about some Fe2S2 H2ase
models.39−41

The thermodynamic speciation of products formed by one-
electron reduction of 1 and 2+ has been necessary to compute
DFT reduction potentials, which have been subsequently
compared to CV parameters (see Table 2 for experimental vs

theoretical comparison and Figures S6 and S7 in the
Supporting Information for visual inspection of reduced
isomers). The experimental vs theoretical agreement is
satisfying (the largest discrepancy is only 40 mV) and
constitutes a further validation of the adopted density
functional (BP86) for the purposes of the present investigation
(even in comparison to other DFT methods such as B3LYP,
see Table 2).
One-electron reduction of 1a, 1b, 2a+, and 2b+ yielded 1a−,

1b−, 2a, and 2b, respectively, with all species retaining the
original Cp group’s configuration. The most relevant geo-
metrical parameters of each reduced isomer are presented in
Table S3 in the Supporting Information. A general concomitant
elongation of the Fe−Fe, Fe−Cp, and Fe−Ccarbyne distances
upon reduction of both 1 and 2+ has been observed. These
structural variations can be rationalized on the basis of both the

LUMO shape of 1 and 2+ (that indicates the atoms mostly
involved in the reduction process) and the partial charge
difference between the reduced and the oxidized forms (that
evidences the charge redistribution in the product). In this class
of compounds, the LUMO is antibonding with respect to Fe−
Fe, since featuring a σ* symmetry with a predominant dz2
character (see Figure 10 and Figure S2 in the Supporting
Information). Furthermore, NBO analysis (Table S4 in the
Supporting Information) suggests that the additional electron is
mostly located on Cp ligands and to a lesser extent on the
aminocarbyne group. Regarding energetics, it is worth
mentioning that the relative stability of cis vs trans isomers is
not affected by first electron transfer, remaining always very
close to zero (see Table S2 in the Supporting Information).
A comparison of the partial charges of Fe atoms in 1 vs 2+

(i.e., before reduction) shows an interesting and counter-
intuitive result: all metal ions bear a very slightly positive charge
(close to zero). Aside from the poorly informative intrinsic
value of the Fe charge, the unexpected electron density
equivalence between the metallic centers of the neutral (and
with coordinating CN−) and cationic species is notable. Indeed,
it was postulated that cyanide might increase the electron
density at the diiron core, thus favoring its protonation, an
essential step in the electrocatalytic proton reduction.9 A similar
role for cyanide was also proposed for diiron dithiolates bearing
at least another σ-donor ligand along with cyanide.42 In light of
the present observation, a more elusive role played by cyanide
has to be envisaged to justify the HER detection in 1 but not in
2+ (vide infra).

Protonation of 1− and 2 (ECEC). A protonation event (C) is
invoked after reduction of 1 and 2+, as evidenced by CV. The
protonation process of 1− by CH3CO2H in acetonitrile has
been thus dissected from both kinetic and thermodynamic
standpoints (see Figures 1 and 2 for results on protonation of
1− and Figure 3 for results related to protonation of 2). Further,
with the aim of investigating whether the redox state of the
complex could affect the regiochemistry of protonation, we
have extended the speciation study performed for 1− (→1H)
also to 1 (→1H+) and 12− (→1H−). The comparison is shown
in Figure 2.
It is fair to point out that protonation of neither 1 nor 12− is

compatible with the ECEC mechanism under investigation.
Nonetheless, on the one hand 1H+ might be relevant for future
investigations involving the use of stronger acids (stronger than
AcOH, such as CF3SO3H or HBF4·Et2O) and, on the other
hand, an initial double reduction (with subsequent proto-
nation) could be observed in variants of 1 featuring stronger
acceptor ligands. Indeed, initial two-electron reduction has been
already reported for a series of electron-poor Fe2(CO)6(SR)2 in
separate contributions by the Darensbourg,43 Glass/Evans/
Lichtenberger,44 and Weigand/Schollhammer45 groups.
The trans isomer of 1− has been considered as starting point

for catalysis, since DFT predicts that it is the most stable
structure. Such a disposition of Cp groups has been retained
along the whole catalytic pathway, since this class of
compounds is reported not to easily undergo cis/trans and
terminal/bridging rearrangements.46,47

All of the putative basic sites have been systematically
considered for protonation, namely cyanide N in 1Ha, Cp C
atoms in 1Hb, terminal CO C atoms in 1Hc, carbyne C atoms
in 1Hd and 1He (reciprocally differing in the “face” of the
catalyst involved in protonation), Fe coordinated by CN− in
1Hf, and Fe coordinated by CO in 1Hg. As expected from the

Table 2. DFT vs Experimental Reduction Potentials

Ered1° (V)

1 → 1− 2+ → 2

BP86/TZVP/COSMO −2.08 −1.36
B3LYP/TZVP/COSMO −1.60 −0.92
exptla −2.04 −1.40

aExperimental values are reported in ref 9.
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electronic structure of the amino-carbyne ligand (see
Characterization of 1 and 2+), the carbyne N(Me)2
functionality is not available as a protonation site. Indeed, its
protonation resulted in a high-energy species (+30.1 kcal/mol

with respect to 1H ground state, 1He) and the related energy
profile has been excluded from Figure 1.
The kinetically preferred site for protonation is NCN

− (TS1a
= 9.6 kcal/mol, Figure 1), although 1Ha is not the

Figure 1. Energy profiles associated with 1− protonation. The subscript 1 designates the first of two protonation events occurring in the ECEC
mechanism. The labels a, b, ... denote the various basic sites that have been considered for protonation. Transition states (TS) of 1− protonation by
acetic acid, along with the corresponding activation barriers (kcal/mol), are also presented. The distances describing the reaction coordinate are also
displayed (Å).

Figure 2. Thermodynamic speciation of 1H+, 1H, and 1H− species. Energies are in kcal/mol. Labels refer to the protonation energy profiles
presented in Figure1.
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thermodynamically preferred isomer among the 1e/1H+ species
1H (Figures 1 and 2). Interestingly, protonation of 1 is
unambiguously predicted to occur at NCN

−, as all the other
protonated structures are 28−41 kcal/mol higher in energy
(Figure 2). Indeed, N protonation of metal-coordinated
cyanides is the usual method to obtain hydrogen isocyanide
complexes.48 The present calculations predict that the first
reduction makes CN− less basic than the amino-carbyne, which
results in the thermodynamically preferred site for protonation
of 1−.
In addition, also protonation at Fe and Cp becomes relatively

more favored (in comparison to that observed in neutral
species) after the first one-electron reduction. Indeed, the
LUMO localization in 1 had essentially shown (see Figure 10
and related discussion in Reduction of 1 and 2+ (ECEC)), that
the incoming electron density is predicted to be more
distributed on μ-CN(Me)2 (and especially Cp groups) than
on CN− (in this regard see also 1−1− NBO charge differences
in Figure 10 and Table S4 in the Supporting Information).
These findings indicate that reduction of the complex can affect
the basic properties of the single ligands (as well as those of
metals), therefore controlling of the entire regiochemistry of
protonation.
Thermodynamically, protonation at CN− is moderately

endergonic whereas that at μ-CN(Me)2 is moderately exergonic
(Figure 1, 2). This is the typical behavior of a well optimized
catalyst: it is worth recalling that too stable intermediates are as
detrimental to catalysis as too high energy intermediates.
Raugei and Bullock reported on examples related to such issue
applied to catalysis of proton reduction.49,50

Both 1Hf and 1Hg feature a terminal hydride, while no
stable Fe−Fe bridging hydrides have been detected. Indeed, in
1H+, 1H, 2H2+, and 2H+, Fe2 bridging hydrides can be only
obtained as cis isomers and are always less stable than isomers
terminally bound at Fe.
Energy profiles associated with protonation of 2 are

presented in Figure 3, along with the corresponding transition

state structures. The cis isomer of 2 has been used in
computations since (i) DFT suggested that it is the most stable
Cp disposition and (ii) similar diiron aminocarbyne complexes
with all-CO ligands have been mostly isolated in this
configuration.46

Unlike that of 1−, protonation of 2 by AcOH is predicted to
be signif icantly endergonic for any possible basic site (even
protonation at the aminocarbyne, which leads to the 2H+

ground state). Also kinetically, protonation of 2 appears to be a
less favored process in comparison to the analogue computed
for 1− (activation barriers: 16.7 kcal/mol in 2 vs 9.6 kcal/mol in
1−). In general, all transition states and protonation products
are much higher in energy than those obtained with 1−. This
could partially be due to the overall negative charge of 1−,
which makes it generally more susceptible to protonation vs a
neutral species. In addition, the presence of a strong σ donor
(CN−) might suggest that the Fe−Fe bond in 1− is more basic,
although our data show (see above) that protonation at Fe is
not favored in any case. Concisely, the unfavorable kinetic and
thermodynamic behavior predicted by DFT for the protonation
occurring after reduction in 2+ appears to be the first clue to
justify the absence of HER in this derivative, thus highlighting
the importance of cyanide in catalysis.
One-electron reduction significantly affects the protonation

behavior of 2+, as observed in 1. As a result, a digression on
how the protonation properties can vary upon reduction in the
2+ case may be of general interest also for possible indirect
implications in the H2ase mimicry.
Actually, the most stable isomer of 2H2+ (0e/1H+, not to be

ruled out under strong acid conditions) features the hydride
ligand in a bridging position between Fe and C of the amino-
carbyne ligand (see Figure S3 in the Supporting Information).
In addition, it is worth noting that 2H2+ Fe terminal hydrides
are quite close in energy to the ground state (3−5 kcal/mol
higher). Moreover, they are predicted to be relatively much
more stable than their Fe−Fe bridging counterparts (by ∼10
kcal/mol). It may be interesting to recall that most Fe2S2-
containing biomimics show a different behavior. Indeed, it is
well-known that even Fe2 dithiolates which feature kinetic
protonation at a single Fe inescapably isomerize (more or less
rapidly) to the thermodynamically stable Fe−Fe bridging
hydrides, through a unimolecular rearrangement.51,52 Bridging
hydrides of Fe2S2 derivatives are reported to be less reactive53

or unreactive54 in comparison to terminal hydrides toward the
HER, although the Me−H−Me fragment is recurrent in Nature
and associated with reactivity in enzymes (such as nitrogenases
and [Ni−Fe] hydrogenases). In contrast, Rauchfuss, Hammes-
Schiffer, and Wang have very recently investigated a Cp-
containing bridging Fe2 hydride that proved to be a superior
electron donor in comparison to the terminal counterpart and
also a stable terminal Fe−H.55 The neutral charge of this last
(vs the typical cationic nature of previous examples) is
proposed to be a crucial factor in this case.
DFT predictions on 2H2+ are also consistent with

experimental observations in that it has been reported that
the complex [Fe2{μ-CN(Me)2}(μ-CO)(CO)(NCCH3))-
(Cp)2]

+, which is obtained by 2+ replacing CO with the
more labile NCCH3 ligand, reacts with NaBH4. Replacement of
the acetonitrile ligand takes place, but instead of a terminal
hydride, a bridging hydride compound is formed, which is
reported to be rather stable and unreactive.56

Second Reduction (ECEC). As mentioned earlier, the kinetic
product of 1− protonation (1Ha) is different from the

Figure 3. (left) Energy profiles associated with protonation of 2. The
subscript 1 refers to the first protonation event. The labels a, b, ...
denote, instead, the various basic sites that have been considered for
protonation. Energy values are given in kcal/mol. (right) Transition
state structures and interatomic distances (Å) forming the reaction
coordinate.
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thermodynamic product (1Hd). This fact paves the way to two
possible scenarios associated with the second reduction
(pathways A and B) that are presented in Figure 4.
According to pathway A, 1Ha isomerizes to the most stable

tautomer 1Hd. The isomerization can in principle occur
through an intramolecular proton migration, (activation barrier
14.1 kcal/mol (TS′1Ha→d)). The related transition state is
characterized by the assistance of one Fe center, which
mediates the N-to-C proton migration. However, the assistance
of an acid molecule acting as a proton shuttle affords a more
rapid H+ migration process (activation barrier 6.9 kcal/mol
(TS′1Ha→d)). After isomerization, 1Hd is reduced to 1Hd−

(still featuring a bridging carbene), which is the most stable
1H− isomer.
Following pathway B, reduction of 1H occurs prior to the

intramolecular proton transfer: the one-electron reduction of
1Ha to 1Ha− is in fact followed by 1Ha− isomerization to
1Hd− (which is ∼30 kcal/mol lower in energy), a rearrange-
ment that is predicted to be barrierless.
Notably, the reduction event following the isomerization is

far more favorable than reduction prior to isomerization,
suggesting that the tautomerization can trigger the second
reduction.
The carbene nature of the intermediate 1Hd− is the result of

an overall transformation in which the carbyne complex 1 has
stored electron density and one H+, namely the essential
ingredients for the HER, along with another proton. In this
regard, it is worth noting that amino-carbyne complexes similar
to 1 (e.g., [Fe2{μ-CN(Me)R}(μ-CO)(CO)2(Cp)2]

+, R = Me,57

R = C(O)SEt58) are known to undergo H− addition at the
bridging carbyne to form the corresponding carbene com-
plexes.57,58

Independently of which of the two routes is actually
followed, the product of the second reduction is unambiguously
1Hd−. At this stage, in fact, protonated isomers at one Cp ring,
at one Fe center, or at CN− are predicted to be ∼10, ∼ 20, and
∼31 kcal/mol, respectively. This confirms that the reduction
level of the complex unequivocally stabilizes species protonated
at carbyne (i.e., carbenic forms) with respect to all other (2e/
1H+) species.

Second Protonation (ECEC). The protonation of 1Hd− is
illustrated in Figure 5. Protonation of the cyanide is kinetically
and thermodynamically very favored. Indeed, 1HHa is the
lowest energy structure among the 2e/2H+ 1HH species.
Interestingly, upon the second reduction, the Fe terminal
hydride (in particular that at the Fe coordinated by CN−, the
only t-H found for the 1HH state), becomes relatively more
stable than the isomer protonated at Cp (by 4.6 kcal/mol).
Two other hydride coordination modes to Fe have been found:
a Fe−Ccarbyne μ-H, which is 10.5 kcal/mol less stable than
1HHa, and an Fe−Fe μ-H, which instead is almost isoenergetic
with 1HHa and predicted to be more stable than t-H by 8.1
kcal/mol. This is the first time along the ECEC-related pathway
that a trans Fe−H−Fe isomer has computationally been
predicted to be more stable than t-H; therefore, a possible
isomerization between the two forms may be expected (vide
infra).

HER Mechanisms. After a second protonation 1 has overall
stored two electrons and two protons and is thus activated for
H2 production. Despite the fact that the [FeFe]-H2ase and
some of the synthetic dithiolate models5,18,59 evolve H2 at the
2H+/1e state (with a second reduction regenerating the original
form of the catalyst), we have not considered such a possibility,
because of its incompatibility with the experimental data and
the ECEC electrochemical sequence.

Figure 4. Representation of the second reductive event of the ECEC picture: (A) an intramolecular H+ transfer occurs prior to reduction; (B) an
intramolecular H+ transfer occurs after reduction. Relative energy values are given in kcal/mol and distances in Å.
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Thus, a concerted mechanism for H2 formation−release has
been investigated, starting from 1HHa. As 1HHa does not
feature a metal hydride (which is normally the H− source of the
H− + H+ →H2 heterocoupling process), a transition state has
been searched along a reaction coordinate entailing FeCN-H as
an H+ donor and μ-C(H)NMe2 as an H− donor to form
dihydrogen (Figure 6, black pathways; see Figure 7 for visual
inspection of structures related to the pathway). The activation
barrier for the direct-intramolecular H−

carbene/H
+
CN heterocou-

pling is high (37.8 kcal/mol; Figure 6, TS(1HHa→1+H2)).
However, when an explicit AcOH molecule working as a
proton shuttle is included in the simulation, the activation
energy is dramatically lowered (26.4 kcal/mol, Figure 6,
TS′(1HHa→1+H2)). Such a value is in line with H2 release
near room-temperature conditions. The assistance of acid
molecules in proton migration processes has been recently
reported in a study on Fe2{μ-CH2(CH2S)2]}(CNR)6.

60

Subsequently, we have investigated the energetic viability of
other multistep mechanisms in alternative to the single-step H2
evolution from 1HHa (previously described). Concerning this
point, it is worth mentioning that formation of Fe (or other
transition-metal ion) hydrido species favors HER catalysis in a
large number of cases, as Me−H are commonly reported as
intermediates or active species in transition-metal-catalyzed H2
production and oxidation.1,61−68

Therefore, we have studied Fe−H formation through an
acid-assisted (AcOH) proton transfer from the cyanide in
1HHa (Figure 6, light blue profile). This process occurs
through TS(1HHa→c), and its activation barrier is 17.4 kcal/
mol, much lower than that obtained for the direct H2 release
from 1HHa. The Fe ion involved in the proton migration is
that coordinated by the cyanide. Indeed, no terminal hydride
coordinated to the other Fe atom has been detected, except for
a Fe−H−Ccarbyne bridging hydride, which, however, is 15.0
kcal/mol higher in energy with respect to 1HHa.
The formation of Fe−H is concomitant with the shift of the

carbene ligand from the Fe2 bridging position to a terminal
position at a single Fe.
1HHc easily and quickly isomerizes to the most stable Fe−

H−Fe species (1HHd) (see Figure 6, light blue lines). Both
1HHc and 1HHd feature a protonated carbyne and an Fe
hydride (which is t-H in the former and μ-H-Fe2 in the latter).
H2 evolution from both species might occur through
TS(1HHc/d→1+H2), which, however, was too energetically
costly (activation barrier 37.6 kcal/mol starting from 1HHc)
(Figure 6, dotted light blue lines). The related transition state is
associated with direct H2 evolution without the formation of a
(transient) Fe-H2 σ complex. Indeed, structures with such a
coordination mode were thermodynamically very unstable
(higher than 26 kcal/mol vs ground state). The assistance of an
acid molecule to form and release H2 starting from both 1HHc
and 1HHd has also been invoked. As already observed for
TS’(1HHa→1+H2), the inclusion of an AcOH molecule as a
proton shuttle in TS′(1HHc/d→1+H2) (Figure 6, light blue
lines) lowers the activation barrier, but not enough to make it
compatible with a viable H2 release.
1HHc can alternatively rearrange to the slightly less stable

1HHe, through a low activation barrier (2.5 kcal/mol
TS(1HHa→c), Figure 6, orange profile). In 1HHe the hydride
is bridged between the Fe atom bound to CN− and the C atom

Figure 5. (left) Energy profiles associated with 1Hd− protonation. The
subscript 2 refers to the second protonation event. The labels a, b, ...
denote, instead, the various basic sites that have been considered for
protonation. Energy values are given in kcal/mol. (right) Transition
state structures and their main geometrical parameters. Distances are
given in Å.

Figure 6. Global picture of the alternative pathways associated with H2 production and release starting from 1HHa. Energies (G) are given in kcal/
mol. See Figure 7 for a visual inspection of structures related to the various pathways.
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of μ-C(H)NMe2. At this point H2 release can occur through
TS′(1HHe→1+H2), in which H2 formation is almost
completely assisted by the C atom of the aminocarbyne ligand
(Figure 7, orange structures). However, this process involving
1HHe formation and subsequent release of H2 requires an
overall barrier (37.5 kcal/mol) that is prohibitive for H2

production.
Summary. The lowest energy pathway associated with the

formation of the doubly reduced/doubly protonated 1HHa is
presented in Figure 8, and it can be summarized as follows: (i)
first one-electron reduction, (ii) first protonation, occurring at
cyanide, (iii) second one-electron reduction and migration of
the proton from the cyanide to the aminocarbyne carbon atom,
and (iv) second protonation, occurring at cyanide. The
optimized structure of the lowest energy TS for H2 release
(TS(1HHa→1+H2) is presented in Figure 9.
The DFT mechanism herein proposed for HER emphasizes

the general message that metal complexes have often the
tendency to be first protonated at a site which is not the metal
itself, but a weakly basic functional group in the metal
coordination sphere: e.g., CN− in 1. In electron-rich dithiolates
such a role is played by sulfur atoms, as demonstrated by
Zaffaroni et al.69 In that and also other biomimetic dithiolates,
the accepted picture for the HER entails a subsequent proton

relay occurring from the weak base to one metal center that
forms either terminal or bridging metal hydrides, prompted for
H2 formation, as evidenced by Gloaguen and Rauchfuss.42

Remarkably, however, in the present case study the proton

Figure 7. Structures of the most relevant 1HH isomers and transition states involved in Figure 6. Distances are given in Å.

Figure 8. Summary of the lowest energy pathway associated with the formation of 1HHa. Relative energies are given in kcal/mol and reduction
potentials in V.

Figure 9. Representation of the H2 release process from 1HHa. The
optimized structure of the involved transition state is also presented.
Displayed distances are given in Å.
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relay from the cyanide is directed to the amino-carbyne ligand
rather than to Fe.
The overall mechanism, summarized in Scheme 2, provides a

picture compatible with a completely “ligand based” electro-
catalysis, in which a clear noninnocent behavior of ligands
involves both redox and acid−base processes underlying the
HER. The ligand-based catalysis performed by 1 is in perfect
agreement with its saturated valence 36e (FeI)2 core, thus
working as a collecting point of reactants.70 Nonetheless, in
addition to providing a topological function of appropriately
disposing the proximity of the reaction centers, Fe atoms take
part in catalysis by tuning the ligand reactivity to favor the
HER. Actually, (i) the Fe ions moderately drain electron
density from cyanide (thus favoring proton trafficking between
ligands, vide infra) and (ii) help to localize the carbyne LUMO
onto C, which is the exact catalytic site of reduction (vide
infra). Apfel, Vos, and Weigand reported that the L σ-donor
properties in monosubstituted {Fe2(CO)5[μ-(CH2S)2Si(R2)]-
L} (L = CN−, PPh3) were not fully consistent with the
observed electrochemical behavior of such derivatives, leading
them to postulate that elusive HOMO−LUMO variations
could have been operating.71

Overall, the ligand-based reactivity of transition-metal
compounds is very well documented in the literature as well
as the modifications brought about by ligand coordination to
metal centers.70

Role of Cyanide. The DFT dissection of the catalytic
mechanism presented above suggests that CN− ligand provides,
on the one hand, a kinetically accessible protonation site, thus
favoring a crucial step of the catalytic HER. On the other hand,
CN− is not thermodynamically so basic as to prevent H+ from
being subsequently conveyed to carbyne. The proton relay
exerted by CN− is interesting since it is unusual in typical diiron
clusters modeling [Fe−Fe]-H2ases, although two cyanides are
present in the enzyme cofactor. Indeed, in the Fe2 core of the H
cluster, the role of proton relay from the outer environment to
metal is not played by coordinated CN− ions (anchored to the
protein matrix through noncovalent interactions) but by the
central nitrogen of the aza-dithiolate linker.
In the context of synthetic mimicry of H2ase, one of the

problems arising from the incorporation of cyanides in the
Fe2S2 scaffold is (in some cases) their overly large proton
affinity.72,73 Actually, the NBO analysis (data not shown) of the
atomic partial charges of the electrocatalytically inactive72b

{Fe2[μ-S2(CH2)3](CN)2(CO)4}
2− shows a ca. 2-fold increase

of cyanide negative charge upon reduction in comparison to
that we have observed for reduction of 1 (see Figure 10).

However, Rauchfuss et al. reported that replacing a CO with
a PMe3 ligand is effective to observe catalysis of proton
reduction.42 In that particular case, the chemical ingredients
necessary to HER were (i) a single cyanide, (ii) at least another
σ donor (the mono-CN complex did not show HER, probably
because of an overly large stability of Fe2(CNH) species), and
(iii) the Fe−Fe bond presence (becoming the hydridic site
once the complex underwent the second protonation).
Differently from Fe2(μ-pdt)(CN)(CO)4(PMe3) (and prob-

ably all other H2ase mimics), CN− in 1 does not increase
electron density at the Fe−Fe core, as demonstrated by the
inspection of atomic partial charges. This is also consistent with
the proposed “ligand based” electrocatalytic mechanism. The
metal plays a role by moderately withdrawing electron density
from CN− that, otherwise, would be too basic (NBO partial
charges: C(−0.3)−N(−0.7) vs Fe−C(−0.1)−N(−0.2)) to
subsequently release H+ to the carbyne. The simultaneous
presence of both CN− and carbyne ligands turns out thus to be

Scheme 2. Energetically Viable Pathway for Proton Reduction Mediated by 1

Figure 10. (top) LUMO shapes of most stable isomers of 1 and 1H.
(bottom left) NBO charge variations upon first and second reductive
events. (bottom right) relative energies (in kcal/mol) of isomers
featuring protonated cyanide (CNH+) vs protonated carbyne (C-
(H+)N(Me)2) as a function of the redox state.
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essential because the proton affinity of the former is properly
balanced to allow the proton release to the latter.
After the second reduction of the ECEC scheme, CN− can

be easily protonated and plays its second, crucial role in the
entire catalytic cycle. In fact, it is directly involved in the H2
formation process, acting as a proton source in the H+ + H− →
H2 process (through the transient assistance of a AcOH
molecule). All this makes 1 suited for HER catalysis, although
its performance could possibly be improved (vide infra).
These observations are sufficient to rationalize the inactivity

of 2 (that differs from 1 for the CN− replacement by CO)
toward the HER. The subtle role played by CN− in the
electrocatalyis of HER mediated by 1 is demonstrated by the
experimental observation that replacing CN− by another
negatively charged ligand (N3

−) completely abolished HER
detection. The full characterization of the azido-Fe derivative
will be subject of a forthcoming investigation. However,
preliminary DFT results suggest that the HN3 is readily
expelled by the Fe2 scaffold (the activation barrier associated
with Fe−(HN3) bond breaking is 2.0 kcal/mol, data not
shown). Thus, the inactivity of this species is fully justified and
the double role played by CN− is further confirmed.
Role of Carbyne. The relative stability between the isomer

featuring a protonated cyanide and the isomer with protonated
carbyne is completely inverted upon double reduction, as arises
from 1H+, 1H, and 1H− thermodynamic speciation (see Figure
2 and Figure 10, bottom right).
The increasing stability of isomers with protonated carbyne

upon reduction is due to a significant increase in the electron
density on such a ligand. Indeed, when the two reductive steps
involved in catalysis, 1 → 1− and 1H → 1H− (focusing on the
portions of the molecule directly involved in the mechanism),
are considered, the variation of NBO charge at the carbyne
ligand is 2-fold that at the cyanide, while the charge on metal
centers is almost the same independently from the redox state
of the system. In addition, the LUMO of 1 has a significant
component of the carbyne C atom, through one of its p
orbitals. The distribution of the LUMO on the carbyne ligand
becomes even more evident upon first protonation/reduction,
in 1H. As a result, on going from 1 to 1H− the carbyne ligand
stores electron density and one proton to form a carbene with
tetrahedral geometry and one C−H bond. The HER-type
activity of this bond, however, is not high, as suggested by the
activation barrier (26.4 kcal/mol) associated with the H2
release. The synthetic versatility of the carbyne ligand could
be easily exploited to design carbon-based groups with more
reactive C−H bonds. In this context, −CN(Me)2 has proved
able to store negative charge during turnover, in analogy to a
number of cases in which ligands can act as electron reservoirs,
modulating or even enhancing the redox properties of first-row
transition-metal-containing catalysts.74−76

■ CONCLUDING REMARKS
A suggestion emerging from the present study to develop
better-performing variants of 1 concerns the design of a more
efficient heterocoupling of hydride and proton. Synthetic
modeling efforts should be made with the aim of achieving a
closer H−/H+ spacing that could allow elimination of the acid
dependence. In fact, an intramolecular (or direct) proton
shuttling process away from CN− to H− is expected to occur
more quickly and efficiently in comparison to an intermolecular
(or mediated) process. Also, the incorporation of a highly
versatile ligand such as carbyne in the Fe2 scaffold affords the

opportunity to further explore the effects related to the switch
from metal-based to ligand-based processes. This switch can
provide practical advantages that go beyond the scope of the
HER. Among the large number of examples of ligand-based
reactivity (with special focus on catalysis), the following are
worth mentioning: (i) CO2 reduction to CO on Fe,76 (ii) CO2
reduction to CO on NbN,77 (iii) alkyne methatesis on
Mo(VI),78 and (iv) C−H activation through C−N formation
mediated by Co and Ru dinitrosyl complexes.79 In another
example not directly related to catalysis, but of high
technological relevance, NiS4 complexes are reported to
selectively and reversibly bind light olefins through S atoms.80

Avoidance of metal binding implies high tolerance to poisoning
by H2, CO, H2S, and C2H2 gases, thus affording a robust,
profitable approach to separate ethylene and propylene from
industrial streams.
By specifically refocusing on the electrochemical HER whose

catalysis occurs according to ligand-based mechanisms, very
recent examples have been reported for Ni and Fe complexes.
Among others, it is worth citing the investigations on NiS4-
based (of outstanding interest as resembling the Ni environ-
ment in the [NiFe]-H2ase) catalysts of the HER by Artero and
Mitsopoulou81 and those on NiS4

82 and on Fe2(μ-S)2
83 by the

Yamauchi and Sakai groups.
In conclusion and to the best of our knowledge, 1 represents

the first example of an electrocatalytically HER-competent
catalyst that simultaneously (i) is based on a nonprecious
dimetallic core (Fe2), (ii) is dithiolate-free, and (iii) works with
no (even transient) formation of Me-H intermediates. μ-
Carbyne and t-CN metal ligands provides all acid−base and
redox requisites necessary for the heterocoupling of hydrides
and protons.
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