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ABSTRACT: Synthetic azadithiolate-bridged diiron clusters serve as structural
analogues of the active site of [FeFe]-hydrogenases. Recently, an o-alkyl substitution
of aniline-based azadithiolate bridge allowed these synthetic models to both oxidize
H2 and reduce H+, i.e., bidirectional catalysis. Hydrogen oxidation by synthetic
analogues of hydrogenases is rare, and even rarer is the ability of diiron
hexacarbonyls to oxidize H2. A series of synthetic azadithiolate-bridged biomimetic
diiron hexacarbonyl complexes are synthesized where the substitution in the para
position of the ortho-methyl aniline in the azadithiolate bridge is systematically
varied between electron-withdrawing and electron-donating groups to understand
factors that control H2 oxidation by diiron hexacarbonyl analogues of [FeFe]-
hydrogenases. The results show that the substituents in the para position of the
ortho-ethyl aniline affect the electronic structure of the azadithiolate bridge as well as
that of the diiron cluster. The electron-withdrawing −NO2 substituent results in
faster H2 oxidation relative to that of a −OCH3 substituent.
KEYWORDS: hydrogen oxidation, hydrogenase, homogeneous electrocatalysis, model complex synthesis, structural tuning

■ INTRODUCTION
Hydrogen, obtained from sustainable sources, appears to be a
cleaner alternative to fossil fuels.1,2 Fuel cells oxidize hydrogen
at the anode and reduce oxygen at the cathode, forming water
and thereby converting the chemical energy stored in the H−
H and O−O bonds into electrical energy. Chemical fuels such
as hydrogen are ideal because of their high energy density by
weight and pollution-free by products. The key to the success
and large-scale deployment of fuel cells3−5 is the availability of
earth-abundant metal-based6 cheap and efficient catalysts for
the two half-cells involved (eqs 1 and 22). Presently, platinum
stands as the most effective catalyst for hydrogen oxidation.
However, its widespread application is restricted by its high
cost and limited availability.7,8 The designing of molecular
catalysts by using earth-abundant metals for electrochemical
hydrogen oxidation holds the potential to offer viable
replacements for the costly platinum catalysts commonly
employed in hydrogen fuel cells.9 For hydrogen production,
many molecular catalysts have been developed by using
nontoxic, inexpensive, abundant metals such as nickel,10−16

cobalt,17−22 and iron.23−27 There is a scarcity of reported
homogeneous electrocatalysts for the oxidation of hydrogen for
using efficiently in hydrogen fuel cells.28−39

F + = ·+ E
1
2

H H e ( 0.059V pH)2 (1)

F+ + = ·+ E
1
2

O 2H 2e H O ( 1.23V 0.059V pH)2 2

(2)

In nature, there are several organisms where hydrogen plays
an important role in their metabolism and energy storage.40,41

This vital process is orchestrated by metalloenzymes known as
hydrogenases.41−44 Among these, the [FeFe]-hydrogenase
stands out for its remarkable ability to catalyze the oxidation
of H2 at rates as high as 28,000 s−1, heralding the potential of
bioinspired mimics of [FeFe]-hydrogenases as viable alter-
natives to precious metals in fuel cell applications.45 The active
site of [FeFe]-hydrogenase (Figure 1A) contains a [4Fe-4S]
cluster and a [2Fe] subcluster. The [4Fe-4S] cluster is
covalently linked via a cysteine residue to the binuclear
[2Fe] subcluster.46,47 Through X-ray crystallography48,49 and
spectroscopic analysis,50,51 it has been confirmed that each of
the two iron centers contains a terminal −CN− and a terminal
−CO ligand, with a −CO ligand bridging both iron
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centers.52−54 The two diiron cores are bridged by an
azadithiolate (ADT) ligand (−SCH2NHCH2S−).53,55−57 The
proximal iron (Fep) is directly bonded to the [4Fe-4S] cluster
and is coordinatively saturated, whereas the distal iron (Fed)
atom provides a vacant site for substrate binding (H+/H2), as
well as inhibitors (like O2 and CO).

58,59 The crucial enzymatic
reaction step is the heterolytic cleavage of H2 into H− and H+
which is facilitated by an internal base�a pendant amine
present in the ADT�that not only captures the proton but
also serves as a conduit for proton transfer during
catalysis.53,57,60−64 The iron−sulfur cluster, bound to the
proximal iron center, not only regulates electron flow to the
catalytic diiron site but also modulates the electrophilicity of
the proximal iron center, thus influencing its reactivity.63,65,66

In contrast, low-valent platinum complexes exhibit a different
mode of activation, wherein H2 is homolytically split into two
oxidized Pt hydride species. While attempts to replicate the
exact structure of the active site of [FeFe]-hydrogenase have
fallen short in terms of reactivity, a bioinspired approach has
emerged as a promising avenue for the development of
catalysts for potential applications in electrolyzers or fuel cells.
In the existing literature, the activation of H2 utilizing

synthetic model complexes of hydrogenases is a relatively rare
occurrence with only four documented examples. Among
these, models featuring a Hox structure incorporating an ADT
bridge (Figure 1B) exhibit sluggish reactivity with H2 under
high pressure, yielding μ-H complexes.67 However, in the
presence of an additional oxidant, the activation of H2
proceeds more expeditiously under milder conditions.33 A
notable advancement in this field was the development of a
functional model of Hox (Figure 1C), incorporating both an
internal amine and a redox-active unit , Cp*Fe-
(C5Me4CH2PEt2) (FcP*) (Cp* = C5Me5), by the Rauchfuss
group.68 This model demonstrated activity for the oxidation of
H2 at 1 atm pressure at 25 °C in the presence of excess
FcBArF4 [Fc = Cp2Fe, ArF = 3,5-(CF3)2C6H3] and P(o-tol)3,
achieving a turnover rate of 0.4 per hour over a 5-h period.68

Subsequently, Sun and colleagues reported another significant
advancement, presenting a [FeFe]-hydrogenase model com-
plex (Figure 1D) capable of oxidizing H2 under similar
conditions, using excess Fc+ and P(o-tol)3 as oxidant and base,

respectively.69,70 Inspired by the pendant amine present in the
ADT bridge of [FeFe]-H2ases, a series of mononuclear nickel
complexes based on bis-diphosphine ligands with pendant
amines [Ni(PR2NR′2)2]2+ (Figure 1F) (where PR2NR′2 is 1,5-
R′-3,7-R-1,5-diaza-3,7-diphosphacyclooctane and R and R′ are
the alkyl or aryl substituents on P and N atoms) have been
reported by DuBois and Shaw,10,71−73 which can functionally
mimic the hydrogenase enzymes where the pendant amine
group plays a crucial role by stabilizing the H2 addition with
the metal center and facilitating heterolytic cleavage of H2 by
proton transportation to or from the metal center as
well.32,73,74 Various substituents (methyl, ethyl, benzyl, phenyl,
cyclohexyl, and tert-butyl) on P and N atoms were explored,
and notably, the complex [Ni(PCy2NtBu2)2]2+ exhibited the
highest TOF of 50 s−1 for H2 oxidation to date, using Et3N to
scavenge the H+ produced in the process.75,76 Iron- and
ruthenium-based homogeneous electrocatalysts with PtBu2NBn2
ligand for hydrogen activation have also been reported with
low overpotential values.36,77 Thus, noble-metal-free alter-
natives in electrocatalytic hydrogen oxidation are limited to the
set of molecular catalysts described above.
We have recently reported a novel group of oxygen-tolerant

ortho-substituted [FeFe]-hydrogenase model complexes, draw-
ing inspiration from the binuclear ADT-bridged active site of
[FeFe]- hydrogenase,78 which serve as bidirectional catalysts
for hydrogen evolution as well as H2 oxidation.

79 These ortho-
substituted model complexes (μ-S2(CH2)2NAr)[Fe(CO)3]2
(Ar is a 2-Et phenyl group, Figure 1E) exist in a conformation
that directs the nitrogen lone pair toward the H2 binding site.
The amine group’s enhanced basicity relative to unsubstituted
analogues, arising from hindered delocalization of the nitrogen
lone pair in the aromatic ring, enables efficient hydrogen
activation in both organic solvents and heterogeneous
conditions, even at a pH of 5.5, with a moderate overpotential
(<400 mV).79 These catalysts are prolific in their application
and can be easily integrated with cheap and abundant electrode
materials via adsorption.78,80−82 However, the H2 oxidation
rate and activity of these catalysts are low, and more
exploration of such catalysts is needed to develop their
reactivity.

Figure 1. (A) Structure of the active site of [FeFe]-H2ase (H-cluster, Hox). (B−E) Previously reported [2Fe]-mimics that can activate H2. (F)
[Ni(PR2NR′2)2]2+ molecular catalyst.
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In this report, we have investigated the effect on electro-
catalytic homogeneous heterolytic cleavage of hydrogen by
introducing electron-withdrawing and electron-donating
groups at the para position of the ortho-substituted arene of
the oxygen-tolerant model complex (μ-S2(CH2)2NAr)[Fe-
(CO)3]2 at various hydrogen concentrations and varying
external base (Et3N) concentrations. The results show that
under homogeneous conditions, these complexes oxidize H2
with a FY of ∼90% and an overpotential of <480 mV. The
substituents on the phenyl ring affect the electronic structure
of the diiron cluster, as evident from 1H NMR, CV, and FTIR
spectroscopy. The complex with an electron-withdrawing
group in the secondary coordination sphere demonstrated
the highest H2 oxidation rate (2.05 s−1), whereas the complex
with an electron-donating group exhibited the lowest rate
(0.93 s−1) under 1 atm of H2.

■ RESULTS AND ANALYSIS

Synthesis and Characterization
Complex 1 was synthesized using a previously reported
synthetic protocol.78 Complexes 2 and 3 were synthesized by
following a slightly modified literature procedure.23,81,83

Typically, combining two equivalents of p-formaldehyde with
the respective aromatic amines in CH2Cl2 for 3−4 h followed
by the addition of SOCl2 yields the bis-chloromethylated
derivative of the same. Subsequent condensation with the
Li2(μ-S)2[Fe(CO)3]2 salt in dry THF at low temperatures
results in the desired complex. For the synthesis of complexes
2 and 3 (2 = 2-methyl-4-nitroaniline; 3 = 4-methoxy-2-
methylaniline), the reaction mixture of p-formaldehyde and the
respective aromatic amines requires stirring for 48 h (Scheme
1). The synthetic procedures mentioned above are described in

detail in the “Experimental Section”. All these complexes were
characterized using 1H NMR (Figures S1−S3), FTIR (Figure
3B), ESI-MS, elemental analysis, and single-crystal X-ray
diffraction (SCXRD).
The ortho substituent induces rotation of the phenyl ring,

thereby diminishing the resonance delocalization of the lone
pair of electrons into the phenyl ring. Accordingly, in the 1H
NMR spectrum of complexes 1, 2, and 3 in CDCl3, the
−CH2− resonances are shifted toward higher fields in complex
3 (Figure 3A, green) relative to complex 2 (Figure 3A, blue),
with complex 1 (Figure 3A, red) falling in between the two.
This shift directly indicates an increase in electron density in
the −CH2− group in complex 3 with the p-OMe substituent
relative to complex 1, which has more electron density in the
−CH2− group relative to complex 2 with the p-NO2
substituent. This observation suggests that the electron-
donating ability of the methoxy (−OMe) group and the
electron-withdrawing ability of the nitro (−NO2) group in
complexes 3 and 2, respectively, get translated to the bridging
ADT unit. This is also supported by the red-shift in the C−O
vibrational frequencies in the FTIR in complex 3 (Figure 3B,
green) relative to those in complex 1 (Figure 3B, red), which
is, in turn, red-shifted relative to those in complex 2 (Figure
3B, blue), indicating increased electron density into the diiron
unit and resulting in enhanced back-bonding in the order 3 > 1
> 2. High-quality single crystals, characterized by their deep
red needlelike appearance, were successfully grown through the
gradual evaporation of CH2Cl2 solutions containing these
complexes. The X-ray crystallographic structures of the
compounds are depicted in Figure 2. Analysis revealed that
the bond lengths of Fe−Fe, Fe−S, and Fe−CO in complexes 1,
2, and 3 fall within the range reported for analogous
complexes, as detailed in Table 1.78 The crystal structures of
these complexes reveal that the dihedral angles formed by the
C2 and C1 carbons of the phenyl ring and the NC bond of the
azadithiolate ligand (∠C−C−N−C angle) in complexes 1, 2,
and 3 are ∼80.92°, ∼54.06°, and ∼74.37°, respectively. These
angles are significantly different from those observed in all
previously reported N-aryl-substituted ADT structures, where
the phenyl plane is nearly coplanar with the −H2C−N−CH2−
plane of the ADT, showing angles of about 6° and 2.89° in 4-
Br-Hyd81 and 4-NO2-Hyd,

84 respectively.78 In complexes 1, 2,
and 3, the aromatic rings are rotated away from the −H2C−
N−CH2− plane of the ADT. The three ∠−H2C−N−CH2−
bond angles are ∼112°, ∼113°, and ∼111°. This indicates that
the nitrogen centers in complexes 1, 2, and 3 exhibit a
tetrahedral geometry, suggesting a sp3 hybridization of the
nitrogen. This contrasts with the more planar geometry seen in

Scheme 1. General Scheme for the Synthesis of 2-Me-Hyd
(1), 2-Me-4-NO2-Hyd (2), and 2-Me-4-OMe-Hyd (3)

Figure 2. Representative structures of the 2Fe subsite mimics of [FeFe]-H2ases and the XRD-determined structures of 2-methyl-, 2-methyl-4-nitro-,
and 2-methyl-4-methoxy-substituted phenyl amine containing ADT-bridged 2Fe subsite mimics investigated in this report.
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other N-aryl-substituted complexes and results in an increased
basicity of the nitrogen lone pair.
Electrochemical Investigations

The cyclic voltammetry (CV) of complexes 1, 2, and 3 in
CH3CN shows a quasi-reversible redox event at −1.72, −1.63,
and −1.77 V vs Fc+/0, respectively, characteristic of these
clusters (Figure 3C).25,26,85,86 This process is assigned as a 2e−

reduction process [i.e., Fe(I)−Fe(I) + 2e− ⇌ Fe(0)−Fe(0)]
and is associated with a substantial change in the geometry of
the complex, resulting in the complex nature of the
voltammogram.25,26,86,87 The presence of a redox-active nitro
group (−NO2) in complex 2 distinguishes it from complexes 1
and 3. This difference manifests as an additional reduction
peak at −1.79 V observed only in complex 2. The reduced
species generated during the cathodic scan of complexes 1, 2,
and 3 gets oxidized at −0.74, −0.76, and −0.78 V vs Fc+/0,
respectively, during the reverse anodic oxidation. The
introduction of an electron-withdrawing group (−NO2) on
the arene ring of complex 2 (Figure 3C, blue) causes a shift in
the reduction potential toward a more anodic value, whereas
the incorporation of an electron-donating group (−OMe) on
the arene ring of complex 3 (Figure 3C, green) leads to a shift
in the reduction potential toward a more cathodic value
compared to complex 1 (Figure 3C, red).
Electrocatalytic Oxidation of Hydrogen

The performance of these newly developed complexes was
assessed in terms of their ability to catalyze the oxidation of H2
electrochemically. For catalytic electrochemical measurements,
we employed a 1 mM solution of complex 1 dissolved in a 0.1
M nBu4NClO4 acetonitrile solution. The reaction chamber was
maintained at 1 atm of H2, and triethylamine (Et3NH+, pKa =
18.8 in CH3CN

88 was added subsequently as a proton
scavenger.
Catalytic oxidation of H2 was identified by an increase in the

anodic peak current, at the potential where the clusters get
oxidized, upon the addition of the exogenous base in the
presence of 1 atm H2 (Figure 4A). For complex 1, the
oxidation current initially increases as the concentration of
triethylamine is increased until the base concentration reaches
4.3 mM in the presence of 1 atm H2; above this concentration,
no significant increase in current is observed as the base
concentration is increased to 8.6 mM (Figures 6A and S5).
The results for complexes 2 and 3 are quite similar to those
found for complex 1 (Figure 4B,C) and will be discussed only
briefly.

The catalytic current became base concentration independ-
ent at 5 and 5.7 mM Et3N concentrations for complexes 2 and
3, respectively (Figures 6A and S5). The catalytic current
became plateau-shaped rather than exhibiting a distinct peak.
This behavior is expected for a catalytic wave under conditions
where the substrate concentrations (base and H2) are
sufficiently high and catalysis is operating in a steady-state
kinetic regime. In this regime, factors such as substrate
consumption or catalyst deactivation within the electro-
chemical diffusion layer have minimal influence.89,90 These
findings are consistent with a catalytic process for hydrogen
oxidation, and the H+ formed can be estimated from the
Et3NH+ formed in solution during catalysis.

10,36,76,79

The ratio of icat/ip is plotted vs the concentration of
triethylamine (where icat is the catalytic current measured in
the presence of base and H2, and ip is the peak current for the
oxidation current of the complexes) (Figure 6A). At low

Table 1. Geometric and Spectroscopic Comparison of Complexes 1, 2, and 3 as Determined from X-Ray Crystal Structure

Complex
ν (CO) IR
(cm−1) Bonds

Average bond length
(Å)

Dihedral angle (∠C−C−N−C) defined by the C2C1 carbons of the aryl ring and the NC
of the ADT ligand

2-Me-Hyd (1) 2073, 2036,
1999

Fe−Fe 2.505 (±0.001) ∼80.92°
Fe−S 2.246 (±0.001)
Fe−
CO

1.801 (±0.001)

2-Me-4-NO2-Hyd
(2)

2075, 2038,
2000

Fe−Fe 2.522 (±0.001) ∼54.06°
Fe−S 2.235 (±0.001)
Fe−
CO

1.799 (±0.001)

2-Me-4-OMe-Hyd
(3)

2072, 2035,
1997

Fe−Fe 2.533 (±0.001) ∼74.37°
Fe−S 2.253 (±0.001)
Fe−
CO

1.802 (±0.001)

Figure 3. (A) Overlay of 1H NMR data in CDCl3 of complexes 1, 2,
and 3. The −CH2− resonances are indicated by an asterisk. (B)
Overlay of FTIR data of the same complexes in acetonitrile solution.
(C) Homogeneous cyclic voltammetry of complexes 1−3 in
acetonitrile solution under a nitrogen atmosphere (1 mM complex,
scan rate 50 mV/s, GC working electrode, and Pt counter electrode,
0.1 M nBu4NClO4 supporting electrolyte. Potentials are swept from
cathodic to anodic direction. Potentials are referenced to Fc+/0. This
and the following CVs were carried out at room temperature and are
reported following the polarographic convention).
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concentrations of the base, the ratio of icat/ip shows a linear
relationship with the square root of base concentration,
indicating that the catalytic rate is first-order with respect to
base concentration (Figure 6B).36,91,92 The catalytic current
also increases linearly with the square root of the partial
pressure of H2, consistent with a first-order dependence of the
homogeneous catalytic process on H2 (Figures 5 and
66C).10,79,93 Using a constant base concentration under 1
atm of H2, the observed catalytic current (icat) increases
linearly as a function of catalyst concentration, indicating that
the reaction is first-order in catalyst concentration (Figure
S6).10,36 Control experiments with triethylamine/H2, but no
catalysts, show no significant current (Figure S9). Also, in the
absence of H2, the subsequent addition of triethylamine into
the complex solution displays no significant increment of
current (Figure S10).
Calculation of kobs was only performed after the base-

independent current had been achieved (i.e., a pseudo-zero-
order kinetics with respect to base concentration had been
reached). The icat/ip ratio becomes independent of the base
concentration at higher concentrations of base, with a
maximum icat/ip ratio of 3.71 at a scan rate of 50 mV s−1 for
complex 1 under 1 atm of H2. For complexes 2 and 3, the
maximum icat/ip ratio is calculated to be 4.6 and 3.1,
respectively, under similar conditions. This icat/ip value can
be used to calculate a pseudo-first-order rate (kobs) or turnover
frequency (TOF, in units of ((mol of H2)/s)/(mol of
catalyst)), for H2 oxidation under 1.0 atm H2, as shown in
eq 3,89,90,94,95 where n is the number of electrons (2 for H2
oxidation), R is the universal gas constant (8.314 J K−1 mol−1),
F is Faraday’s constant (9.65 × 104 C mol−1), T is the
temperature in Kelvin, ν is the scan rate in V s−1, and 0.4463 is
a constant determined by numerical solution of the diffusion
equations.90 Using the maximum icat/ip ratio in eq 3 under the

base-independent region, the turnover frequencies (TOFs) are
calculated to be 1.33, 2.05, and 0.93 s−1 for complexes 1, 2, and
3, respectively, under 1 atm of H2 (Table 2).

=i
i

n Tk
0.4463

R
F

cat

P

obs

Figure 4. Cyclic voltammograms of an acetonitrile solution of (A)
complex 1, (B) complex 2, and (C) complex 3 and their linear sweep
voltammetry under 1.0 atm of H2 with increasing concentrations of
triethylamine as indicated in the legend. Conditions: 1 mM catalyst,
scan rate 50 mV/s; 0.1 M nBu4NClO4 as supporting electrolyte; glassy
carbon working electrode; Pt counter electrode. Potentials are swept
from the cathodic to anodic direction. Potentials are referenced to
Fc+/0. These CVs were carried out at room temperature and are
reported following the polarographic convention.

Figure 5. Cyclic voltammograms of an acetonitrile solution of (A)
complex 1, (B) complex 2, and (C) complex 3 and their linear sweep
voltammetry in the presence of 4.3 mM Et3N at different H2
concentrations as indicated in the legend. Conditions: 1 mM catalyst,
scan rate 50 mV/s; 0.1 M nBu4NClO4 as supporting electrolyte; glassy
carbon working electrode; and Pt counter electrode. Potentials are
swept from the cathodic to anodic direction. Potentials are referenced
to Fc+/0. These CVs were carried out at room temperature and are
reported following the polarographic convention.

Figure 6. (A) Plot of icat /ip vs [Et3N] for the oxidation of H2 by a 1
mM solution of complexes 1, 2, and 3 in acetonitrile under 1 atm of
H2. (B) Plot of icat/ip vs the square root of base concentration (Et3N)
for a 1.0 mM solution of complexes 1, 2, and 3 under lower base
concentrations (under 1.0 atm H2, 50 mV/s scan rate). (C) Plot of
icat/ip vs the square root of the partial pressure of H2 in the presence of
4.3 mM of Et3N (scan rate = 50 mV/s). Conditions: 0.1 M
nBu4NClO4 as supporting electrolyte and glassy carbon working
electrode.
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The half-wave potential for the catalytic process, Ecat/2, was
defined at half of the catalytic current. The electrocatalytic
HOR process mediated by complex 1 has a half-peak potential
of −740 mV vs Fc+/0. The apparent standard potential of H2
oxidation in CH3CN is −1.18 V vs Fc+/0 using 18.8 as the pKa
value of Et3N in acetonitrile and −0.07 V vs Fc+/0 as the
thermodynamic proton reduction potential value.79,96,97 This
indicates that the overpotential requirement for HOR
catalyzed by complex 1 is ∼440 mV in acetonitrile solution.
Similarly, the overpotentials for HOR catalyzed by complexes
2 and 3 are calculated to be ∼400 and ∼480 mV, respectively.
This value compares well with the HOR overpotential
displayed in acetonitrile by most DuBois’ catalysts.10,76

The proton generated from the oxidation of H2 is converted
to the Et3NH+ cation. Quantification of the Et3NH+ cation by
1H NMR during the course of a bulk electrolysis (BE)
experiment under stirring conditions is carried out in a 0.5 mM
CD3CN solution (8 mL) of the catalyst in the presence of an
excess of Et3N (50 mM) at −0.7 V vs Fc+/0 under 1 atm of
hydrogen (Figure S15).79 As shown in Figure S18, in the
presence of Et3N, the electrolysis of complex 1 under a H2
atmosphere resulted in a new peak appeared at 7.95 ppm,
which can be attributed to Et3NH+. Quantification of the
Et3NH+ signal and its ratio with the charge consumed yields
the FY to be ∼88% for complex 1, ∼92% for complex 2, and
∼90% for complex 3.
The decay of the catalyst is calculated to be ∼12−15%

(∼15% for complex 1, ∼12% for complex 2, and ∼14% for
complex 3) from the UV−visible spectra of the catalyst before
and after long-term bulk electrolysis (Figure S17). Moreover,
after an electrochemical measurement of the complexes, a
subsequent CV measurement of the glassy carbon electrode
under the same conditions did not show any catalytic behavior
distinct from that of the glassy carbon electrode (Figure S16),
indicating that no deposit is formed on the electrode, and these
catalysts are stable during electrochemical measurements. To
check the background H2 oxidation on the electrode, a control
bulk electrolysis experiment was performed without a catalyst
in the presence of excess triethylamine (Et3N) and 1 atm of
hydrogen (H2) in the CD3CN solvent. 1H NMR analysis in
CD3CN showed no significant formation of triethylammonium
(Et3NH+) during electrolysis (Figure S21).
Mechanism of H2 Oxidation
The mechanism of H2 oxidation was proposed to involve H2
binding to the Fe(I)−Fe(I) state of this class of complexes,
and this step was computed to be endothermic and likely the
rate-determining step in catalysis.79 The reduction of such

diiron hexacarbonyl clusters is irreversible, and it has been
proposed that the reduction may lead to changes in the cluster
geometry.98,99 To confirm if the reoxidation peaks observed
around −0.8 V are likely due to the oxidation of the daughter
products of reduced complexes 1, 2, and 3, rather than the
oxidation of the parent complexes, we performed H2 oxidation
of complex 3 using different initial potentials (Figure 7A). The

experimental data show that indeed a H2 oxidation current is
observed when the initial potential is lowered below the onset
of the two-electron reduction process of the Fe (I)−Fe(I) state
(Figure 7A). This clearly indicates that the species produced
during reduction, which gets reoxidized at −0.78 V vs Fc+/0, is
likely the catalyst responsible for H2 oxidation. Additionally,
CV of complex 3 at different scan rates reveals that indeed
there is a change in the geometry of the cluster upon reduction,
which results in two closely spaced pairs of anodic oxidations
centered around −1.3 V vs Fc+/0 and −0.78 V vs Fc+/0 at slow
scan rates (Figure S12A). At higher scan rates, the CV
becomes quasi-reversible, and the process at −0.78 V vs Fc+/0
reduces, indicating that the change in geometry upon
reduction is slow (Figure S12B). This raises the possibility
that H2 oxidation during electrolysis is catalyzed by the species
produced upon reduction of the cluster.
To investigate the reduction of complex 3, FTIR

spectroelectrochemistry (FTIR-SEC) is performed. We sub-
jected the acetonitrile solution of complex 3 to electrochemical
reduction by performing controlled potential electrochemistry
(CPE) at −2 V vs Fc+/0, within a conventional OTTLE cell to
probe the reduced species. Reduction of complex 3 results in a
red-shift in the νCO vibrations (Figure 7, red) as would be
expected for a reduction event in the cluster, which would have
increased back-bonding to carbonyl ligands. Upon reduction,
the three νCO vibrations of complex 3 (2072, 2035, and 1997
cm−1) red-shifted to 1973, 1928, and 1903 cm−1 (Figure 7B,
red). DFT calculations, which reproduce the experimental
FTIR spectra of complex 3 (Figure 7B, dark blue vs gray), are
used to compute the predicted spectra of the Fe (I)−Fe(0)
state (Figure 7B, purple) and the Fe (0)−Fe(0) state (Figure
7B, green) with the same geometry and the Fe(I)−Fe(0) state
with a μ-CO ligand (Figure 7B, blue). The calculated μ-CO
vibration for the Fe(I)−Fe(0)−μ-CO complex appears at 1804
cm−1, which does not align with the experimental data.
Therefore, this possibility can be ruled out. The experimentally

Table 2. Electrocatalytic Data for Hydrogen Oxidation by
Complexes 1, 2, and 3 under 1 atm H2 in 0.1 M
[nBu4NClO4]-CH3CN

Complex
Ecat/2

(mV vs. Fc+/0)
Overpotential
(mV vs Fc+/0) kobs (s−1)

%
FY

2-Me-Hyd (1) −740 440 1.33 ± 0.02 88
2-Me-4-NO2-
Hyd (2)

−780 400 2.05 ± 0.02 92

2-Me-4-OMe-
Hyd (3)

−700 480 0.93 ± 0.02 90

Figure 7. (A) Cyclic voltammograms of an acetonitrile solution of
complex 3 starting from different potentials as indicated in the legend
in the presence of 2 mM of Et3N under 1 atm of H2. Conditions: scan
rate 50 mV/s, 1 mM complex; 0.1 M nBu4NClO4 as supporting
electrolyte; glassy carbon working electrode; Pt counter electrode.
Potentials are referenced to Fc+/0. (B) Experimental FTIR data (dark
blue), FTIR SEC data (red), and computed vibrations (for singly and
doubly reduced states) of complex 3.
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observed νCO around 1900 cm−1 falls in the region predicted
for the Fe(I)−Fe(0) state by DFT calculations. However, the
FTIR spectra are complicated by the fact that there is still
substantial intensity in the region where the Fe(I)−Fe(I) state
absorbed, and this either could be the original Fe(I)−Fe(I)
species not yet electrolyzed or may represent the absorption
from one of the reduced daughter species formed where a
bridging thiolate dissociates. At this point, it is unclear what
the nature of the active species is, and further investigations are
needed to identify the species responsible for H2 oxidation by
these bioinspired models of [FeFe]-H2ase.

■ SUMMARY
The activation of H2 by diiron models necessitates that the
catalytically active iron center be adequately electrophilic to
bind H2, while also being insufficiently electrophilic to prevent
the amine from binding to the Fe.100 Both the active site of
classical [FeFe]-hydrogenases and the ferrocene-bearing diiron
mimic (FcFe2, Figure 1C) reported by Rauchfuss and
coworkers react with H2 in the Fe(II)−Fe(I) state.35 Such a
deviation of the reactivity relative to the electronic structure is
due to the difference in the ligand environments in these
systems. In the natural active site, a −CN− ligand and a
thioether ligand replace two π-acidic −CO ligands in
complexes 1, 2, and 3, resulting in increased electron density
of the diiron cluster. The same is true for the FcFe2 complex,
where the diphosphine ligand replaces the two π-acidic −CO
ligands in these complexes. This is why the Fe(II)−Fe(I)
mixed-valent state is required to oxidize H2 in the enzyme
active site and FcFe2 complex (Figure 1C), while the Fe(I)−
Fe(I) state of the daughter species produced upon two-
electron reduction of complexes 1, 2, and 3 can react with H2,
albeit the structure of this species is yet to be elucidated. The
systematic variation of the rate of HOR with the ring
substituent suggests that the catalytically active species retain
the ADT ligand, and its electronic structure is affected by the
substitutions on the ADT ligand. These are crucial hints for the
determination of the structure of the catalyst responsible for
H2 oxidation. Taken together, these data suggest that the
presence of an electron-withdrawing −NO2 group in complex
2 within the second coordination sphere facilitates the rate-
limiting H2 binding step by withdrawing electron density,
rendering the iron center of these daughter species sufficiently
electrophilic to bind H2. Consequently, its rate of HOR is
accelerated compared to complex 3, which features an
electron-donating −OMe group in the second coordination
sphere. The results presented here indicate that the
substitution of the aryl amine group of the ADT bridge is a
viable strategy to improve the HOR catalysis in these groups of
complexes.

■ EXPERIMENTAL SECTION

General Information
Complex 1 was synthesized according to the previously reported
procedure.78 Syntheses of all the compounds were performed either
under an anaerobic atmosphere or in an Ar glovebox from MBRAUN.
Complexes 2 and 3 were synthesized using standard Schlenk
techniques.78 2-Methylaniline, 4-methoxy-2-methylaniline, and the
solvents were used fresh after distillation, purchased from Merck.
Thionyl chloride (SOCl2) was purchased from Spectrochem Pvt. Ltd.
2-Methyl-4-nitroaniline, p-formaldehyde, superhydride (Li[HBEt3], 1
M in THF), triethylamine, tetrabutylammonium perchlorate (TBAP),
and bis(cyclopentadienyl)cobalt(II) were from Sigma-Aldrich Chem-

icals Pvt. Ltd., and anhydrous Na2SO4 was purchased from Merck
Specialties Pvt. Ltd. (India). Silica (60−120 mesh), for column
chromatography, was purchased from SISCO Pvt. Ltd. (India).
Ultrahigh purity N2 and H2 cylinders were purchased from Indian
Refrigeration Stores. During electrochemistry, the solvent (acetoni-
trile) was used after distillation with a proper drying agent. The glassy
carbon plate (1 mm thick, type 1) was purchased from Alfa Aesar.
The FTIR data were measured on the PerkinElmer FTIR Frontier
instrument. The CaF2 windows for FTIR spectroscopy were
purchased from Sigma-Aldrich. The anaerobic setup for FTIR
spectroscopy was purchased from PerkinElmer. The optically
transparent thin-layer electrochemical (OTTLE) cell was purchased
from the University of Reading for spectroelectrochemistry. All of the
NMR spectra were recorded on Bruker DPX-400 and DPX-500
spectrometers at room temperature. UV−vis absorption data were
recorded in an Agilent Technologies model 8453 spectrophotometer
fitted with a diode-array detector. All the NMR spectra were recorded
on a Bruker DPX-400 or DPX-500 spectrometer at room temperature.
The mass spectra were recorded on a QTOF MicroYA263
instrument.

General Procedures for Synthesis
Complex 1, [(μ-SCH2)2N(2-Methylphenyl)CH2S)[Fe(CO)3]2. Com-
plex 1 was synthesized by a previously reported procedure.78 1H
NMR (500 MHz, CDCl3) δ 7.14 (d, J = 7.4 Hz, 2H), 7.01 (s, 1H),
6.95 (s, 1H), 3.79 (s, 4H), 2.13 (s, 3H). IR (CH3CN): 2073 cm−1(s),
2036 cm−1(s), 1999 cm−1(s). HRMS (ESI-TOF) m/z: (M+H)+
Calcd for C15H11Fe2NO6S2H 477.0640; Found 477.0742. Elemental
Analysis (found): C, 37.34; H, 3.79; N, 2.42; calculated C, 37.29; H,
3.55; N, 2.90.
Complex 2, [(μ-SCH2)2N(2-Methyl-4-nitrophenyl) CH2S) [Fe-

(CO)3]2. Complex 2 was synthesized using standard Schlenk
techniques by slightly modifying the synthetic protocol described in
the literature.83 To a solution of 2-methyl-4-nitroaniline (1.52 g, 10
mmol) was added paraformaldehyde (780 mg, 26 mmol); the solution
was stirred for 2 days at room temperature. Then, SOCl2 was slowly
added at 0 °C, and the mixture was brought to RT with stirring. After
0.5 h, the solvent was evaporated completely to dryness to remove all
the acid vapor. A 440 mg sample of (μ-S2)[Fe(CO)3]2 (1 mmol) was
dissolved in 20 mL of dry tetrahydrofuran (THF). Two milliliters of
LiBEt3H (1 M in THF) were added dropwise to the red solution at
−78 °C, with an immediate color change to deep green. Following
cooling to −15 °C, a THF solution of the ligand 2-CH3-4-NO2−
C6H4N(CH2)2Cl2 (4 equiv) was added to the reaction mixture. The
color immediately changed to red. The reaction mixture was further
stirred for 1 h at RT. Vacuum removal of the solvent produced a dark
brown precipitate. A crystalline red solid product was obtained after
column chromatography with a hexane−toluene (9:1) mixture.
Reddish-brown single crystals were grown by the slow evaporation
of a CH2Cl2 solution of the complex. Overall yield: 45% (58 mg). 1H
NMR (CDCl3, 400 MHz): δ 8.04 (d, J = 12.2 Hz, 2H), 7.04 (d, J =
8.8 Hz, 1H), 4.03 (s, 4H), 2.32 (s, 3H). IR (CH3CN): 2075 cm−1(s),
2038 cm−1(s), 2000 cm−1(s). HRMS (ESI-TOF) m/z: (M+H)+
Calcd for C15H10Fe2N2O8S2H 522.8577; Found 522.8599. Elemental
Analysis (found): C, 34.48; H, 1.90; N, 5.35; calculated C, 34.51; H,
1.93; N, 5.37.
Complex 3, [(μ-SCH2)2N(2-Methyl-4-methoxy)CH2S)[Fe-

(CO)3]2. Complex 3 was synthesized following the exact same
procedure described for complex 2, using 4-methoxy-2-methylaniline
(1.37 mL, 10 mmol) instead of 2-methyl-4-nitroaniline. The column
chromatography was performed using a hexane−toluene (9:1)
mixture to yield a crystalline reddish-brown solid. Suitable single
crystals were obtained by the slow evaporation of a CH2Cl2 solution
of the complex. Overall yield: 44% (52 mg). 1H NMR (CDCl3, 400
MHz): δ 6.86 (d, J = 8.6 Hz, 1H), 6.74−6.57 (m, 2H), 3.75 (s, 3H),
3.64 (s, 4H), 2.25 (s, 3H). IR (CH3CN): 2072 cm−1(s), 2035
cm−1(s), and 1997 cm−1(s). HRMS (ESI-TOF) m/z: (M+H)+ Calcd
for C16H13Fe2NO7S2H 507.8832; Found 507.8854. Elemental
Analysis (found): C, 37.85; H, 2.60; N, 2.78; calculated C, 37.90;
H, 2.58; N, 2.76.
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Electrochemical Measurements. All the electrochemical
measurements were carried out in dry, degassed CH3CN solution
(Merck, HPLC gradient grade 99.99%), 0.1 M nBu4NClO4 (Sigma-
Aldrich, for electrochemical analysis ≥99%, used as received), under a
nitrogen or hydrogen atmosphere, where indicated, at room
temperature using a CH Instruments (model CHI 700E electro-
chemical analyzer). For CV experiments, a four-neck custom-made
electrochemical cell was used. Potentials were referred to an Ag/AgCl
(saturated KCl) reference electrode in CH3CN + 0.1 M nBu4NClO4,
and measured potentials were calibrated through the use of an
internal Fc+/0 standard. A glassy carbon electrode (CV, LSV) and a
glassy carbon plate electrode (CPE) were used as working electrodes.
The auxiliary electrode was a Pt wire in a CH3CN + 0.1 M
nBu4NClO4 solution. Between CV scans, the working electrode was
polished in a figure-eight pattern with an alumina slurry (0.05 μm) on
a micro-cloth (2.875 in, PSA backed). Bulk electrolysis and
coulometry were carried out in a four-neck custom-made electro-
chemical cell using a glassy carbon plate electrode under stirring
conditions. The reference electrode was externally calibrated vs Fc+/0.
The electrolysis was performed after saturating the acetonitrile
solution with H2 gas (45 min of purging).
H2 Concentration Dependence Using a Mass Flow Meter.

The H2 concentration dependence experiments were performed by
using a CVG Technocrafts India mass flow meter purchased from
Chemix. The mass flow rates of the gases were controlled manually
during the experiments using a regulator. In this experiment, we used
two different flow meters with a full setup (one for H2 gas control and
another for argon gas control). The outlets from these two flow
meters were put into a closed vessel through a rubber septum in
which two gases were mixed to form a homogeneous gas mixture.
Another outlet of this closed vessel was connected to the
electrochemical cell. During the H2 concentration dependence
experiment, different types of H2/Ar gas mixtures were used. During
the experiments, each time, the gas mixture was purged for 45 min
into the solution, and then, the data were recorded.
Bulk Electrolysis and NMR Spectroscopy. The BE experiment

was done in a custom-made four-neck electrochemical cell with a
glassy carbon (2 × 2.25 cm2) working electrode under stirring
conditions. After saturating the acetonitrile-d3 (CD3CN) solution
(containing 0.5 mM complex 1 and 50 mM triethylamine) with H2
gas for 45 min, the BE experiment was performed. During CPE at
first, the potential was held at −1.68 V for 60 min, and after that, the
CPE was performed at −0.7 V for 9 h, under stirring conditions. The
amount of ammonium produced was quantified from the integration
values of the new peak, which is generated at 7.95 ppm. We consider
the integration of the −CH2− peak of the complexes as 1.
The faradaic yield (FY) was determined by eq :4

= ×
= ×

FFY 2 amount of ammonium measured/(charge/ )

2 amount of ammonium measured/charge (4)

X-Ray Structure Determinations. X-ray data were collected
either at 150 K on a Bruker SMART APEX-II diffractometer with
graphite-monochromated Mo Kα radiation (λ = 0.71073 Å)
controlled by the APEX2 (v.2010.1−2) software package (complex
1) or at 100 K on a Bruker D8 VENTURE Microfocus diffractometer
equipped with a PHOTON II Detector, with Mo Kα radiation (λ =
0.71073 Å), controlled by the APEX3 (v.2017.3−0) software package
(complexes 2 and 3). Raw data were integrated and corrected for
Lorentz and polarization effects by using the Bruker APEX II/APEX
III program suite. Absorption corrections were performed using
SADABS. Space groups were assigned by analysis of metric symmetry
and systematic absences (determined by XPREP) and were further
checked by PLATON101,102 for additional symmetry. All the
structures were solved by direct methods and were refined against
all data in the reported 2θ ranges by full-matrix least-squares on F2
with the SHELXL program suite103 using the OLEX 2 interface.104

Hydrogen atoms at idealized positions were included during the final
refinements of each structure. The OLEX 2 interface was used for

structure visualization, analysis of bond distances and angles, and
drawing of ORTEP plots.
Computational Details
The geometries were optimized in Gaussian 16 software105 using the
BP86 functional,106,107 6-311g* basis set, and PCM-dispersion model.
Frequency calculations were performed on each optimized structure
using the same basis set to ensure that there was a minimum on the
potential energy surface. The single-point calculations were calculated
using the same functional but a 6-311+g* basis set and 10−10 Hartree
convergence criteria. Basis-set superposition error has been reported
to be minimal (≈1 kcal/mol) for anion binding at this level of theory.
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