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X-ray absorption spectroscopic measurements and density

functional calculations suggest that the hydrogenase H-cluster

is best described as an electronically inseparable 6Fe-cluster due

to extensive delocalization of frontier molecular orbitals of the

iron centres, sulfide and the non-innocent dithiolate ligands.

The active site of FeFe-hydrogenases has attracted considerable

attention due to its unusual organometallic nature and potential

implications in the design of dihydrogen production/uptake

systems. Crystallographic studies of the FeFe-hydrogenases from

two microorganisms (Cp1 and Dd2) converged to a common

structure for the active site.3 Thus ‘classical’ [4Fe–4S] and

organometallic [2Fe–2S] units are connected by a bridging cysteine

to form the catalytic assembly, the H-cluster (Fig. 1A). The

coordination environment of the 2Fe-subcluster is completed with

water, carbonyl and cyanide ligands, and a bridging dithiolate

ligand. Crystallographic,3 Mössbauer,4,5 EPR,6 ENDOR,7 and

FTIR8 spectroscopic results suggest a diamagnetic [4Fe(2.5+)–4S]

and an S = 1/2 [Fe(I)Fe(II)–2S] subcluster with bridging CO and

terminal CN2/CO ligands for the resting form of the protein

bound H-cluster. Change of iron oxidation states during catalysis,

the CO/CN2 ligand arrangement, and the dithiolate composition

are yet to be confirmed by direct experiments.

Earlier computational investigations primarily focused on the

2Fe-subcluster10–13 as the catalytically active centre. Recent studies

considered the linked 4Fe- and 2Fe-subclusters of the first

biomimetic cluster assembly9 and the metalloenzyme’s complete

active site.14,15 The most recent theoretical study15 provided

insights into the role of the 4Fe-subcluster by exploring the

geometric and magnetic properties of the entire 6Fe-cluster.

However, the electronic structure, and the g- and A-values were

only evaluated for a truncated model without including the 4Fe-

subcluster. These calculations qualitatively reproduced the trends

in EPR parameters, gave good agreement with the exchange

parameters, and emphasized the structural importance of 4Fe-

subcluster in determining the bridging S(Cys)–Fe distances. In this

communication, we report the first direct experimental evidences

for an electronic role of the bridging dithiolate, and demonstrate

the coupling between the subclusters using X-ray absorption

spectroscopy16 and density functional theory.17 Details of the

measurements and computations are summarized in the ESI.{
The distinct structure of the 2Fe-subcluster, relative to ‘classical’

[2Fe–2S] clusters,18 implies unique roles for the dithiolate ligand of

the H-cluster. So far, catalytic importance has been suggested for

the dithiomethylammine (dtma) ligand,19–21 as the amino group in

the b-position can provide a convenient site for proton transfer.

Sulfur K-edge XAS measurements for a series of structurally well-

defined complexes ([Fe2
(I)(LS2)(CO)6]) suggest that the composi-

tion of the ligand also affects the redox active orbitals of the

2Fe-subcluster. This emerging technique16 probes the sulfur 3p-

based, antibonding metal-ligand orbitals. Thus, it provides a direct

experimental handle to quantify the bonding interactions from

spectral features below the ionization threshold (edge jump). The

energy positions of the pre- and rising-edge features are

informative of the sulfur charge and the metal d-manifold energy;

the intensities reflect the covalence of the metal–sulfur bonds.

On the basis of intense pre-edge features between 2471 and

2473 eV (Fig. 2), the studied binuclear model compounds can be

described with covalent Fe–S bonds. In going from sulfide (black),

to thiolate (blue), and to dithiolate (red and green spectra), the

changes in pre-edge intensities are consistent with gradually

diminishing Fe–S bond covalence. The constrained distance

between the sulfurs in propanadithiolate (pdt) increases the

ligand–ligand repulsion and reduces the Fe–S overlap, relative to

the free thiolates, giving rise to a less covalent bonding. The

weakened Fe–S bonding parallels with shorter Fe…Fe distances

(Fig. 2). The reduced electron donation from sulfurs, the increased

Fe–Fe bonding, and the shift of the pre-edge features to lower

energy are indicative of more electrophilic metal centres for

complexes with dithiolate ligands relative to sulfide ligands.

Furthermore, the greater electronegativity of the secondary amine

in dtma relative to the b-methylene group in pdt reduces the

nucleophilicity of the thiolate sulfurs and thus further weakens the

Fe–S bonds. These spectral differences suggest that the chemical
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Fig. 1 Schematic structures of the hydrogenase H-cluster1 (A) and the

H-cluster framework9 (B).
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composition of the dithiolate ligand has a significant affect on the

electronic structure of the 2Fe-subcluster via perturbation of the

Fe–S bond.

The recent synthesis of the H-cluster framework9 (Fig. 1B)

allowed for direct measurements of the electronic coupling between

the subclusters. Carbonyl stretching frequencies, reduction poten-

tials, and photoelectron spectroscopic results9 have already

indicated the delocalization of electron density between the two

subclusters. While the coordination environment and the oxidation

state of the iron centres in the 2Fe-subcluster of the framework are

somewhat different from those of the protein bound H-cluster, the

bridging thiolate link between the two subclusters, which is the

focus of this study, is present in both structures. Differences in

sulfur K-edge XAS spectra in Fig. 3 (green solid and dotted lines)

directly demonstrate the extensive delocalization of the inorganic

sulfide character from the 4Fe-subcluster into the 2Fe subcluster.

The green and the blue spectra in Fig. 3 correspond to the model

complex with H-cluster framework and a [4Fe–4S] cluster,

respectively, with identical terminal thiolate ligands. The difference

of their spectra renormalized for three sulfur absorbers (black line),

as done for the [2Fe–3S] model in Fig. 3 (brown line), shows two

pre-edge features with maxima at 2470.4 and 2471.6 eV. The latter

is observed in the spectra of 2Fe-subcluster models in Figs. 2 and 3

and indicative of low spin Fe(I)–S bonding. The former can be

assigned to the Fe–S(sulfide) and Fe–S(thiolate) transition

envelope in 4Fe models16 that are absent in the 2Fe models.

Therefore, its presence is indicative of sulfide character in

unoccupied orbitals that are delocalized between the two

subclusters.

Density functional calculations using BP86 functionals and

effective core potentials with triple-f quality valence basis set (see

ESI for more detail{) on the entire 6Fe model (115 atoms) with

identical coordination environment to the experimentally mea-

sured compound ([(LS3)Fe4S4{Fe2(CH3C(m-SCH2)3(CO)5)}]22

with [Fe(2.5+)
4S4]

2+ {Fe(I)
2S2}

0 subclusters in St = 0 spin state)

further support the electronic coupling between the two sub-

clusters. This level of theory has been validated using experimental

geometric and electronic structural data.17 The optimized structure

of the H-cluster framework is close to the available experimental

structures22,23 with slightly longer Fe–S bond lengths (Fig. 4) than

obtained by De Gioga.9 The difference contour plot between the

electron densities of the entire 6Fe model and the sum of the

separate 4Fe- and 2Fe-subclusters in the 6Fe model geometry

(Fig. 4) illustrates the extent of electronic structural changes upon

formation of the (m-SCH2)–Fe(4Fe) bond between [(LS3)Fe4S4]
12

and [Fe2(CH3C(m-SCH2)3)(CO)5]
12 subclusters. The atomic spin

densities of the 2Fe-subcluster with low-spin Fe(I) ions are smaller

relative to the 4Fe-subcluster (Fig. 4) due to electron delocalization

of both spin up (a) and spin down (b) orbitals of the 2Fe-

subcluster. The shape of the most dominant lobes in Fig. 4 clearly

suggests that the delocalization involves the Fe 3dz2 orbitals from

the 2Fe-subcluster in addition to thiolate C–S s and CO p orbitals.

Frontier molecular orbitals in Fig. S1 provides more detail about

the anatomy of the electron delocalization.{
Due to the inherent limitation§ of the data analysis of the

structurally characterized, native FeFe-hydrogenases from Cp1

and Dd2 we use the calibrated density functional theory to connect

our observations for the biomimetic framework with the protein

bound H-cluster. These calculations on a computational model

([(EtS)3Fe4S4(m-SEt)Fe2(pdt)(m-CO)(CN)2(CO)2(OH2)]
32, with

[Fe(2.5+)
4S4]

2+ {Fe(I/II)
2S2}

1+ subclusters in St = 1/2 spin state) of

the composite structure of the H-cluster in its resting form provide

very similar electron density differences (Fig. S3){ and frontier

Fig. 2 Sulfur K-edge spectra of inorganic model complexes for the 2Fe-

subcluster with different sulfur ligand bridges.

Fig. 3 Renormalized difference sulfur K-edge spectrum (black line)

between the 6Fe-cluster (green solid line measured, dotted line predicted

spectrum without delocalization) and 4Fe-cluster (blue lines) and

comparison to a relevant 2Fe-cluster (brown line).

Fig. 4 Electron density difference plot (yellow/green are ¡0.003

contours) between the 6Fe-cluster and separate 4Fe- and 2Fe-subclusters.
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orbital plots (Fig. S4){ to the H-cluster framework and thus

suggest the delocalization of molecular orbitals between the two

subclusters independently from the oxidation state and CO/CN

ligand environment of the 2Fe subcluster. It is interesting to note

that for the active site model, the HOMO-s have greater

contributions from the 2Fe-subcluster, which can facilitate the

oxidative addition of dihydrogen, while the dominant 4Fe-

subcluster character in the LUMO-s can aide the electron transfer

into the H-cluster for proton reduction.

In the light of the presented spectroscopic and computational

results we conclude that the hydrogenase H-cluster is an

electronically inseparable 6Fe-cluster due to the significant

delocalization of molecular orbitals. Perturbations to this electro-

nic coupling are expected to play a key role in determining the

dihydrogen binding or protonation and the reversibility of the

redox chemistry at the hydrogenase active site.
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Notes and references

§ We have collected XAS data for native and CO-inhibited forms of the
FeFe-hydrogenase CpI (Fig. S2){; however, due to overlapping spectral
features of the accessory iron–sulfur clusters of the enzyme and the
background of numerous methionine sulfurs the data cannot be used for
quantitative analysis. Recent results24 concerning the successful hetero-
logous expression of FeFe-hydrogenases in E. coli provide a viable
approach to reduce the background.
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