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The recent elucidation of the structures of two iron hydro-
genases isolated from different organisms[1,2] has provided a
unique insight into the active site of these hydrogen-
producing enzymes. This knowledge has fueled intense
research aimed at the synthesis of close mimics of the active
site that can achieve catalytic activities comparable to that
found in the natural system.[3] The particular interest in this
system arises from the fact that the enzyme relies exclusively
on readily available iron cations in the active site.[4] Apart
from a thiolate-linked [Fe4S4] cluster, cyanide and carbonyl
ligands populate the whole coordination sphere of the two
iron nuclei in the site, which are within bonding distance of
one another and are additionally connected by a nonproteic
dithiolate bridge.[5–7] Although a subject of some controversy
in the past, recent spectroscopic, crystallographic, and theo-
retical studies suggest the structure of this tether is S-CH2-
NH-CH2-S (azadithiolate, ADT).[8,9] The importance of the
nitrogen heteroatom in the disulfide bridge arises from its
potential for protonation in its position close to the active site,
which offers a thermodynamically and kinetically favorable
pathway for hydrogen evolution in the natural system. Model
complexes that exhibit catalytic features related to those of
the iron hydrogenases have so far relied solely on propyldi-
thiolate (PDT) bridges. For example, Rauchfuss and co-
workers demonstrated that [(m-PDT)Fe2(CO)4PMe3(CN)]

�

serves as a catalyst for electrochemical hydrogen evolu-
tion,[10, 11] and Darensbourg and co-workers have reported
that [(m-H)(m-PDT)Fe2(CO)4(PMe3)2]

+ is a catalyst for H2/D2

scrambling.[12] In these models, the electron-donating cyanide
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and phosphane ligands are crucial because they increase the
electron density of the FeI�FeI bond and thereby facilitate
protonation at this position.[13] In our approach, which
involves light-driven proton reduction by utilizing a suitable
photosensitizer,[14] such electronegative ligands are counter-
productive as they shift the reduction potential of the
respective diiron complex to more negative values and
render electron transfer to this site unfavorable.[15] Once the
first examples of mimics containing the azadithiolate (ADT)
tether had been made available by us[14] and others,[16–18] we
anticipated that an alternative, more biomimetic pathway for
catalytic evolution of hydrogen may be accessible that
involves the nitrogen heteroatom of the bridge acting as a
basic site and allows electronically unfavorable ligands to be
omitted.

To investigate this possibility, [(m-ADT)Fe2(CO)6] (1;
ADT= S-CH2-NR-CH2-S, R=p-bromobenzyl) was synthe-
sized by a procedure similar to that previously used for the
synthesis of analogous complexes.[14, 17] The bromide function-
ality on the aromatic ring in complex 1 acts as a synthetic
handle for the attachment of further redox-active compo-
nents. Single-crystal x-ray diffraction analysis of 1
(Figure 1)[19] reveals the usual distorted square-pyramidal
geometry around the iron centers.[14, 16–18] In contrast to the
crystal structures of phenyl-substituted ADT-bridged diiron
complexes,[14] the benzyl moiety in that of 1 resides in a
pseudo-equatorial position relative to the metalloheterocycle,
with the nitrogen lone-pair pointing towards an iron nucleus.
In the solid state, the nonbonding C···N distance between the
ADT nitrogen atom and the nearest carbonyl carbon atom is

significantly shorter in 1 than in the phenyl-substituted
analogues (3.02 and 3.5 =, respectively). After protonation
of 1, the proton is anticipated to be in proximity to the diiron
active site. Protonation of 1 to form 1H+ occurs in an
acetonitrile solution upon addition of a strong acid such as
triflic, hydrochloric, or perchloric acid.[20] The resonances in
the 1H NMR spectrum (CD3CN) of 1H

+ are generally shifted
to lower magnetic field strengths than those in 1; the protons
in proximity to the nitrogen atom are displaced by 0.64 and
0.31 ppm, respectively. The carbonyl frequencies in the IR
spectrum of 1H+ are shifted 15 cm�1 higher in energy relative
to those of 1, which is consistent with observations made
during the protonation of a related complex.[18] Protonation of
1 is accompanied by a color change from orange to yellow.
The UV absorption maximum is shifted from 328 to 332 nm,
and during titration with acid an isosbestic point is preserved
at 320 nm, which indicates the formation of a single proto-
nation product at all acid concentrations (Figure 2).[21]

The reduction behavior of 1 and 1H+ was investigated by
cyclic and differential pulse voltammetry. In dry acetonitrile,
electrochemically irreversible one-electron reduction of 1
occurs at �1.56 V versus the ferrocene/ferrocenium couple
(Fc/Fc+; Figure 3a and inset).[22] Addition of excess perchloric
acid to a 1mm solution of 1 in acetonitrile resulted in the
cyclic voltammogram of 1H+ being observed. The first
reduction peak is shifted by around 400 mV towards more
positive potential, which is consistent with the introduced
positive charge.[23] The position of this peak is independent of
the acid concentration[21] and corresponds to a one-electron
reduction of the protonated complex to 1H. Following this
reduction, a second reduction peak occurs around �1.4 V, the
height of which increases and which shifts to more negative
potential with increasing acid concentration (Figure 3a,
inset). Both of these features are indicative of catalytic
proton reduction,[24] which is also supported by the observa-
tion of gas evolution at this potential. Analysis of the reaction

Figure 1. ORTEP view (ellipsoids at 30% probability level) of
C15H10BrFe2NO6S2 (1). Selected bond lengths [�]: Fe1�Fe2 2.5083(7),
Fe1�S1 2.2460(12), Fe1�S2 2.2526(10), Fe2�S1 2.2573(10), Fe2�S2
2.2682(10), Fe1�C1 1.785(5), Fe1�C2 1.791(4), Fe1�C3 1.803(4),
Fe2�C4 1.790(4), Fe2�C5, 1.778(4), Fe2�C6 1.804(4), N1�C7 1.433(5).

Figure 2. UV/Vis spectra (l=1 mm) of 1 (1 mm) in acetonitrile. Arrows
indicate spectral changes upon addition of increasing amounts of acid
(concentrations as shown in the inset). Inset: absorbance at
l=332 nm as a function of acid concentration.
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by gas chromatography showed hydrogen to be the sole
gaseous product. Without the diiron complex, reduction of
protons at the carbon electrode is slow at the potential of the
second reduction peak.

Further evidence for the catalytic activity of 1 was
obtained when solutions of 1 with excess perchloric acid
were electrolyzed at �1.48 V, a potential slightly beyond the
second reduction peak (Figure 3b). When the cell is loaded
with a 1mm solution of 1 containing 50 mm perchloric acid,
the initial rate of electrolysis is more than 10 times higher
than that in the absence of the catalyst, and 9 F (based on the
amount of 1) pass through the cell in 1 minute, which
corresponds to 4.5 turnovers. The rate of electrolysis slows
down as the proton concentration decreases and after
approximately 10 minutes the total charge passed through

the cell approaches its maximum of 50 F, which is equivalent
to 25 turnovers. Once the current has dropped during
electrolysis, the initial value can be recovered by replacing
the consumed protons.

Based on the structural, spectroscopic, and electrochem-
ical data described above, we propose the catalytic cycle
shown in Scheme 1. After protonation, 1H+ is electrochemi-

cally reduced to 1H at �1.18 V. We anticipate that the
reduction increases the electron density of the FeI�FeI bond
and creates a situation similar to that achieved by the
presence of electron-donating cyanide and phosphane ligands
in other model complexes.[11,12] The electron-rich Fe�Fe bond
is then available for protonation, which leads to 1H2

+. This
protonation enables the complex to undergo a second
reduction at around �1.4 V, molecular hydrogen is then
released, and the catalyst is liberated and made available for
another cycle.

Electrochemical production of hydrogen catalyzed by a
mimic of the iron hydrogenase active site has been reported
once before, with a potential of �1.2 V versus Ag/AgCl
(corresponding to �1.71 V versus Fc/Fc+)[25] required to drive
the reduction of protons.[10] Omission of electron-withdrawing
ligands at the diiron site and utilization of the basicity of the
ADT nitrogen atom enabled us to shift this potential by
230 mV to a more positive value and thus make this reduction
significantly easier. The shift in potential can be rationalized
by considering the altered catalytic mechanism, which in our
system commences with the protonation of the ADT nitrogen
atom. In this way, the catalytic cycle proposed for 1 resembles
the natural system more closely than other reported models.

Figure 3. a) Cyclic voltammograms (n=0.100 Vs�1) of 1 (a), HClO4

(50 mm ; g), and 1 in the presence of HClO4 (50 mm ; c); inset:
differential pulse voltammograms of 1 in the presence of increasing
acid concentrations (0, 10, 30, 50, 70 mm) as indicated by the arrow;
working electrode: glassy carbon; surface area: 0.07 cm2. b) Coulome-
try for bulk electrolysis of HClO4 (50 mm) at a graphite electrode in
the presence of 1 (c) and without 1 (a); extrapolation of the cat-
alytic reduction at the initial electrolysis rate (g); electrolysis poten-
tial: �1.48 V; volume: 3 mL; electrode surface area: 1.4 cm2. All mea-
surements were made on 1mm solutions of 1 in CH3CN, with
(Bu)4NPF6 (0.1m) as the supporting electrolyte. All potentials given
are versus Fc/Fc+.

Scheme 1. Proposed catalytic cycle for the electrochemical reduction of
protons in the presence of 1.
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With a mimic of the iron hydrogenase active site that operates
at a moderately negative potential, we are currently pursuing
the incorporation of 1 into a device capable of using the action
of light to drive the evolution of hydrogen.

Experimental Section
1: Reaction of p-bromobenzylamine,[26] p-CH2O, thionylchloride, and
the lithium salt of diironhexacarbonyldisulfide[27] on a 0.5-mmol scale
gave 151 mg (0.27 mmol, 54%) of 1 as a red solid. Elemental analysis
(%): calcd for C15H10BrFe2NO6S2: C 32.40, H 1.81, N 2.52; found: C
32.44, H 1.99, N 2.52; 1H NMR (300 MHz, CD3CN): d= 7.48 (d, J=
8.4 Hz, 2H), 7.12 (d, J= 8.4 Hz, 2H), 3.72 (s, 2H), 3.40 ppm (s, 4H);
13C NMR (75 MHz, CDCl3): d= 207.7, 134.9, 131.8, 130.3, 121.8, 61.2,
52.3 ppm; IR (CH3CN): ñ= 2074, 2036, 1997 cm�1 (C=O); UV/Vis
(CH3CN): 328 (12800), 465 nm (1200m�1 cm�1).

1H+: 1H NMR (300 MHz, CD3CN): d= 7.65 (d, J= 8.4 Hz, 2H),
7.36 (d, J= 8.4 Hz, 2H), 4.36 (s, 2H), 3.71 ppm (very broad, 4H);
13C NMR (75 MHz, CD3CN): d= 206.9, 134.7, 133.6, 126.9, 125.9,
64.2, 49.4 ppm; IR (CH3CN): ñ= 2089, 2052, 2016 cm�1 (C=O); UV/
Vis (CH3CN): 332 (15700), 465 nm (1200m�1 cm�1).
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