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Recent developments in the understanding of the biosynthesis of the active site of the nitrogenase

enzyme, the structure of the iron centre of [Fe]-hydrogenase and the structure and biomimetic

chemistry of the [FeFe] hydrogenase H-cluster as deduced by application of X-ray spectroscopy are

reviewed. The techniques central to this work include X-ray absorption spectroscopy either in the form

of extended X-ray absorption fine structure (EXAFS), X-ray absorption near-edge structure (XANES) and

nuclear resonant vibrational spectroscopy (NRVS). Examples of the advances in the understanding of the

chemistry of the system through integration of a range of spectroscopic and computational techniques

with X-ray spectroscopy are highlighted. The critical role played by ab initio calculation of structural and

spectroscopic properties of transition-metal compounds using density functional theory (DFT) is

illustrated both by the calculation of nuclear resonance vibrational spectroscopy (NRVS) spectra and the

structures and spectra of intermediates through the catalytic reactions of hydrogenase model

compounds.

Crown Copyright & 2009 Published by Elsevier Ltd. All rights reserved.
1. Introduction

Metalloenzymes encapsulate the chemical machinery needed
to crack the hardest problems in biology and industry; this is
perhaps no better illustrated by the activation of simple, strongly
bound molecules such as N2 (Burgess and Lowe, 1996; Holland,
2004; Howard and Rees, 2006) and H2 (Morris, 2006; Tolman,
2006; Vignais and Billoud, 2007). The evolutionary solution to
problems of this sort has been to construct highly sophisticated
polypeptide scaffolds to constrain the co-ordination environment
of the transition-metal cofactors so as to tune the catalytic
reactions (Bertini et al., 1994; Duhme-Klair, 2008; Hinnemann and
Norskov, 2006; Spiro, 2007). Identification of the structure, the
molecular details of the reaction path and even the composition of
the cofactors represent significant challenges that both drive and
benefit from advances in fundamental science. While this
contribution concentrates on some recent examples involving
the application of synchrotron X-radiation, it is important to
emphasize that it is the combination of a range of experimental
and computational methods that underpin the recent advances in
understanding of the structure and operation of metalloenzymes.
Focus on the nitrogenase and hydrogenase enzymes is driven in
equal measure by the drive to establish a coherent, evidence-
based, understanding of the molecular details of the construction
009 Published by Elsevier Ltd. All
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and operation of the catalyst and the economic and environ-
mental importance of the discovery of more efficient abiological
catalysts for the reactions catalysed so efficiently by the enzymes.
2. Recent applications of X-ray spectroscopy to nitrogenase

Less than half global nitrogen fixation, the conversion of inert
dinitrogen into a form available to biology and industry, proceeds
by the high-temperature/high-pressure Haber–Bosch process at a
cost of ca. 1% of global human energy production (Rubio and
Ludden, 2008; Smith, 2002). Nitrogenase enzymes contribute the
remainder in a process that proceeds at room temperature and
pressure. Knowledge of the remarkable iron–molybdenum cofac-
tor (FeMo-co), the catalytic centre of nitrogenase, mostly derives
from the crystal structures published by Rees and coworkers
shown in Fig. 1 (Einsle et al., 2002; Kim and Rees, 1992a,b; Kim
et al., 1993). It is noteworthy that the initial crystal structures
failed to identify the presence of the central light atom (owing to
issues to do with Fourier truncation), where this matter was only
resolved with the availability of the 1.16 Å resolution structure
(Einsle et al., 2002). Additional insights into the structure of
FeMo-co and its chemistry under turnover conditions have been
obtained from application of spectroscopic techniques including
EPR, Mössbauer, IR and extended X-ray absorption fine structure
(EXAFS) (Chen et al., 1993; Christiansen et al., 1995; Christie et al.,
1996; Corbett et al., 2005; Di Cicco, 2003; Flank et al., 1986;
Garner et al., 1989; George et al., 2008; Harvey et al., 1990, 1998;
rights reserved.
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Fig. 1. Structure of FeMo-co, the catalytic site of the nitrogenase enzyme, as

determined from the 1.16 Å structure, 1M1N (Einsle et al., 2002). The central atom

is shown as N, but may be C or O. The 7FeMo9S cluster is bound to a homocitrate

cofactor and is tethered to the protein by coordinate links to cysteinyl (Fe) and

histidine (Mo) residues.

Fig. 2. Proposed biosynthetic sequence for formation of FeMo-co and its insertion

into apo-MoFe protein (George et al., 2008; Rubio and Ludden, 2008).
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Liu et al., 1994; Peters et al., 1998; Schunemann and Winkler,
2000; Strange et al., 2003).

An elegant example of the application of X-ray spectroscopy to
complex molecular systems is provided by the recent investiga-
tion of the biosynthesis of FeMo-co (George et al., 2008). A series
of nif genes have been identified as providing the proteins needed
for synthesis of FeMo-co and its insertion into apo-MoFe protein
and the proposed sequence of biosynthetic steps is summarised in
Fig. 2 (Allen et al., 1994; Hu et al., 2005; Rubio and Ludden, 2008).
The extent of formation of the MoFeS core and, more particularly,
the incorporation of the central pinning light atom require
analysis of the proteins formed at the different stages of the
process. Whereas the presence, or absence, of the molybdenum
atom in the clusters contained within the nif proteins is easily
established with reference to the absorption at the molybdenum
edge (Christiansen et al., 1995), determination of the number of
iron atoms comprising the cluster and the presence of the central
light atom present significantly greater challenges. Fe K-edge
EXAFS of the nifX:nifB-co and nafY:FeMo-co precursors to the
mature MoFe protein were analysed in terms of 6Fe, 7Fe and 8Fe
models where in each case a nitrogen atom was included in the
centre of a trigonal pyramidal arrangement of iron atoms (George
et al., 2008). While small differences are obtained for the quality
of the fits and values of certain Debye–Waller factors, each of the
models give satisfactory values of the short Fe–S, short Fe–Fe and
long Fe–Fe distances. Whereas correlation between the Fe–N and
Fe–S distances was reported, search profiles obtained from fitting
the EXAFS of nifX:nifB-co using a 6Fe model with different fixed
Fe–N distances and N atom population were shown to provide
shallow minima with a population of 1.0 and a distance of 2.0 Å.

While more careful analysis of the EXAFS data will provide
more reliable extraction of structural parameters (Chantler, 2008),
the extent of the analysis is limited by the relatively poor
information content of the EXAFS data. An important aspect of
EXAFS studies of complex multinuclear targets is the integration
of results from other techniques. In case of the study of FeMo-co
precursors Cramer, Rubio and coworkers employed nuclear
resonance vibrational spectroscopy (NRVS) using 57Fe enriched
samples (George et al., 2008). This technique involves measure-
ment of the X-ray absorption spectrum with very highly
monochromated X-rays (band width of 1.1 meV) at energies
extending to ca. 60 meV from the S ¼ 1

2 to 3
2 nuclear transition of

57Fe (14.4125 keV) (Sturhahn, 2004). Separation of the much more
intense electronic scattering, which has a natural lifetime of ca.
140 ns, from the required, but long-lifetime, nuclear scattering is
achieved by using a pulsed source of X-rays and time gating the
detector. The resulting spectrum gives a partial vibrational density of
states weighted by the motion of the absorbing atom in the direction
of the incident photon (Sturhahn, 2004). The extraction of useful
information from experiments of this sort is strongly connected to
the ability to assign the spectra features to particular normal modes.
Recent advances in density functional theory (DFT) have allowed the
calculation of the equilibrium geometries of complex metal-based
systems together with the infrared (and Raman) spectra with a
remarkably high level of agreement with experimental observations
(Borg et al., 2007; Tye et al., 2006). Since the displacement
coordinates for each of the atoms involved in the normal modes
are calculated, the NRVS can be straightforwardly obtained (Petrenko
et al., 2007). A combination of EXAFS, DFT and NRVS provides a
powerful means of obtaining reliable structural information from
the system. The inter-nuclear contacts obtained from EXAFS analysis
may be used to assess the reliability of the DFT calculations which, in
turn, may be used to calculate the NRVS. For the case in question, the
reliability of the conclusion that the 6Fe model applies in the case of
the nifX:nifB-co complex is greatly enhanced by the consistency of
the conclusions derived from EXAFS and NRVS analysis and DFT
calculations. Moreover, the presence of the central light (nitrogen)
atom is strongly supported by bands at 185–200 cm�1 in the NRVS
spectrum which are interpreted as being a set of cluster ‘‘breathing’’
modes which are also observed in FeMo-co (George et al., 2007,
2008).
3. Recent applications of X-ray spectroscopy to hydrogenase

Whereas the turnover frequencies of nitrogenase enzymes are
low, hydrogenase enzymes facilitate dihydrogen activation at fast
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Fig. 3. Structure of [FeFe]-hydrogenase of Clostridium pasteurianum from 3C8Y

(Pandey et al., 2008). The iron–sulfur clusters are shown as spacefilling

representations and the protein backbone is shown in ribbon form. The active

site is the lowermost iron–sulfur cluster.
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rates and with high efficiency (Vignais and Billoud, 2007). In this
context, efficiency relates to the difference in potential between
that for the reaction under catalysis and the potential for which
the reaction occurs at a useful, mass transport limiting, rate.
Elucidation of the molecular details of enzymatic dihydrogen
activation is driven both by curiosity and practical reasons, where
the latter reflect the need to discover catalysts for various types of
hydrogen fuel cells. An important case in point concerns the
anode of fuel cells suitable for transport applications. Whereas the
proton exchange membrane fuel cells are sufficiently compact and
have low operating temperatures, the platinum required as a
catalyst for dihydrogen activation is simply not available in
sufficient quantity to allow such cells to power a significant
fraction of the annual vehicle production.

Three distinct forms of hydrogenase have been identified,
where two of these facilitate reversible oxidation of dihydrogen or
reduction of protons and the third that catalyses dihydrogen
addition to a specific substrate, methynenyl–H4MPT+. This latter
hydrogenase was known variously as MPT-, iron cluster free- or,
simply, [Fe]-hydrogenase as the structure of the protein and its
catalytic centre became more clearly defined. The first X-ray
structure of the protein, including the metal cofactor, was
published in 2008 (Shima et al., 2008) and this together with
EXAFS and NRVS (Guo et al., 2008) studies reveals an unusual iron
centre with bound carbon monoxide. Owing to the limited
resolution able to be obtained for the protein X-ray structural
analysis (1.75 Å), EXAFS analysis plays vital roles in assessment
and development of the structural models and has a front-line
role in the delineation of the chemistry of the system with
inhibitors and substrate (Penner-Hahn, 2005; Zhang et al., 1999).

The two main classes of hydrogenase are of more relevance to
applications involving consumption or generation of dihydrogen
and these are classified in terms of the metals that comprise the
catalytic centre and are known as the [NiFe]- and [FeFe]-
hydrogenases (Adams, 1990; Cammack et al., 2001; Evans and
Pickett, 2003). The crystal structures of both forms have been
known for about 10 years (Fontecilla-Camps et al., 2007; Nicolet
et al., 1999; Peters et al., 1998; Volbeda et al., 1995), and while the
general features of the catalytic sites are known, the mechanistic
details of the reaction and some aspects of the structure remain to
be resolved (Pandey et al., 2008). It has been noted that whilst the
three forms of hydrogenase are distinct in an evolutionary sense
all three include iron centres with remarkably similar local
geometries, including the incorporation of cyanide and/or carbon
monoxide (Shima et al., 2008). Whilst common in co-ordination
chemistry these ligands are highly unusual in biology.

An important aspect of the chemistry of the enzyme, relevant
to its application in biotechnology, is its high sensitivity to
dioxygen, in most cases resulting in permanent or temporary loss
of activity. Reactivation of [NiFe]-hydrogenases occurs slowly on
exposure to dihydrogen (De Lacey et al., 2007). In the enzyme, the
polypeptide matrix helps protect the highly sensitive catalytic
centre, this being located near the centre of the ca. 64 kDa
proteins. For both [NiFe]- and [FeFe]-hydrogenases electron
transport to and from the active site is mediated via a series of
regularly spaced iron sulfur clusters and this is illustrated by the
structure of the [FeFe]-hydrogenase (Fig. 3). Discovery of
dioxygen-tolerant forms of the [NiFe]-hydrogenase has been
exploited with the construction of a membrane-free
hydrogen–oxygen fuel cell which utilizes carbon electrodes
modified by adsorption of [NiFe]-hydrogenase at the anode and
the dioxygen activating enzyme laccase adsorbed on the cathode
(Vincent et al., 2007). The cell is able to operate with both
electrodes exposed to air doped with 3% dihydrogen. While such
devices may ultimately be useful for low-current applications,
based on the normal current densities achieved in those
experiments approximately half a tonne of enzyme would be
required to power a moderate-sized car. The challenge that
remains is the translocation of the enzyme chemistry to a form
more amenable to large current applications. Clearly, one
approach to the problem is to build the catalyst starting from
the metal cofactor at the active site, i.e., to focus on the chemistry
of metal complexes with structures, compositions and reactivity
related to the active centres of the [NiFe]- and [FeFe]-
hydrogenases.

While the compositon and structure of the active site provides
a starting point for construction of biomimetic complexes,
functional models must replicate the reaction chemistry. In this
regard, knowledge of the reaction path is of critical importance.
DFT methods have been used to consider the viability of the
different reaction paths for dihydrogen activation by the diiron
subsite of the [FeFe] hydrogenase H-cluster, Fig. 4 (Siegbahn et al.,
2007). Two alternative pathways for the reaction may be
considered; the first involves dihydrogen binding to the labile
binding site occupied by the water molecule in Fig. 4 or,
alternatively, dihydrogen binding at the site initially occupied by
the bridging CO group. The two proposed pathways have been
examined in a series of calculations comparing the energy
difference between for dihydrogen activation/proton reduction
(Zampella et al., 2006). In these studies, the 4Fe4S cube is replaced
by a methyl group and the influence of the local environment is
treated using a continuum solvation model with the calculations
repeated with values of dielectric constant ranging between 0 and
40. Only the results obtained with e ¼ 40 are reported herein.
These calculations of the reaction path place an N atom in the
centre of the dithiolate bridge. Proton transfer between the
protein environment and {FeFe}H was modelled by inclusion of a
butylamine molecule which takes the place of a lysine residue in
the enzyme.

The proposed reaction path for dihydrogen activation and
proton reduction involving only terminally bound hydride is
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Fig. 4. The oxidized form of the [FeFe]-hydrogenase catalytic centre or H-cluster

(drawn using coordinates from 3C8Y) (Pandey et al., 2008). The central atom of the

bridging dithiolate of the diiron subsite, {FeFe}H, is either C or N or O.
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summarised in Scheme 1a. Dihydrogen cleavage and transfer of a
proton to the N atom of the azadithiolate bridge (4-3 in Scheme
1a) is calculated to be thermodynamically favourable
(DG ¼ �7.7 kcal/mol) and to have a low activation energy of
0.1 kcal/mol (Zampella et al., 2006); these calculations are
consistent with previous reports (Fan and Hall, 2001; Liu and
Hu, 2002a,b). The alternate reaction path involves dihydrogen
binding opposite the bridging dithiolate and this is summarised in
Scheme 1b. Breaking the H–H bond (14-12-11 in Scheme 1b) is
also thermodynamically favourable (DG ¼ �20.5 kcal/mol) and
has a calculated energy barrier less than 0.5 kcal/mol.

The reaction path for dihydrogen activation by [FeFe] hydro-
genase serves to highlight both the strengths and limitations of
the ab initio calculations. Improvements in the quality of the
calculations and the ability to treat reliably transition-metal
clusters, together with methods that allow for more realistic
treatment of the protein H–cluster interface, by combining ab

initio and molecular mechanics approaches (Greco et al., 2007a),
mean that the viability of different reaction paths may be
reasonably assessed on the basis of the calculated energetics.
While this approach allows the exclusion of unfeasible reaction
paths, it is more difficult to make a clear distinction between
viable paths. Whereas the reaction path for dihydrogen activation
by [FeFe] hydrogenase involving terminally bound hydrides
(Scheme 1a) gives a lower activation energy than that obtained
for a path involving bridging hydrides (Scheme 1b), the latter path
is still viable. Moreover, a key underlying assumption of the
calculations is that {FeFe}H includes a bridging azadithiolate.
Should this not be correct, as has recently been suggested (Pandey
et al., 2008), then the balance would tip strongly in favour of the
bridging hydride. It is critically important that the experimentally
based understanding of the enzyme and, as discussed in the
following section, analogous chemical models be clearly defined.
X-ray techniques are at the forefront of the approaches that will
yield this information.
3.1. [FeFe] hydrogenase model chemistry

Since publication of the X-ray crystal structure of [FeFe]
hydrogenase rapid advances have been achieved in terms of the
design and synthesis of compounds that feature key elements of
the diiron subsite of the catalytic centre, {FeFe}H (Fig. 4). In most
cases, the compounds have been characterized by X-ray crystal-
lography and recent reviews provide a good overview of the field
(Liu et al., 2005). The doubly bridged diiron compounds are most
simply represented by Fe2(m-S(CH2)3S)(CO)6, 3S, where region-
specific cyanation (Cloirec et al., 1999; Lyon et al., 1999; Schmidt
et al., 1999) and replacement of the central atom of the dithiolate
bridge by either NR (Li and Rauchfuss, 2002) or O (Song et al.,
2004) gives a closer representation of {FeFe}H. The 2Fe3S core
geometry has been provided by elaboration of the bridging
dithiolate (Lawrence et al., 2001; Razavet et al., 2001), where
the full 6Fe core of the H-cluster has been achieved by linking a
4Fe4S cluster to the diiron fragment by a thiolate bridge (Tard
et al., 2005). More recent work has focused on the identification of
compounds that include a bridging CO group. X-ray structures
have been reported for the oxidized (FeIIFeI) analogues of {FeFe}H

(Justice et al., 2007a; Liu and Darensbourg, 2007) and spectro-
scopic and computational evidence is available for CO-bridged
analogues of the reduced FeIFeI form (Cheah et al., 2007b).
3.2. Electrocatalytic proton reduction by H-cluster model

compounds

In addition to the structural relationship between the diiron
compounds, described above, and {FeFe}H a number of these
compounds have been shown to catalyse proton reduction, albeit
at potentials more negative than that of the enzyme (Capon et al.,
2005). The most detailed studies of the electrocatalytic reaction
have been completed for 3S under conditions, where the initial
reduction product is protonated by the acid (Borg et al., 2004).
Simulation of the electrochemical response allows identification
of the sequence of protonation and redox reactions (Scheme 2). An
important characteristic of the electrocatalytic reaction of both
the enzyme and 3S is poisoning of the catalyst by CO. Inhibition of
catalytic activity by CO is potentially a serious practical problem
for hydrogen fuel cell catalysts particularly since dihydrogen
obtained from hydrocarbons by the water shift reaction will be
contaminated with CO.

Understanding of the impact of additional CO on the catalytic
proton reduction by 3S has depended on identification of the
structure of the reaction products. In this case, crystals of the
reduced products suitable for structural analysis were unavailable
and structural elucidation required the integration of spectro-
scopic (IR, UV–vis), EXAFS and computational results (Bondin
et al., 2006a,b; Borg et al., 2007). The structure of the side
product and the reaction path leading to its formation is shown in
Scheme 3, where subsequent investigations lead to crystallo-
graphic characterization of the dimeric product (Aguirre de Carcer
et al., 2006).

Optimization of the catalyst involves both enhancement of the
reaction of interest and inhibition of side reactions. Whereas the
analogue of 3S with a two-carbon linker between the bridging S
atoms, 2S, exhibits similar electrochemistry and electrocatalysis
as 3S, catalytic activity is not diminished by exposure to CO. For 2S
one-electron reduction also leads to dimer formation although the
structure is different from 3SC

2� (Scheme 3) and is less susceptible
to fragmentation in the presence of CO. Accordingly, the electro-
catalytic response of 2S is not subject to poisoning in the presence
of CO. The structures of the dimer formed by 2S1� and the reaction
products formed have been elucidated by a combination of IR
spectroscopy, EXAFS and DFT (Borg et al., 2004).

While there has been some success in identifying the side
products formed during reduction of {FeFe}H model compounds in
the presence and absence of acid, identification of the reduced
protonated species involved in the catalytic cycle has proved to be
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Scheme 1. Summary of the DFT-calculated reaction paths for dihydrogen activation (inner arrows, red) and proton reduction (outer arrows, blue) involving (a) terminally

bound hydrides and (b) bridging hydrides. The values of DG and DGz corresponds to calculations with e ¼ 40 and the numbering scheme for the different structures follows

that used in the original publication (Zampella et al., 2006). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of

this article).
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Scheme 2. Reaction path for electrocatalytic proton reduction by 3S in presence of p-toluenesulfonic acid (Borg et al., 2004).

Scheme 3. Proposed reduction chemistry of 3S based on spectroscopic and EXAFS

observations.

S.P. Best, M.H. Cheah / Radiation Physics and Chemistry 79 (2010) 185–194190
more problematic. In this case, DFT methods have used to explore
the possible structures of the protonated reduced species and
provide estimates of the reduction potentials and reaction rates
(Greco et al., 2007b). The conclusions of that study are
summarised in Scheme 4. In addition to providing support for
the reaction sequence deduced from the electrochemical
simulations (Scheme 2) the calculations indicate that
dihydrogen formation from these highly reduced compounds
proceeds via bridging hydrides, analogous to Scheme 1b for the
enzyme, with the pathway involving terminally bound hydrides
computed to be far less favourable (Greco et al., 2007b). Support
for the proposition that electrocatalytic proton reduction proceeds
through bridged hydrides is provided by studies of the
phosphorus-bridged analogue of 3S, Fe2(m-PhP(CH2)3PPh)(CO)6,
3P. In this case, reduction proceeds in two closely spaced one-
electron steps where EXAFS, DFT and IR characterization of 3P,
3P� and 3P2� has been reported (Cheah et al., 2007a). In common
with 3S, 3P supports electrocatalytic proton reduction at the two-
electron level, albeit at a lower rate. Calculations of the doubly
reduced, doubly protonated analogue of 3P suggest a structure
analogous to that of H23S (Scheme 4) although in that case the
2Fe2P core geometry results in a calculated H–H distance of
2.067 Å. For H23S, the corresponding calculated H–H distance of
1.760 Å is closer to the transition state and provides an
explanation for the difference in rates of electrocatalytic proton
reduction by 3S and 3P. While the preceding arguments are based
on calculations of the geometry of the doubly protonated species,
a more compelling link between the reactivity of dihydrides of
structure analogous to H23S, and the H–H distance is provided by
the chemistry of Fe2(m-PPh2)2(CO)6; DP. Reduction of DP proceeds
to give a dianion with a planar 2Fe2P core with a long Fe–Fe
distance of 3.360 Å (Ginsburg et al., 1979). Protonation of DP2� has
been shown to give a moderately stable product with an IR
spectrum matching that expected for protonation at both of the
weakly interacting Fe atoms (Cheah et al., 2004). The long Fe–Fe
separation precludes formation of bridging hydrides. A structure
analogous to H23S (Scheme 4) but with a planar 2Fe2P core is
calculated for H2DP, where this structure is supported by the close
agreement between the observed and calculated IR spectra (Cheah
et al., 2007a). Further, details of the DFT calculated structure such
as the Fe–Fe and Fe–CO distances, including differences for the CO
groups adjacent and opposite the hydride, are reproduced in our
preliminary EXAFS analysis of this product (Cheah, 2008).
3.3. Influence of protonation on the 2Fe2S core geometry

Given that the catalytic reaction of interest involves proton
reduction/dihydrogen oxidation it is clearly important to focus on
{FeFe}H model compounds bound to either the reactant or product
of the reaction. While there are no well-defined dithiolate-bridged
diiron compounds that include dihydrogen (Kubas, 2007), there is
a reasonably broad literature now available for the protonated
species. Protonation of electron-rich analogues of 3S proceeds
readily where the spectroscopy and X-ray structural evidence
point clearly to the formation of bridged hydrides with structures
analogous to H3S (Scheme 4) (Zhao et al., 2002). The preference
for bridging hydrides is well reflected by DFT calculations which
typically show a 10 kcal/mol energy difference between isomers
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Scheme 4. DFT calculated reaction path for electrocatalytic proton reduction by 3S (Greco et al., 2007b).
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having a bridging hydride and the form including a bridging CO
group and a terminally bound hydride (Cao and Hall, 2001;
Siegbahn et al., 2007; Zampella et al., 2006). It is surprising that
there is increasing evidence that the thermodynamic product
having a bridging hydride is formed from a kinetic product that
involves a terminally bound hydride (Adam et al., 2008; Barton
and Rauchfuss, 2008; Ezzaher et al., 2008, 2007).

Evidence for a markedly different reactivity for the terminally
bound and bridging hydrides is obtained from studies of the
products of hydride reaction with the FeIIFeII compound [Fe2(m-
S(CH2)2S)(PMe3)4(CO)2]2+ (van der Vlugt et al., 2005). In this case,
the kinetic product was fully characterized and shown to have
terminally bound hydride and bridging CO groups and, impor-
tantly, reacts readily with protons to eliminate dihydrogen. The
thermodynamic product has a bridging hydride and this com-
pound is unreactive with protons (van der Vlugt et al., 2005).
While reliant only on spectroscopic and DFT evidence similar
conclusions are drawn for a tetra-iron compound that, on
reduction and protonation, gives diiron fragments with a bridging
CO group and a terminally bound hydride. This species undergoes
electrocatalysis at rates ca. 1000 times faster than 3S (Cheah et al.,
2007b).

In many cases, the products of the protonation reactions are
unstable and in these instances EXAFS presents the best
opportunity to obtain direct structural information that may be
used to exaluate the DFT calculations. A recent study of the
protonated forms of Fe2(m-(SCH2)2N(CH2Ph))(PMe3)2(CO)4, PSNR,
highlights the subtlety of the system (Löscher et al., 2007). In this
case, protonation can occur at the Fe–Fe bond, the bridging N
atom or at both sites Scheme 5). EXAFS collected from the neutral
compound and from each of the three protonated species allow
extraction of structural information including the Fe–Fe
separation. Protonation of PSNR with one equivalent of strong
acid results in protonation of the N atom of the bridging dithiolate
(Scheme 5) and this results in a surprisingly large increase in the
Fe–Fe contact. DFT calculations of the system suggest that
associated with protonation is a rotation of the co-ordination
sphere of one of the iron atoms to move the apical PMe3 group to a
basal position. In addition to the changes in electronic and
molecular structure associated with the rearrangement of the
phosphine, there is an additional ‘‘hydrogen-bonding’’ interaction
between the NH and apical CO group. It is the change in
conformation of the PMe3 groups that appears to be associated
with a significant lengthening of the FeFe distance (Löscher et al.,
2007).

Whereas the EXAFS provides information in the structural
changes attendant on protonation of PSNR, the X-ray absorption
near-edge spectra (XANES) provides insights into the electronic
structure of the absorbing atom where this, of course, is highly
sensitive to the co-ordination geometry. Significant differences in
the XANES are obtained for PSNR and each of the protonated
species (Löscher et al., 2007).
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Scheme 5. Summary of the protonation reactions of PSNR as deduced from EXAFS

and DFT calculations (Löscher et al., 2007).
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These investigations highlight the complementarity of DFT
calculations and X-ray spectroscopy (EXAFS and XANES) and the
means by which they can provide reliable estimates of the
molecular and electronic structure and a framework for under-
standing those results.
3.4. Asymmetry of the iron co-ordination environment of 2Fe2S

The co-ordination environment of the Fe atoms of {FeFe}H is
clearly different (Fig. 4) from that of the 2Fe2S model compounds
and there is a strong suggestion that this makes an important
contribution to the chemistry of the system. In the reduced, FeIFeI,
form of {FeFe}H the bridging CO group moves to a position closer
to the Fe atom linked to the 4Fe4S cube (Fig. 4). DFT calculations
suggest a significant Fe0FeII character for this geometry (Fiedler
and Brunold, 2005), a factor that may favour formation of a
terminally bound hydride.

Clearly, asymmetry can be built into the {FeFe}H model
compounds by differences in the substitution pattern of the
groups bound to the diiron core as, for example, in the cases
where there is a 2Fe3S core composition as mentioned in Section
3.1. It is important to note, however, that the normal substitution
reactions of electron-rich substituents proceed to replacement of
two CO groups, one on each Fe centre, to give a symmetrically
substituted product. By the use of bidentate ligands such as
PPh2(CH2)2PPh2 it is possible to isolate useful yields of the diiron
compounds with two CO groups on a single Fe centre replaced by
the bidentate ligand (Adam et al., 2008; Ezzaher et al., 2007, 2008;
Gao et al., 2007; Justice et al., 2007b). In these cases protonation
leads, initially, to formation of a terminal hydride that undergoes
slow rearrangement to the more stable bridging hydride form
(Adam et al., 2008; Ezzaher et al., 2007). While these compounds
have not been shown to react further with acid to eliminate
dihydrogen they provide a strong link to the reaction path
proposed for {FeFe}H, where protonation gives a terminally bound
hydride (Scheme 1a). In the case of the H-cluster electron transfer
from the 4Fe4S cluster enhances the hydridic character of the
complex and allows dihydrogen elimination on protonation.
Spectroscopic and DFT studies of the reduction chemistry of
Fe4((m-SCH2)3CCH3)2(CO)8, 4Fe6S, suggests that two-electron
reduction leads to rearrangement to give diiron fragments with
a bridging CO group (Cheah et al., 2007b). The formal oxidation
states of the Fe atoms of 4Fe6S2� are FeIIFe0, analogous to the
reduced form of {FeFe}H. The high rate of electrocatalytic proton
reduction found for 4Fe6S indicates that the hydride formed in
that instance is reactive, presumably because of the availability of
an additional electron from the second diiron fragment. Should
these conclusions prove to be correct 4Fe6S would represent a
functioning system with a reaction path analogous to Scheme 1a.

At this time, the X-ray spectroscopy of the asymmetrically
substituted diiron compounds, including 4Fe6S, is poorly ex-
plored. It will be important to develop our understanding of the
electronic and molecular structure about the individual Fe atoms.
Application and development of techniques such as site selective
EXAFS (Glatzel et al., 2002) and crystallographic studies using
multiple wavelengths near the Fe edge (Einsle et al., 2007) may
provide the critical insights needed to deepen the understanding
of these comparatively simple systems.
4. Concluding remarks

Just as transition metals appear to be perfectly suited to act as
the catalytic centres of enzymes, synchrotron X-radiation is
perfectly suited to the study of transition metals. The delineation
of the protein and cofactor structure (X-ray diffraction), the local
co-ordination geometry about the metal (EXAFS) through to the
electronic (XANES) and vibrational (NVRS) structure are all
addressed using X-rays. Both in terms of the analysis of the
results and from the perspective of providing an intellectual
framework for understanding the physics and chemistry of the
system it is critical to integrate X-ray studies with other
techniques. For transition-metal systems, the impact of DFT
techniques cannot be overstated. For the {FeFe}H model com-
pounds, IR spectroscopy plays an important role because the
intense n(CO) bands are sensitive to the electron richness of the
metals to which they are bound and the pattern of bands is
sensitive to the details of the structure of the compound.
Accordingly, the marriage of EXAFS, DFT and IR spectroscopy
allows reliable structure identification of the reactive compounds
formed following reduction and/or protonation. Knowledge of
these compounds is essential for an understanding of the reaction
path for the catalytic and electrocatalytic reactions and with that
the tools needed to engage in rational development of the
catalysts needed to drive forward key areas of industry and
technology.
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