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alytic proton reduction by a [Fe–
Fe]-hydrogenase bio-inspired synthetic model
bearing a terminal CN− ligand†

Abhijit Nayek, ‡a Subal Dey, ‡a Suman Patra,a Atanu Rana,a Pauline N. Serrano,b

Simon J. George, bd Stephen P. Cramer,bcd Somdatta Ghosh Dey*a

and Abhishek Dey*a

An azadithiolate bridged CN− bound pentacarbonyl bis-iron complex, mimicking the active site of [Fe–Fe]

H2ase is synthesized. The geometric and electronic structure of this complex is elucidated using

a combination of EXAFS analysis, infrared and Mössbauer spectroscopy and DFT calculations. The

electrochemical investigations show that complex 1 effectively reduces H+ to H2 between pH 0–3 at

diffusion-controlled rates (1011 M−1 s−1) i.e. 108 s−1 at pH 3 with an overpotential of 140 mV.

Electrochemical analysis and DFT calculations suggests that a CN− ligand increases the pKa of the cluster

enabling hydrogen production from its Fe(I)–Fe(0) state at pHs much higher and overpotential much

lower than its precursor bis-iron hexacarbonyl model which is active in its Fe(0)–Fe(0) state. The

formation of a terminal Fe–H species, evidenced by spectroelectrochemistry in organic solvent, via

a rate determining proton coupled electron transfer step and protonation of the adjacent azadithiolate,

lowers the kinetic barrier leading to diffusion controlled rates of H2 evolution. The stereo-electronic

factors enhance its catalytic rate by 3 order of magnitude relative to a bis-iron hexacarbonyl precursor at

the same pH and potential.
Hydrogenases (H2ases) efficiently interconvert H+ to H2 with
high turnover numbers (TONs) (102–5mol s−1).1,2 Based on the
metal centers present at the active site of these metalloenzymes,
three types of H2ases are known in nature – [Fe–Fe] H2ase, [Ni–
Fe] H2ase and Fe-only H2ase.3,4 Among these, the [Fe–Fe] H2ases
are more selective towards H2 generation, the [Ni–Fe] H2ases are
selective for H2 oxidation while the Fe-only H2ases in the pres-
ence of a hydride acceptor/donor substrate reacts with H2 or
produce H2.5,6 High-resolution X-ray crystal structure of the that
[Fe–Fe] H2ase active site reveals that one of the iron centers of
a Fe2S2(CO)3(CN)2 organometallic core (2Fe subsite) is attached
to a [Fe4S4] cluster through a bridging cysteine (Scheme 1A and
B).4,7,8 A key bismethyleneazadithiolate (ADT) moiety bridges
between the two Fe centers of the Fe2S2(CO)3(CN)2 organome-
tallic core. Each of the two iron centers are coordinated with one
–CO ligand and one –CN− ligand.9,10 A –CO ligand bridges both
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of the iron centers (Scheme 1A and B).7,11 The catalytic cycle of
[Fe–Fe] H2ases encompasses three primary oxidation states.
These include Hox (oxidized), characterized by a Fe(I)–Fe(II)
[Fe4S4]

2+ state;12,13 Hred (reduced), denoting a Fe(I)–Fe(I)[Fe4S4]
2+

state; and Hsred (super reduced), which manifests as a Fe(I)–Fe(I)
[Fe4S4]

+ state.14–16 The unique catalytic capability of the H-
cluster is attributed, among other factors, to a distinctive
arrangement known as the rotated structure. This conguration
introduces a vacant site at the distal iron (Fed) atom.17–21 The
proposed mechanism suggests that the initial protonation
occurs at the bridgehead nitrogen atom of the Fe(I)–Fe(I) state
within the enzyme.14,22 A critical step in this process involves
a proton relay from the bridgehead –NH group to the distal iron
atom (Fed). This step is considered pivotal in the formation of
a terminal hydride species with a amine form of the ADT
bridgehead, Hhyd, which is characterized as a superoxidized
diiron site with Fe(II)–Fe(II) state.23–27 Substrates (H+/H2) along
with the inhibitors like O2 and CO, binding occurs at the distal
iron centre (Fed).17,20 The synthesis and characterization of [Fe–
Fe] H2ase mimic has become a rapidly growing area of
research.28–37 A large number of [Fe–Fe] H2ase active site
analogues have been synthesized mimicking several structural
aspects of the active site and several details of electronic
structure and its contribution to reactionmechanism have been
elucidated.30,31,37–41 In particular, the role of the m-CO ligand and
Chem. Sci., 2024, 15, 2167–2180 | 2167
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the rotated structure of the core has been a matter of great
interest. Aer the initial report of a transient –CO bridged Fe(I)–
Fe(II) complex,42 synthetic model complexes with m-CO ligands
have been reported.28,39,43 Similarly, mimics of 2Fe subsite with
CN− ligands and Lewis acid capped CN− ligands have been
reported (Scheme 1C–L).44–54

Lately, there has been several reports that it's possible to
activate the [Fe–Fe] H2ases enzyme by introducing synthetic
complexes with –CN− ligands to the apo-enzyme (which has
different bridging dithiolate ligands).55–60 Recently, the forma-
tion of a miniaturized [Fe–Fe] H2ases incorporating –CN−

ligands, has been reported. This model is generated through the
combination of an oligopeptide binding [Fe4S4] cluster and an
organometallic Fe complex, and its formation has been scruti-
nized using various spectroscopic techniques.61 The electro-
catalytic and photocatalytic behaviour for some of these
synthetic analogues of [Fe–Fe] H2ases were reported mostly in
organic solvents.46,61,63–69 In a report by our group, a synthetic
Scheme 1 (A) X-ray crystal structure of the “H-cluster” in the Hox state in
active site of [Fe–Fe]-H2ase. The vacant site at the distal iron atom is i
bearing-CN ligands in Hrest (C–L). New synthetic mimic of [Fe–Fe] H2as

2168 | Chem. Sci., 2024, 15, 2167–2180
model p-BrC6H4N(CH2S)2Fe2CO6 was shown to be a very effi-
cient catalyst for HER under aqueous condition.70 This catalyst
exhibited TON and TOF of >>108 and 6400 s−1 at 440 mV
overpotential. Following this, several recent reports of HER by
Fe2S2(CO)6 complexes have appeared in the literature.71–73 The
same p-BrC6H4N(CH2S)2Fe2CO6 model has been used to inves-
tigate the mechanism of degradation of the Fe2S2(CO)6 cluster
in the presence of O2.74 Using these insights synthetic analogues
of [Fe–Fe] H2ases which could catalyze HER in the presence of
O2 were developed.75 However, these complexes did not bear
terminal CN− ligands present in the active site of H2ase which
plays a major role in the reactivity of [Fe–Fe] H2ase.47,76 Synthetic
models bearing terminal CN− ligands have been reported and
their ability to catalyze HER has been evaluated.47,52,53,77–79

However, these complexes decomposed in the presence of acid
via protonation of the electron rich CN− ligand and produced
sub-stoichiometric H2.80 Thus, the role of CN− ligand in HER
catalysis remains unexplored in synthetic models.
[Fe–Fe]-H2ase (PDB ID: 3C8Y62). (B) Chem Draw representation of the
ndicated by a circular ring. Reported [Fe–Fe] H2ase synthetic mimics
e [BrC6H4N(CH2S)2Fe2(CO)5CN

−] (1).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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In this manuscript, we have substituted a terminal –CO of
a synthetic mimic p-BrC6H4N(CH2S)2Fe2(CO)6 by a CN− leading
to a ADT bridge synthetic mimic of the Hred state, [Et4-
N]+[BrC6H4N (CH2S)2Fe2(CO)5CN]

− (1, Scheme 1). The
geometric and electronic structure of complex 1 is elucidated by
EXAFS, FTIR, ESI-MS, Mössbauer, 1H-NMR and DFT calcula-
tions. The heterogeneous electrochemical hydrogen production
with the complex 1 has been investigated in dil. H2SO4 (pH# 3)
solution and the results indicate hydrogen production at very
low overpotential with very high turnover rates orders of
magnitude greater than those obtained for the precursor
complex which does not bear the terminal CN− ligand. While
the CN− ligand, remaining intact during electrolysis both in
aqueous and organic solvents, shis the reduction potentials
more cathodic, it activates the Fe(I)–Fe(0) state for HER catalysis
Fig. 1 (A) FTIR spectra for complex 1 (red) & its 13CN analogue (green). T
complex 1 (black) and corresponding simulated spectra with successive

Fig. 2 Mössbauer spectra of the (A) precursor complex and (B) complex

Scheme 2 Synthetic route for complex 1.

© 2024 The Author(s). Published by the Royal Society of Chemistry
which results in a much lower overpotential for HER relative to
the precursor complex which requires reduction to the Fe(0)–
Fe(0) state for HER catalysis.
Results and analysis
Synthesis and characterization

Complex 1 is synthesized via modication of a previously re-
ported literature method.52 Addition of 1.25 eq. of Et4NCN
under dark to the precursor complex p-BrC6H4N(CH2S)2Fe2(-
CO)6 in dry acetonitrile led to gradual change of color from red
to reddish brown (Scheme 2). FTIR spectrum was measured
aer 7–8 h. That showed disappearance of vibrations for the
precursor complex and appearance of several new vibrations,
especially 2093 cm−1 band (Fig. 1A, red). The band gradually
increased in intensity and the nal product was isolated aer
24 h. The detailed experimental procedure is described in the
ESI.† The composition of the product was determined using 1H-
NMR (Fig. S10†), 13C-NMR (Fig. S11†), elemental analysis,
negative mode Mass spectrometry (Fig. 1B) and Mössbauer
spectroscopy (Fig. 2B). In particular, the mass spectrum showed
a fragmentation pattern consistent with the loss of ve –CO
ligands present in the complex (Fig. 1B). Complex 1 showed lmax

at 358 nm with weaker transitions at 529 nm, 428 nm and
286 nm (Fig. S1†). The transitions below 400 nm likely represent
he precursor complex is shown in blue (B) (−) ve ion mode ESI-MS of
five CO release (bottom).

1 recorded at 90 K.

Chem. Sci., 2024, 15, 2167–2180 | 2169
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Fig. 3 Fe K-edge EXAFS spectra of complex 1. (a) EXAFS data (red) and
fit (blue). (b) Corresponding Fourier transform spectra.

Table 2 The bond distances obtained from the Fourier transformed
EXAFS data

Interaction Na R (Å) s2 (Å2) DE0 (eV)

Fe–S 2.0 2.280 (0.003) 0.0049 (0.0002) −8.7(0.3)
Fe–C 1.5 1.738 (0.004) 0.0030 (0.0003)

1.5 1.878 (0.005) 0.0031 (0.0005)
Fe–O (CO) 2.0 2.916 (0.003) 0.0045 (0.0002)
Fe–N 0.5 3.106 (0.009) 0.0020 (0.0002)
Fe–Fe 1.0 2.489 (0.002) 0.0037 (0.0006)

a N=Number of backscattering atoms; R= distance; s2=Debye–Waller
factor;DE0= threshold energy. In this t, the backscatter atom numbers
(N) are xed to the values expected for themodel while R, s2, andDE0 are
oated. Threshold energies (DE0) are constrained to be the same for all
components. The estimated uncertainties in R s2, and DE0 are shown in
parentheses. Parameters without uncertainties in parentheses were not
oated in the given t. The scale factor used was 1.0. Phase and
amplitudes were calculated using FEFF8.42.
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Fe / CO MLCT transitions. On replacing one CO in p-BrC6-
H4N(CH2S)2Fe2(CO)6 complex with CN− in complex 1, these Fe
/ CO MLCT transitions were shied to lower energies. This is
consistent with increase in the d manifold due to reduction of
Zeff because of the CN− ligation.

The p-BrC6H4N(CH2S)2Fe2CO6 complex showed character-
istic C–Ο vibrations at 2076, 2038 and 1999 cm−1 (Fig. 1A,
blue). These vibrations were shied to lower energies to 2033,
1982, 1960, 1950 and 1922 cm−1 in complex 1 (Fig. 1A, red).
The terminal nCO vibrations of the CN− bound complex 1 were
red shied relative to the neutral complex which indicates
enhanced Fe–CO back bonding in the anionic complex rela-
tive the neutral complex. The presence of a terminal CN−

ligand in complex 1 was inferred from the vibration at
2093 cm−1 in the FTIR which shi to lower wavenumbers
upon incorporation of 13CN− to 2052 cm−1 (Fig. 1A, green).
These results are well in agreement with the previously re-
ported synthetic models of H2ases bearing terminal CN−

ligand and attributes complex 1 as terminally bound mono
CN− substituted pentacarbonylated [2Fe]-subsite
models.50,81,82

The presence of –CN− in complex 1 was also suggested by
Mössbauer spectroscopy (Fig. 2) of the precursor complex and
complex 1. The precursor complex has an isomer shi (diso) and
quadruple splitting (DEQ) of −0.051 mm s−1 and 0.846 mm s−1

consistent with a Fe(I)–Fe(I) electronic structure description.83

The diso and DEQ for complex 1 is 0.05 mm s−1 and 0.85 mm s−1,
respectively. Due to the presence of anionic –CN− in complex 1,
the electron density in the diiron cluster increases and as
a result the diso of the complex 1 shi to slightly more positive
values (Fig. 2B and Table 1) compared to the precursor complex,
Fe2S2(CO)6(CH2)2NPhBr (Fig. 2A and Table 1). These results are
consistent with the previous reported values of –CN bound
complexes.49,83

In order to obtain structural parameters, several attempts
to grow X-ray suitable single crystal were unsuccessful.
Hence, EXAFS data of an acetonitrile solution of complex 1
are obtained at the Fe K-edge. The Fourier transform spec-
trum is dominated by 3 sets of peaks (Fig. 3). The strong peak
at about 2.28 Å ts well to an average of 2 Fe–S interactions
per Fe. At shorter distance, the peaks around 1.7–1.9 Å arise
from Fe–C interactions. Detailed tting reveals that these
interactions can be separated into 2 groups, with about half
occurring at an average of 1.74 Å, and the rest averaging about
1.89 Å, indicating that apart from the Fe–CN some of the Fe–
CO's have longer Fe–C bond lengths. A scattering from the
nitrogen of the CN− ligand can be clearly picked up at 3.1 Å,
indicating the presence of the CN− ligand. Finally, the
Table 1 Experimental Mössbauer parameters obtained from the
experiments at 90 K

Mössbauer parameters Fe2S2(CO)6(CH2)2NPhBr Complex 1

diso (mm s−1) −0.051 � 0.003 0.05 � 0.01
DEQ (mm s−1) 0.846 � 0.001 0.85 � 0.01

2170 | Chem. Sci., 2024, 15, 2167–2180
analysis indicates the presence of a Fe–Fe interaction at 2.49 Å
(Table 2).

Geometry optimized density functional theory (DFT)84–86

calculations are used to deduce a possible three-dimensional
structure of the complex 1 pre-assuming the fact that the
complex bears ve –CO and a –CN− ligand along with the ADT
as indicated from the above spectroscopic characteriza-
tions.55,87,88 DFT calculations were used to validate the
experimentally obtained structural and vibrational features to
emulate the feasibility of -axial and -equatorial conformers
(Fig. 4B and C) (where the CN− ligand is either -axial or
-equatorial with respect to the plane dened by the ADT
moiety, i.e. Fe2S2 plane) (Fig. 4). The calculations at this level
could reproduce the three-dimensional geometry and vibra-
tional frequencies of the precursor complex reasonably (Table
3).70 These calculations indicate that while both the
conformers result in stable geometries and the optimized Fe–
C, Fe–S distances are in reasonable agreement with the EXAFS
data (Table 3). However, while the Fe–Fe distance in the
-equatorial conformer (Fig. 4C) is 2.51 Å and agrees well with
the experimental value of 2.49 Å, the Fe–Fe distance of the
-axial-conformer is 2.57 Å and does not match the EXAFS data.
Additionally, the -axial conformer (Fig. 4B) leads to a m-CO
ligand with nCO at 1840 cm−1 (Table 3) which is not consistent
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 4 Optimized geometries of p-BrC6H4N(CH2S)2Fe2CO6 complex (A, top) and complex 1 in axial-CN− (B, top) & equatorial-CN− (C, top) form.
The calculated Mulliken charges are mentioned with chem draws of the respective figures at bottom.

Table 3 Computationally determined structural and spectroscopic parameters for axial-CN− and equatorial-CN− geometrical conformers of
complex 1 and the experimentally obtained values

Structure

Bond length (Å) IR stretching (cm−1)

Fe–CO Fe–CN Fe–Fe Fe–S nCO nCN

axial-CN− (4B) 1.74 (COt) 1.80, 2.11 (COb) 1.90 2.57 2.35 1840, 1934, 1965, 1979, 2015 2102
Equatorial-CN− (4C) 1.74 1.90 2.51 2.29 1928, 1946, 1962, 1978, 2020 2114
1a 1.74b 1.88b 2.49b 2.28b 1922c, 1950c, 1960c, 1982c, 2033c 2093c

p-BrC6H4N(CH2S)2Fe2CO6 (4A) 1.79d NA 2.50d 2.26d 1999c, 2038c, 2076c NA
1.77 NA 2.48 2.29 2005, 2032, 2066

a The synthesized complex 1. b Values were obtained from EXAFS data. c Experimentally obtained IR stretching frequencies in CH3CN solution.
d Values were obtained from XRD data.
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View Article Online
with the experimentally observed spectrum of complex 1
(Fig. 1A, red). Thus, based on the concurrence between the
experimental data and the DFT calculated structure and
vibrational properties we conclude that the -equatorial
conformer of complex 1 (Fig. 4C) is the dominating species in
solution.

The calculated Mulliken charges indicate that the –CO
ligands in the precursor Fe2S2(CO)6(CH2)2NPhBr complex
(Fig. 4A) bears overall negative charge suggesting that there is
signicant back bonding from the occupied orbitals into the
unoccupied CO p* orbitals. On –CN− incorporation (i.e. -axial-
and equatorial-CN−) the amount of negative charge delo-
calized into the –CO ligands increase. This implies stronger
back donation into the –CO p* orbitals when CN− ligand is
introduced. The total charge on the CN− ligand is −0.377 and
−0.375 for -axial- and -equatorial-CN−, respectively, indicating
that most of the negative charge of the CN− ligand is shied
into the cluster; mostly into the –CO ligands (Fig. 4B and C) as
suggested by lowering of nCO vibrations in complex 1 relative
to the precursor complex observed experimentally (Fig. 1A).
Note that the Mulliken charge on the bridgehead N atom
remains unaltered.
© 2024 The Author(s). Published by the Royal Society of Chemistry
Electrocatalytic reduction of proton in aqueous medium
under heterogeneous conditions on EPG

Electrocatalytic H2 evolution (HER) under heterogeneous
condition. The electrode for heterogeneous electrochemical
investigations was prepared by drop casting complex 1 on edge
plane graphite (EPG) electrode. XPS data of the modied EPG
surface showed Fe 2p3/2 and 2p1/2 transitions (Fig. S2†) at
710.9 eV and 724.5 eV, respectively. These values are typical for
binuclear [Fe2S2]-H2ase models.70 The nitrogen 1s region
(Fig. S2†) showed three components at 397.7 eV, 399.2 eV and
400.5 eV corresponding to the cyanide, amine and the tetraal-
kylammonium counter cation, respectively.89 Presence of thio-
late sulphur is evidenced by the S 2p at 163–164 eV (Fig. S2†).

In aqueous solvent CV data indicate that the reduction of
complex 1, upon immobilization onto EPG electrode, is
observed at −0.35 V vs. NHE (Fig. 5A, red dashed line). This
redox event is attributed to the Fe(I)–Fe(I)/Fe(I)–Fe(0) process
and the area under the CV response indicate 2.25 ± 0.25 ×

10−12 mol cm−2 electrochemically active complex 1 present on
the EPG. Note that while the Fe(I)–Fe(I)/Fe(I)–Fe(0) is −0.76 V in
an organic solvent like CH3CN (Fig. 5A, red)), it is demonstrated
to shi to considerable higher potentials at −0.35 V vs. NHE
(Fig. 5A, dashed red) in aqueous medium due to enhanced
Chem. Sci., 2024, 15, 2167–2180 | 2171
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solvation of the negatively charged species produced upon
reduction by water as was observed for the precursor
complex.70,90 Electrocatalytic hydrogen evolution (HER) by
immobilized 1 was investigated in aq. H2SO4 solution by linear
sweep voltammetry (LSV). Subsequently, rotating ring disk
electrochemistry (RRDE) set up tted with a Pt-ring encircling
the working EPG electrode allowed us in situ detection of the
hydrogen,91 produced by the working electrode on sweeping
from positive to negative potential. In 0.002 N H2SO4 (pH ∼2.7)
solutions, scanning from 0.2 V to −0.8 V with scan rate 50 mV
s−1 at 300 rpm rotation speed, a large catalytic current was
observed with an onset at−0.3 V (Icat= 100 mA) and it reached to
a maximum value at −0.65 V (Fig. 5B, red). The hydrogen
production was concomitantly detected by the Pt-ring, held at
a constant potential 0.7 V where it re-oxidized the H2, produced
by the working electrode and radially diffuses out to this
encircling Pt ring, to H+ generating an oxidation current
(Fig. 5B, red dashed line).91 No such catalytic current was
observed on a bare EPG electrode under identical condition
(Fig. 5B, purple). This indicates electrocatalytic hydrogen
production by complex 1. For further conrmation, controlled
potential electrolysis (CPE) was performed at −0.4 V vs. NHE in
a gas tight two compartment water jacketed cell and the
produced gases were characterized by the head space analysis of
the cathodic compartment in gas chromatography tted with
thermal conductivity detector (GC-TCD) where H2 was identied
(Fig. 5B, inset, green trace). The HER activity of 1 was compared
Fig. 5 (A) Overlay of the CV traces of complex 1 (red) and its precursor p
under homogeneous conditions. The CV of complex 1 immobilized on
complex 1 immobilized on EPGworking electrode (red line, indicating ele
corresponding Pt-ring current (red dashed line, indicating H2 oxidation
aqueous 0.002 N H2SO4. Bare EPG trace is shown in purple, inset gas
immobilized on EPG at −0.4 V vs. NHE in 0.1 N H2SO4. (C) Overlay of th
green) on EPG.

2172 | Chem. Sci., 2024, 15, 2167–2180
with its precursor complex p-BrC6H4N(CH2S)2Fe2CO6 i.e.,
without a CN− ligand. The LSV data (Fig. 5C, red) indicate that 1
catalyses HER with 350 mV lower onset potential than the
precursor complex in 0.002 N H2SO4 solution (Fig. 5C, olive
green). This is because while 1 catalyses HER from is Fe(I)–Fe(0)
state, the precursor p-BrC6H4N(CH2S)2Fe2CO6 complex cata-
lyzes HER from its Fe(0)–Fe(0) state. Thus, inclusion of CN−

leads to higher pKa of the cluster such that the one electron
reduced Fe(I)–Fe(0) state can be protonated and reduction to the
two electron reduced Fe(0)–Fe(0) state can be avoided.

To characterize the catalytic ability of complex 1 turn over
number (TON), turn over frequency (TOF), faradaic yield (FY)
and overpotential (h) of HER are determined. The FY for HER
was determined by performing controlled potential electrolysis
(CPE) at −0.4 V vs. NHE in 0.1 N H2SO4 (Fig. S6A, red†). Over
a period of 1 hour, 9.43 C charge had been dispensed from the
electrode (i.e., 9.7 × 10−5 moles) and concurrently ∼1 ml H2 gas
was evolved during CPE. From these results, the FY is deter-
mined to be 92± 7%. No signicant current was observed when
bare EPG disc was tested under similar conditions (Fig. S6A,†
green). Thus, the TON calculated for this catalyst during CPE is
> 107 and the average TOF is∼2230 s−1 at pH 1. This is very close
to the value of ∼4000 s−1 determined from Icat/[s] (ratio of
catalytic current and CV current) experiments in 0.1 N of [H+]
(Fig. 6A). The h of HER is determined from LSV data at 0.002 N
[H+]. The standard potential for H2/H

+ couple at this proton
concentration is −0.16 V whereas onset of HER (Icat = 100 mA,
-BrC6H4N(CH2S)2Fe2CO6 complex in acetonitrile medium (olive green)
EPG in aqueous medium is shown in red dashed line. (B) RRDE with
ctrocatalytic H+ reduction) which is swept from 0.2 V to−0.8 V and the
i.e., detection) with the ring held at a constant potential of 0.7 V in

chromatogram of the headspace gas analysis after CPE of complex 1
e LSV traces for complex 1 (red) and p-BrC6H4N(CH2S)2Fe2CO6 (Olive

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 (A) Plot of Icat/[s] at varying acid concentrations of complex 1 on EPG. Icat values were recorded at −0.5 V vs. NHE for each [H+], inset plot
of Icat/[s] at lower acid concentrations. (B) Onset potential (V vs.NHE) @ Icat= 100 mA vs. pH plot. (C) Tafel plots at different pHs. The values are the
Tafel slops at different pHs and reported in mV dec−1.
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area of electrode ∼0.1 cm2 i.e. jcat = 1 mA cm−2 where j is the
exchange current density) is −0.4 V. Hence, the onset over-
potential is only about 0.24 V, which is one of the lowest over-
potential for HER to be reported so far for any [Fe–Fe] H2ase
inspired molecular catalyst in aqueous medium. The XPS data
(Fig. S2†) and the ATR-IR (Fig. S6B†) data of the graphite elec-
trode were collected aer CPE and showed that the catalyst was
stable over the CPE time scale. This is also implied by the
constant slope of the current during CPE.

Mechanistic considerations

Effect of acid concentrations. By varying bulk H+ concen-
tration over a range of 0.001 N–0.5 N [H+] (pH 3-pH 0.3),
a sharp increase of the catalytic current was observed
(Fig. S3†) and reached to a maximum Icat/[s] value (i.e., TOF) of
7300 s−1 at 0.5 N H2SO4 (Fig. 6A). The saturation of Icat at high
acid concentration may not reect saturation of catalytic
activity as the catalysis is retarded by bubble accumulation
(H2 gas, Fig. S9†) on the rotating electrode (even at 2000 rpm
rotation rate) at high proton concentrations. This 7300 s−1

TOF value remains almost unchanged over consecutive 50
scans at 0.5 N H2SO4 (Fig. S4†). At lower acid concentrations
(Fig. 6A, inset), where bubbles do not accumulate on the
rotating electrode, the Icat/[s] value linearly increased with the
[H+], indicating pseudo 1st order kinetics of HER. Note that
the (icat/s) of the hydrogen production ∼300 s−1 at 0.001 N
H2SO4 i.e., at pH = 3. The onset potential (Icat = 100 mA) for
the faradaic current showed a positive shi with a slope of 60
© 2024 The Author(s). Published by the Royal Society of Chemistry
± 2 mV per unit change in pH of the solution (Fig. 6B). These
two observations suggest 1e−/1H+ proton coupled electron
transfer is involved in rate determining step. Further analysis
of the LSV currents at low current range showed different
slopes in log I vs. h plots (Tafel plot) at different pHs (Fig. 6C).
At higher pHs, a slope of 126 mV dec−1 was obtained while
a gradual decrease of the slope up to 84 mV dec−1 was
attained at lower pHs (pH = 0.3). The decrease in slope value
can be attributed to bubble formation encountered or some
side reaction at higher acid concentrations. Notably, a 120 mV
dec−1 slope is expected for a metal-hydride formation rate
determining step according to pure Volmer kinetic
mechanism.92–94 Overall a PCET step for di-iron hydride,
[Fe(I)–Fe(II)]–H, formation is proposed as rate determining
step for this catalysis by complex 1. Unfortunately, no
evidence for the formation of this species during heteroge-
neous catalysis on the EPG electrode can be provided but
evidence for the formation of this species is provided using
FTIR-SEC under homogeneous conditions (vide infra).

Kinetic analyses
Koutecky–Levich analysis. Complex 1 reduces H+ at diffusion-

controlled limit at low [H+] with overpotential of 0.24 V. The
diffusion limited current has two components-

Icat
−1 = iK(E)

−1 + iL
−1

Where iK(E) is the potential dependent kinetic current and iL is
the Levich current which is given by,
Chem. Sci., 2024, 15, 2167–2180 | 2173
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Fig. 7 (A) Plot of linear sweep voltammetry (LSV) with increasing rotation rates scanning from 0.2 V to −0.8 V in 0.005 N H2SO4 solution. (B) Plot
of the (1/Icat) vs. 1/u

1/2 where catalytic current (Icat) measured at −0.6 V.
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iL = 0.62nFA[H+](DH+)2/3u1/2n−1/6

where n is the number of electrons transferred to the substrate,
Α is the area of the disc (0.096 cm2), [H+] is the concentration of
H+ i.e., 0.005 N, DH+ is the diffusion coefficient of H+ (9.3 × 10−5

cm2 s−1), u is the angular velocity of the disc and n is the
kinematic viscosity of the solution (0.01 cm2 s−1).

The plot of inverse of catalytic current, at −0.6 V vs. NHE
where the current is mass transfer controlled, varied linearly
with the inverse of the square root of the angular rotation rates
(Fig. 7A). The plot of I−1 vs. u−1/2 was linear and the slope ob-
tained from the experimental results was similar to the pre-
dicted slope for 1e− reduction process (Fig. 7B). This indicates
that complex 1 reduces the H+, by one electron to 1/2 H2, i.e., H

+

+ e− / 1/2 H2

The potential dependent current iK(E) is obtained from the
inverse of the intercept of the K–L plot and is expressed as,

IK(E) = k[H+]nF[A][s][H+]

where k[H+] is the 2nd order rate constant for H+ reduction, [s] is
the number of molecules of 1 on the electrode, [A] is the
macroscopic area of the electrode and n, F and [H+] has their
usual meanings. The second order rate of proton reduction has
been calculated to be ∼2.5 ± 0.2 × 1011 M−1 s−1.
Fig. 8 (A) Cyclic voltammogram of complex 1 in CH3CN (red line) and
homogeneous conditions. (B) Gas chromatogram of the headspace gas
TsOH in CH3CN medium (red trace). The experiment was also repeated

2174 | Chem. Sci., 2024, 15, 2167–2180
In the absence of in situ spectroscopic methods amenable to
probe a catalyst heterogenized on graphite electrodes in oper-
ando, HER is organic solvents was investigated with the goal of
identifying potential intermediates involved in HER using
IR-SEC.

CV under homogenous condition. Cyclic voltammetry (CV)
of a solution of complex 1 in CH3CN showed a peak (Ered)
centred at−0.76 V with peak-to-peak separation (DEp) of 120mV
(Fig. 5A, red). This represents the reduction of the Fe(I)–Fe(I)
state to the Fe(I)–Fe(0) state as demonstrated for similar
synthetic models.95 The Fe(I)–Fe(I)/Fe(I)–Fe(0) process is lowered
by 140 mV relative to that of the precursor p-BrC6H4N(CH2S)2-
Fe2CO6 complex due to ligation of an anionic CN− ligand.

A catalytic current at similar potential was observed (Fig. 8A,
blue line) in the presence of 2 equivalents of p-toluenesulfonic
acid (pTsOH, pKa z 8.3 in CH3CN)96 and the catalytic current
increases signicantly with sequential addition of pTsOH. The
sharp increase in its current intensity indicates that complex 1
has the ability for the electrocatalytic reduction of protons to
H2. To conrm this controlled potential electrolysis (CPE) was
performed at−0.9 V vs. NHE of the 0.3 mM acetonitrile solution
of complex 1 in the presence of 80 equivalent of p-toluene-
sulfonic acid (pTsOH) (Fig. 9A). The headspace gas analysis by
GC-TCD conrmed the produced gas to be H2 (Fig. 8B, red
in the presence of p-toluenesulfonic acid (pTsOH) (blue line) under
analysis after CPE of complex 1 in the presence of 80 equivalent of p-
with blank electrodes under similar conditions (blue trace).

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 9 (A) Overlay of controlled potential bulk electrolysis with the complex 1 at −0.9 V vs. NHE in CH3CN medium in the presence of 80
equivalent of pTsOH (red line) and without complex 1 (blue line) under identical conditions. (B) FT-IR of the of complex 1 before and after bulk
electrolysis in the presence of pTsOH.

Fig. 10 Probable one electron reduced protonated species and their
computed nCO and nCN vibrational frequencies.
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trace). During the CPE 5.12 C charge was consumed over the
course of 70 min (Fig. 9A) and 0.5 ml of H2 was evolved. From
these results, the FY was determined to be 84% and the TON
was calculated to be 15. In the absence of the catalyst no
signicant amount of H2 was produced under similar condition
(Fig. 8B, blue trace). The FTIR spectra recorded before and aer
the CPE experiment conrmed that the catalyst is stable and
also the CN− ligands are not protonated under these conditions
as has been reported for di-cyano complexes (Fig. 9B).34

FTIR-SEC. The resting state of complex 1 is likely a trans-
Fe(I)–Fe(I) conguration; a conclusion drawn from the agree-
ment of its vibrational frequencies to those obtained through
DFT calculations (Table 4) and EXAFS data (Table 3). Upon the
addition of 1 equivalent p-toluenesulfonic acid (pTsOH),
notable changes were observed in the vibrational spectra of
complex 1. Specically, all frequencies associated with carbonyl
and cyanide groups were blue shied to higher wavenumbers by
z10–20 cm−1 (Fig. 11A, blue line). Based on previous reports we
can conclude that the magnitude of the shi is similar to the
result observed upon protonation of neutral -ADT bridged
complex with strong acid and characteristic for protonation of
the bridgehead nitrogen (Fig. 11A).97,98 Thus, the CN− ligand is
not protonated in the presence of pTsOH and this is likely
because of the delocalization of the electron density of the CN−

into the cluster as indicated by FTIR data and DFT calculations
of this complex. DFT calculations also support the observed
blue shi in the nCO vibrations (Fig. 11C and Table 4). To further
probe and characterize the intermediates that arise during the
catalytic cycle, we conducted FTIR spectro-electrochemistry (IR-
Table 4 Experimental and theoretical vibrational frequencies of differen

Complex

IR stretching frequenc

Experimental (In CH3C

nCN nCO

Complex 1 [Fe(I)–Fe(I)] 2093 2033, 198
Complex 1 + pTsOH [Fe(I)–Fe(I)NH]+ 2113 2040, 198
Complex 1 + pTsOH + (e−) [Fe(I)–Fe(II)t-H] 2095 2036, 197
Complex 1 + pTsOD + (e−) [Fe(I)–Fe(II)t-D] 2095 2036,197

© 2024 The Author(s). Published by the Royal Society of Chemistry
SEC) experiment. We subjected the N-protonated form of
complex 1 (Complex 1 + 1 eq. pTsOH) to electrochemical
reduction by performing controlled potential electrochemistry
(CPE) at −0.9 V vs. NHE, within a conventional OTTLE cell to
probe the mechanism of HER.

Reduction of complex 1 in the presence of 1 equivalent
pTsOH did not result in red shi in the nCO and nCN vibrations
(Fig. 11B, blue line) as would be expected for a reduction event
in the cluster which would have increased back bonding to
carbonyl and cyanide ligands. For example, reduction of the
Fe(I)–Fe(I) of a ADT bound Fe2(CO)6 cluster accompanied with
protonation of the ADT nitrogen is associated with >100 cm−1

red shi in the nCO.99 Specically, one of the nCO vibrations red
shied signicantly to 1876 cm−1 which is much lower than the
t species involved in catalytic cycle

ies (cm−1)

N) Theoretical (BP86)

nCN nCO

2, 1960, 1950, 1922 2114 2020, 1978, 1962, 1946, 1928
9, 1971, 1961, 1934 2127 2042, 2009, 1989, 1962, 1955
6, 1950, 1923, 1876 2124 2013, 1986, 1964, 1929, 1861
4, 1950, 1925, 1860 2124 2013, 1986, 1964, 1929, 1852

Chem. Sci., 2024, 15, 2167–2180 | 2175
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Fig. 11 (A) FTIR spectra of complex 1 (red line) and complex 1 in the presence of 1 equivalent pTsOH (blue line). (B) IR-SEC data of complex 1 @
−0.9 V vs. NHE in the presence of pTsOH (blue line) and pTsOD (green line). (C) Computed vibrations of complex 1 (red line) and complex 1
presence of 1 equivalent of pTsOH (blue line) and pTsOD (green line). (D) Computed vibrations of model A (orange line), B (dark blue line) and C
(blue line) (Fig. 10) and the deuterated form of model B (green line).
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other terminal nCO vibrations and would be consistent with
a mCO formation during reduction in the presence of H+ source.
Furthermore, the peak at 1876 cm−1 (Fig. 11B, blue line)
appears to shi to 1860 cm−1 (Fig. 11B, green line) when pTsOD
was used as a D+ source i.e., this nCO shows a H/D isotope effect.
Note that a Fe–H vibration is expected to show a H/D isotope
shi >570 cm−1 using simple harmonic oscillator approxima-
tion. Similarly, H/D shis associated with hydrogen bonding to
–CO ligands are very small.100 The shi observed here is 16 cm−1

which suggests that the species produced in IR-SEC is likely to
be a metal hydride species where a nCO coupled to a nFe–H.
Similar shi of a m-CO due to coupling with a terminal hydride
trans to it in [Fe–Fe] H2ases.27 There is some residual 1876 cm−1

peak in the deuterated solvent from residual H2O in the
electrolyte.

DFT calculations on possible structure of the intermediate.
DFT calculations provided a valuable insight into the nature of
this one electron reduced protonated species. Three different
one electron reduced protonated species may be formed during
the catalytic cycle. They include models with ADT protonated
and cluster reduced for Fe(I)–Fe(0) state (Fig. 10A, Fe(I)–Fe(0)
NH), a model which is reduced by one electron and protonated
at the Fe to result in a t-H (Fig. 10B, Fe(I)–Fe(II)t-H), a model
which is reduced by one electron and protonated to result in a m-
H (Fig. 10C, Fe(I)–Fe(II)m-H) and their computed -nCO and -nCN
vibrational stretching frequencies are also indicated. Note than
only the equatorial conformation is considered in these calcu-
lations. The experimental vibrations match well with computed
2176 | Chem. Sci., 2024, 15, 2167–2180
vibrations of the Fe(I)–Fe(II)t-H species, containing a terminal
hydride (t-H, Fig. 11B and D). One of the –CO moves to a semi-
bridging position (i.e., m-CO) resulting in a substantial weak-
ening of its m-CO relative to those of the terminal CO's. This m-
CO is trans to the t-H (Fig. 10B) resulting in mixing of the nCO

and nFe-H which results in the shi of the nCO at 1861 cm−1 to
1852 cm−1 when the t-H is replaced by t-D in these calculations
(Fig. 11C). The Fe(I)–Fe(II)m-H model (Fig. 10C) which does not
have a m-CO cannot explain the weak nCO observed at 1876 cm−1

and the Fe(I)–Fe(0)NH model (Fig. 10A) does not couple to nCO

and hence does not show a H/D effect on it as observed. Thus,
the computed models bearing the m-H and NH do not show any
H/D isotope sensitive vibration in this region. The computed
vibrations for doubly protonated species blue shi signicantly
from the experimental data and were eliminated from consid-
eration (Fig. S7 and S8B†). The results obtained from the IR-SEC
and DFT calculation suggest that (a) the reduced species bears
a m-CO ligand and (b) the proton vibration is involved in the
1876 cm−1 nCO mode which is likely to occur is the hydride is
trans to the m-CO ligand. The H/D isotopic shi of this
1876 cm−1 vibration observed experimentally which is also
present in the computational model supports this proposal.
Discussion

The EXAFS, Mössbauer and FTIR data of complex 1 is consistent
with the presence of terminal cyanide ligand. Thus, along with
the m-ADT and the terminal CN− ligand, this model is a close
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Scheme 3 Proposed mechanistic pathway for HER catalyzed by complex 1.
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structural analogue of the active site of the [Fe–Fe] H2ases. The
presence of the CN− raises the basicity of the cluster in 1 such
that HER current of the CN− bound form at higher pH's
remarkably higher relative to the precursor complex. Under
aqueous conditions, the 1st order dependence of the rate with
[H+] at low acid concentrations suggest that binding of H+ is
involved in rate determining step (rds). The 62 mV/pH slope of
the pH vs. onset potential plot (Fig. 6B) suggest that proton
coupled electron transfer (PCET) is operating at the potential
determining step in the kinetic region.101,102 Now, protonation
could occur either at the bridgehead N to generate reduced N-
protonated species or at the reduced Fe-centre to form a Fe–H
species (terminal or bridging).103 The Tafel slope is determined to
be 126 mV dec−1 which is close to the value expected for Volmer
mechanism implying the involvement of a Fe–H species in the
rds.92–94 In an organic solvent (CH3CN), under homogeneous
conditions, complex 1 catalyze HER at −0.9 V vs. NHE (Fig. 8A)
and remains stable during CPE for more than an hour (Fig. 9). In
situ FTIR-SEC provide preliminary evidence for a terminal
hydride [Fe(I)–Fe(II)–H] with a m-CO during catalysis whew the nCO
shis on deuteration due to coupling with a t-H in a fashion
similar to that observed for [Fe–Fe] H2ase.27 The accumulation of
the hydride species during HER in organic medium implies that
its further protonation is likely the rds which is in line with the
suggestions from Tafel slope obtained under aqueous condi-
tions. However, the solvation energies of species involved in
catalysis will be very different in aqueous and organic solvents
and the mechanism may vary. To rationalize the sequence of
© 2024 The Author(s). Published by the Royal Society of Chemistry
events, we proposed that the mechanistic pathway proposed by
Rauchfuss is at play here (Scheme 3) i.e. (i) In the presence of
pTsOH, the complex 1 forms a N-protonated complex, (ii) the N-
protonated complex 1 undergoes a one-electron reduction under
electrochemical condition along with an intramolecular proton
transfer from the bridge head nitrogen atom to the reduced Fe(I)–
Fe(0) center to form the –CO bridged Fe(I)–Fe(II)t-H species. This
step may be mediated by Fe(I)–Fe(0)NH species but the isomer-
ization of it to Fe(I)–Fe(II)t-H may be too rapid to be observed in
IR-SEC. (iii) The protonation of the [Fe(I)–Fe(II)–H] species in the
rds then leads to H2 evolution.

The CN− bound complex 1 exhibits the Fe(I)–Fe(I)/Fe(I)–Fe(0)
E1/2 at −0.76 V in acetonitrile which is 140 mV more cathodic
than the E1/2 for the same process of the neutral precursor p-
BrC6H4N(CH2S)2Fe2CO6 complex; understandably the negative
charge of the complex 1 shied its E1/2 tomore cathodic potential
relative to its neutral precursor. However, complex 1 shows an
onset for HER at ∼350 mV more positive potential in aqueous
medium and exhibits signicantly greater HER current at−0.5 V
when compared to its precursor complex (Fig. 5C). The greater
reactivity for HER of complex 1 result from the fact that its Fe(I)–
Fe(0) state is active while for the precursor p-BrC6H4N(CH2S)2-
Fe2CO6 complex Fe(0)–Fe(0) state is active at these low acid
concentrations. At a given potential (−0.5 V vs. NHE), the HER
current is 103–4 times larger for complex 1 relative to its precursor
at higher pHs (Fig. S5†). Thus, due to the presence of an anionic
CN− ligand, the electron density of the Fe(I)–Fe(0) state of
complex 1, is high enough to allow protonation of the Fe center.
Chem. Sci., 2024, 15, 2167–2180 | 2177
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Fig. 12 Electrostatic potential plots of the precursor-p-BrC6H4-
N(CH2S)2Fe2(CO)6 (left) and complex 1 (right).
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A pertinent concern of employing a CN− ligand bound to an
apparently weak Lewis acid, the reduced [Fe–Fe] cluster, under
acidic conditions is the possibility of losing it via protonation.34

Both the XPS and IR data acquired before and aer 1 h of
electrolysis indicates that the ratio of carbonyl and CN− peaks
remain constant i.e., CN− ligands are not preferentially
protonated. This is since the electron density of the CN− ligand
is strongly delocalized into the cluster due to the presence of the
p accepting –CO ligands (Fig. 12, right). Similar stabilization of
anionic ligand binding to a formally weak Lewis acid centre has
been proposed for [Fe–Fe] H2ase and encountered in the
mononuclear iron active site in Hmd where the –CO and acyl
ligands facilitated the delocalization of the electron density of
anionic ligands into the active site enhancing their binding
affinities.1,76,104 The synthetic [Fe–Fe] clusters with terminal CN−

ligand which were reported to decompose in the presence of
acid had at least one of the terminal CO's replaced by weaker p
acceptors like phosphine or CN− weakening the charge delo-
calization.34 Furthermore, the data obtained from both under
aqueous and organic conditions indicate that protonation upon
reduction forming the terminal Fe(I)–Fe(II)t-H species with a m-
CO is extremely fast occurring at diffusion controlled rates in
aqueous medium. This minimizes the lifetime of Fe(I)–Fe(0)
species during catalysis minimizing the possibility of CN−

protonolysis during catalysis.

Conclusions

In summary, a synthetic model of the [Fe–Fe] H2ase bearing
ADT and CN− terminal ligands is reported. The presence of CN−

raises the pKa of the cluster allowing HER at mildly acidic pHs at
extremely facile diffusion limited rates in aqueousmedium. The
electron donation from the CN− ligand enables the cluster to
catalyze HER from its Fe(I)–Fe(0) state which results in
a substantial lowering of overpotential associated with HER
catalyzed by similar complexes but without the CN− ligand as
these need to be reduced to their Fe(0)–Fe(0) states for them to
be able to catalyze HER. In situ FTIR-SEC suggest the formation
of a terminal hydride species via one electron reduction and
protonation of the Fe(I)–Fe(I) cluster. Importantly, the CN−

ligand is found to remain stable during these experiments.
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