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The active site of [FeFe] hydrogenase, the so-called H-cluster,
is composed of a [4Fe4S] cubane that is connected to a
[2Fe2S] subcluster by a cysteine residue.[1] These hydro-
genases are predominantly involved in hydrogen evolution,
which makes them an attractive starting point for the
development of biotechnological and bioinspired hydrogen
production systems.[2]

The two iron centers of the binuclear subcluster in the
[FeFe] hydrogenase are coordinated by unusual non-protein
CN� and CO ligands that stabilize their low spin and
oxidation state (Hox and Hox-CO in Scheme 1).[3, 4] The iron
center distal to the cubane in the Hox state (Fed) has an open
coordination site where hydrogen or CO as inhibitor can bind.
The central atom in the dithiolate bridging ligand (depicted as
NH in Scheme 1) could equally well be modeled as carbon,
oxygen, or nitrogen in X-ray crystallography.[1b] In view of the
catalytic mechanism, a nitrogen atom,[1c] and to some extent
also an oxygen atom,[1f] could function as an effective proton
relay,[1b,g] helping to split H2, and thus shuttling protons
between the binuclear subcluster and the nearby cysteine
residue that is believed to be part of the proton channel.[5]

Recently, a combined electron paramagnetic resonance
(EPR) spectroscopic and density functional theory (DFT)
study on the [FeFe] hydrogenase active site of Desulfovibrio
desulfuricans[6] provided strong evidence for a nitrogen atom
in the bridging dithiolate. This assignment was based on the

obtained quadrupole couplings of three distinct types of
nitrogen atom (amine, cyanide, and lysine side chain)
detected in the hyperfine sublevel correlation (HYSCORE)
spectrum.[6]

Further indications for the presence of nitrogen in the
dithiolate ligand (azadithiolate, adt) come from bioinorganic
model systems.[7] It is well-established that N-protonation
leads to species that feature greatly decreased reduction
potentials compared to their non-protonated counterparts
with all-carbon linkers.[8] Furthermore, the adt nitrogen can
act as a proton relay in model compounds by shuffling protons
to the open coordination site of suitable model complexes to
afford terminal hydride species.[9]

To further verify the nature of the central atom in the
dithiolate bridge in the H-cluster of the [FeFe] hydrogenase,
we studied a mixed-valence FeIIFeI model complex that
features only one nitrogen atom in the molecule. For this
purpose, the “native” CN ligands were replaced by electroni-
cally analogous trimethylphosphine ligands. Herein we pres-
ent the first detailed analysis of the electronic structure of
such a mixed-valence biomimetic complex and compare the

Scheme 1. Structural rearrangement of complex 1 upon (electro)chem-
ical oxidation at �40 8C; sites of isotope labeling are highlighted in
bold face. Compound 1: FeIFeI state, 2 : FeIIFeI state, 3 : FeIIFeII state.
Inset: H-cluster of the [FeFe] hydrogenase in the Hox and the CO-
inhibited state (Hox-CO); both have a Fed

IIFep
I configuration.
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results with those observed for the native system. As
illustrated in Scheme 1, the mixed-valence species 2 is a
close structural mimic of Hox-CO and is available from
complex 1 upon oxidation below �30 8C. Complex 1, in turn,
was prepared from 2-(methylthio)ethylamine, [Fe2S2(CO)6],
and formaldehyde, as described earlier.[10] 15N-labeled (1[15N])
and CD3-labeled (1[S�CD3]) complexes were prepared from
the corresponding isotope labeled precursors in the same way
(see the Supporting Information).

Electrochemical investigation by cyclic voltammetry (CV)
reveals that 1 is irreversibly oxidized in a two-electron process
at room temperature (Figure 1a). Lowering the temperature
below �30 8C has a dramatic effect on the CV: The
irreversible wave decreases in amplitude to a level that
corresponds to a one-electron process (FeIFeI!FeIFeII). At

the same time, a new second, reversible wave emerges at
slightly more positive potential than the first. This behavior is
consistent with an irreversible chemical process that occurs
upon the first oxidation to form a species which can be
reversibly oxidized in a second process, namely
FeIFeIIQFeIIFeII. Chemical oxidation of 1 by ferrocenium
hexafluorophosphate (FcPF6) at �30 8C occurs in an analo-
gous way and was followed by in situ FTIR spectroscopy
(Figure 1b). Addition of one equivalent of FcPF6 shifts all
absorptions in the nCO region towards higher energy as a result
of oxidation, and thus decreases backbonding into the CO-
based p* orbitals. At the same time, a new absorption band
emerges at 1770 cm�1, which is diagnostic for a m-CO ligand
bridging the two Fe centers.

The electrochemical and IR-spectroscopic behavior of 2
resembles that of a related FeIIFeI mixed-valence species
described by Pickett and co-workers, [2Fe3S] dicyanide (4),
that features CN� instead of PMe3 ligands, but lacks the adt
nitrogen atom.[11] Although the IR spectra of the two species
are very similar in shape, the structural differences between
the two complexes lead to a shift of the vibrational
frequencies in 2 to lower wavenumbers. In analogy to 4 and
as shown by our studies (see below), it is clear that the first
oxidation of 1 to 2 is stabilized by the thioether substituent
that coordinates to Fep upon oxidation. The second oxidation
to form 3 is a simple electron loss that does not cause any
further structural changes.

A single-crystal X-ray structure determination of 1 (see
the Supporting Information) reveals an apical/basal arrange-
ment of the PMe3 ligands. DFT calculations of 1 (see the
Supporting Information) closely reproduce its X-ray struc-
ture. The calculations also suggest a structural model for the
oxidized FeIFeII complex 2 in which the oxidation is accom-
panied by formation of an additional iron–thioether bond
with a bond length of 2.50 �, creation of a m-bridging CO, and
reorientation of the PMe3 ligands. The calculated IR spectra
of 1 and 2 are in agreement with the experimental FTIR data
presented in Figure 1 b (see also the Supporting Information).
For 2, a trans basal/basal conformation of the PMe3 ligands is
lowest in energy. A cis basal/basal or basal/apical PMe3

orientation is higher in energy by 3 and 5 kcalmol�1,
respectively.

The molecular integrity of the mixed-valence complex 2
could be further confirmed by CW-EPR spectroscopy. The
X-band CW-EPR spectrum at 30 K of 2 prepared in
2-methyltetrahydrofuran (2-MeTHF)/CH2Cl2 is presented in
Figure 1c. The corresponding simulations are performed
assuming a single S = 1/2 paramagnetic species with hyperfine
couplings (HFCs) to two distinct 31P nuclei. The CW EPR
spectrum can be accurately simulated using a rhombic
g tensor, where gx> gy> gz : g(x,y,z) = (2.021, 2.008, 1.998);
with HFC values of A1(

31P) (x,y,z) = (34, 27, 28) MHz and
A2(

31P) (x,y,z) = (50, 26, 47) MHz. DFT calculations suggest
that a rhombic g tensor is obtained for both basal/basal and
apical/basal orientation of the PMe3 ligands. However, an
apical/basal orientation of these ligands would lead to an
unusually large isotropic 31P hyperfine interaction for the
apical phosphorus atom (see the Supporting Information).
Such a situation can be ruled out for 2. The fact that the HFC

Figure 1. a) Cyclic voltammetry (oxidation scan) of 1 mm solutions of
1 in CH3CN at 20 8C (c) and �40 8C (g). b) In situ FTIR spectra
recorded every 5 s after addition of FcPF6 (1 equiv) to solutions of 1 in
CH3CN at �40 8C. g Starting spectrum, c final spectrum; c) CW
EPR spectrum of 2 (in 2-MeTHF/CH2Cl2) recorded at X-band at 30 K.
c experiment, g simulation (principal g values, g(x,y,z): (2.021,
2.008, 1.998); g strain: 0.0038, 0.0025, 0.0043; linewidth: 0.6 mT).
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values for the two 31P nuclei are similar points to a
delocalization of the unpaired electron spin over both iron
centers in the complex. The best agreement between exper-
imental and calculated 31P HFC values is obtained for a spin-
delocalized trans basal/basal arrangement of the PMe3 ligands
(see the Supporting Information). Broken-symmetry DFT
calculations also result in a spin-delocalized state. The larger
isotropic HFC is obtained for the proximal 31P nucleus (spin
density at the proximal Fe is 0.54, at the distal Fe is 0.23; see
Figure 2 and the Supporting Information).[12, 13]

The g values are less anisotropic than those obtained for
the native hydrogenase Hox-CO inhibited state, which are
g(x,y,z) = (2.065, 2.007, 2.001).[6] In comparison, the CW EPR
spectrum of the cyanide-containing complex 4[11a] revealed
g values of g(x,y,z) = (2.017, 2.006, 1.988) for which the
anisotropy is close to that of 2. A model complex of Hox

investigated by Darensbourg and co-workers,[14] [Fe2-
(dmpdt)(CO)4(PMe3)2]

+ (dmpdt = m-2,2-dimethyl-1,3-pro-
panedithiolate), showed a g tensor of g(x,y,z) = (2.086,
2.025, 2.007) and a 31P HFC tensor of A(x,y,z) = (27, 25,
25) MHz. The CW EPR spectral data was interpreted as
suggesting a localization of the spin density on one of the
irons. For the H-cluster in the Hox state, however, a
delocalization over both iron atoms was found while the
data for the Hox-CO state pointed to a localization on the
proximal iron.[4] It is tempting to assume that these differ-
ences are related to the presence of the [4Fe4S] cubane
subcluster in the H-cluster; this unit is absent in the model
complexes (see below).

The coordination of the S�CH3 thioether group to Fep in 2
was further investigated by a spectroscopic comparison with
2[S�CD3], which contains a deuterated (S�CD3) group. The
relatively weak hyperfine couplings of the methyl protons are
not resolved in the CW EPR spectrum. We have therefore
performed electron nuclear double-resonance (ENDOR)[15a]

experiments to improve the spectral resolution.
In Figure 3, the Q-band 1H Davies ENDOR results for

2[S�CD3] and 2[S�CH3] are compared. The difference
spectrum (Figure 3c), containing the features attributed
only to the S�CH3 protons, is simulated using HFC values

of A(x,y,z) = (2.6, �2.6, �3.6) MHz, Aiso(
1H) =�1.2 MHz.

Furthermore, a 2H HYSCORE experiment was performed on
2[S�CD3] (Figure 3 e). The simulation (Figure 3 f) was per-
formed by means of the spin Hamiltonian approach.[15a,b,c] The
parameters used for simulation are as follows: Aiso(

2H) =

�0.2 MHz, K = 0.06 MHz, h = 0.01, where K = e2 q Q/4h is
the quadrupole coupling and h is the asymmetry parameter.[16]

The deuterium HFC, Aiso(
2H), is consistent with the 6.514-fold

scaling factor in the Larmor frequency for 2H compared to 1H.
The unpaired spin density at the S�CH3 group is small but
significant and can only be explained by the proposed
structural rearrangement for the metastable FeIFeII state
where the S�CH3 group directly coordinates to the proximal
iron atom (Scheme 1). The DFT predictions for the HFC and
NQC values for the S�CH3 and S�CD3 groups are in good
agreement with the measured values, and provide additional
support for the spectral assignment (see the Supporting
Information and Table 1).

Figure 4 shows the X-band matched-HYSCORE[15a] spec-
tra for 2[14N] and the 15N-labeled complex 2[15N]. The Larmor
frequency of 14N at the X band is 1.062 MHz. It is known that
for systems with strong quadrupole coupling and weak
anisotropy of the HFC, the corresponding single quantum

Figure 2. Calculated unpaired spin-density distribution in 2, together
with the Mulliken atomic spin populations.

Figure 3. Q-band Davies ENDOR spectra of a) 2, b) 2[S�CD3] (in
2-MeTHF/CH2Cl2), c) difference spectrum, and d) the corresponding
simulation for the difference spectrum, recorded at a field position
corresponding to gy, T = 30 K. e) X-band HYSCORE spectrum of
2[S�CD3] recorded with t = 212 ns at T = 30 K, field position: gy (see
the Supporting Information for details). f) Corresponding simulation
for (e).

Table 1: Comparison of experimental and DFT calculated HFC and NQC
principal values [MHz] for the basal/basal trans isomer of 2 (PMe3,
adt-N, S�CD3) and for Hox.

[6]

2 (DFT) 2 (exp.) Hox
[6]

Aiso 1(
31P) �37 41�2 –

Aiso 2(
31P) �28 30�2 –

Aiso(
14N) 1.0 0.6�0.2 1.43

K 1.32 1.28�0.01 1.23
h 0.03 0.11�0.05 0.13
Aiso(

2H) �0.3 �0.2�0.1 –
K 0.05 0.06�0.05 –
h 0.03 0.01�0.05 –
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transitions may be invisible in HYSCORE.[15a,c] The two 14N
correlation peaks (Figure 4a) are centered at about 4.8 MHz.
Their positions are typical for the 14N (I = 1) double quantum
transitions of a weakly coupled nitrogen nucleus with
relatively strong quadrupole interaction. For the matched-
HYSCORE spectra, the features can be simulated using
principal HFC values of A(14N)(x,y,z) = (0.3, 0.8, 0.7) MHz,
and quadrupole parameters of K = 1.28 MHz and h = 0.11
(see Table 1). In the corresponding matched HYSCORE
spectrum of 2[15N] (Figure 4 b), the correlation features at
about 4.8 MHz are absent, and instead resonances are found
at 1.489 MHz, which is the Larmor frequency of 15N. These
peaks are due to the basic spin transitions for an I = 1/2
nucleus, and can be simulated using the HFC tensor found for
2[14N] scaled with the 1.402-fold scaling factor in the Larmor
frequency for 15N compared to 14N.

The obtained coupling parameters are summarized in
Table 1 together with those found for the H-cluster in the Hox

state.[6] The 14N HFC and NQC values that were calculated by
DFT are in good agreement with the simulated values. The
asymmetry parameter h is, however, slightly underestimated
in the DFT calculations (see for example Ref. [17a,b]). In
principle, the NQC values are sensitive to the protonation
state of the amino group. Protonation that would lead to a
secondary ammonium group (�NH2

+�) can however be ruled
out owing to its small K value. In quantum refinement
investigations on [FeFe] hydrogenase active site models, this
possibility was however still discussed.[17c] An explicit hydro-
gen bond (coordination of an external water molecule to the
amine nitrogen) has only a small influence on the 14N HFC
and NQC values (see the Supporting Information for details).

In general, the DFT calculations reveal that the unpaired
spin distribution of 2 clearly differs from that of the H-cluster
in the Hox-CO state. Whereas in 2 both iron atoms carry
unpaired spin density (also concluded from the similar 31P
HFC values), the spin density for the Hox-CO state is shifted
towards the proximal iron in the binuclear subcluster.[4] For
the native system, owing to the strong exchange interaction
between the cubane and binuclear subcluster in the Hox-CO
state, most of the spin density is shifted towards the [4Fe4S]
cubane and very little is left on the binuclear [2Fe]H

subcluster. Therefore, the 14N couplings of the CN ligands
and the bridging azadithiolate are too small to be detectable.
For complex 2, on the other hand, all spin density resides on
the binuclear cluster and sufficient spin density appears to be
present at the bridging adt N atom for the 14N coupling to be
observable by HYSCORE spectroscopy. In fact, the unpaired
spin distribution of 2 bears more similarity with that of the
native Hox state, in which the weakening of the exchange
interaction between the cubane and the [2Fe] cluster allows
more effective spin density to be present at the [2Fe]H

subcluster and thus to detect 14N signals from the amino
ligand.[6] Indeed, the 14N nuclear quadrupole interaction for 2
and for Hox (Table 1) are very similar. Their quadrupole
parameter K is characteristic[16b] for a weakly H-bonded
amino nitrogen atom.

In summary, our investigations show that upon oxidation
of 1 to the mixed-valence state 2 :
a) one terminal CO ligand moves into the bridging position;
b) the pendant thioether group bends over and coordinates

the “proximal” iron atom;
c) the ligand sphere rearranges and one of the PMe3 ligands

moves into a basal position, probably leading to a trans
basal/basal configuration of the two PMe3 groups; and

d) the HFC components obtained for the amino nitrogen in
the azadithiolate bridge of 2 are quite similar to those
found for the Hox state, showing that the spin density
indeed extents onto the amino group of the bridging adt
ligand. The measured NQC of the respective 14N in 2 is
also similar to that observed in the H-cluster. Its value is
characteristic for a weakly hydrogen bonded amino
group.[16b] These similarities provide convincing evidence
for the presence of a nitrogen atom in the dithiolate bridge
of the active site of native [FeFe] hydrogenases. This
finding is of great importance for understanding the
mechanism of dihydrogen conversion/production, and
probably also for the very high activity of this enzyme.[8,9]
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