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bstract

The review reports progress in the chemistry of synthetic systems related to the active site of iron-only hydrogenase.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Key questions which model studies of the active site of
ron-only hydrogenase are beginning to address are: why are
wo metal centres necessary for the biocatalyses; why are
he biologically unusual ligands CO and CN necessary struc-
ural and/or functional elements at the active sites; what is
he mechanistic role of bridging/terminal CO interconver-
ion during turn-over of Fe-only hydrogenase; what are the
ikely metal atom redox states involved in biocatalysis; and
hat are the minimum structural requirements necessary for
ynthetic analogues to display hydrogenase chemistry? Be-
ond providing chemical precedence for putative structures,
ntermediates and mechanisms in the biocatalyses, synthetic

∗ Corresponding author.
E-mail address:chris.pickett@bbsrc.ac.uk (C.J. Pickett).

analogues of the active sites provide a means of validatin
terpretations of the spectroscopy of the enzyme system
to ‘ground’ in silicoDFT estimates of structural and spec
scopic properties of the active sites[1–3].

Earlier reviews[4–6] have discussed in depth some
these aspects of chemistry relating to Fe-only hydroge
We take these as a starting point but necessarily cover so
the same ground to place the subject in context and to pr
a comprehensive background to the breaking research
last 2 years in this rapidly moving area.

2. The structure of the catalytic site of Fe-only
hydrogenase

X-ray crystallographic structures of Fe-only hydrogena
fromDesulfovibrio desulfuricansandClostridium pasteuri

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.ccr.2005.04.009
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Fig. 1. Composite structure of the H-cluster constructed from the crystal
structures of Fe-only hydrogenase isolated fromD. desulfuricans(Code
1HFE) [7] andC. pasteurianum(Code 1FEH)[8] and FTIR data fromD.
vulgaris. The apical group on the subsite ligand may possibly be an NH or
O but this remains crystallographically and analytically unresolved.

anum, together with spectroscopic data on Fe-only hydroge-
nase fromDesulfovibrio vulgaris, show that the H-cluster,
the active site at which protons are reduced to dihydrogen (or
dihydrogen oxidised to protons) can be viewed as a conven-
tional{4Fe4S}-cluster linked by a protein backbone bridging
cysteinyl sulfur ligand to a{2Fe3S}-subsite (Fig. 1) [7–9].

At the subsite a terminal carbon monoxide, a bridging
carbon monoxide and a cyanide ligand are bound at each
iron atom which also share two bridging sulfur ligands of a
1,3-propanedithiolate or possibly related di(thiomethyl)oxo
or di(thiomethyl)amine units. The first structural analyses of
iron-only hydrogenases marginally favoured the latter ligand
and led to the speculation that the amine group could function
in proton delivery to the active site (Scheme 1) [3].

However, a recent higher resolution structure of Fe-only
hydrogenase fromC. pasteurianumhas not allowed discrimi-
nation between NH, CH2 or O at the ‘2-position’ of the bridg-
ing dithiolate, although the earlier arguments favouring NH
on the basis of hydrogen bonding interactions remain cogent.

The Fe-atom distal to the{4Fe4S}-cluster has a co-
ordinated water molecule (or vacancy) in the resting
paramagnetic oxidised state of the enzyme,{Hox}. This
site is occupied by carbon monoxide in the CO inhibited
form of the enzyme{Hox(CO)} and this is where hy-
dride/dihydrogen are likely to be bound during turnover
[3,10]. For neither the iron-only or the nickel only hydro-
genases is their direct spectroscopic evidence for metal
hydrides, although photolysis and H/D isotope studies on
the Ni–C state of the latter provide strong indirect evidence
[11,12].

It has been perhaps tacitly assumed that the iron–sulfur
cluster linked by the bridging cysteinyl unit to the diiron
subsite ‘merely’ functions as a benign electron-transfer
unit. In detail this may be a simplification. Unless the two
components are essentially ‘insulated’, changing the redox
state on the cluster would be expected to induce changes in
the electron density at the subsite and this would impinge
on reactivity. Some recent work has suggested that the�-S
linked cluster is non-innocent in its interaction with the
juxtaposed diiron unit, as is discussed below.

3. Synthetic models of the diiron subsite

The crystallographic characterisations of iron-only hy-
d ubsite
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Scheme 1. Proposed role of putati
rogenase revealed the close resemblance of the s
f the H-cluster to known [Fe2(�-SR)2(CO)6] (R = organic
roup) complexes. This type of{2Fe2S}-assembly, first re
orted[13] three quarters of a century ago and develo

urther half a century later[14] paved the way for th
ynthesis of subsite models. Three groups independ
eported the dianion [Fe2(SCH2CH2CH2S)(CO)4(CN)2]2−

(Fig. 2, and Scheme 2) [15–17] soon after publicatio
f the enzyme crystallographic data. Impressive work
auchfuss and co-workers[18] showed that the relate

Fe2(SCH2NRCH2S)(CO)4(CN)2]2− (R = H, Me) dianions2
re also accessible by a different route as also shown inFig. 2
ndScheme 2. Subsequently, Song and co-workers sho

he oxo analogue [Fe2(SCH2OCH2S)(CO)4(CN)2]2− 3 can
e made in a similar way[19] (Scheme 2). The ‘butterfly’
rrangement of the dithiolate ligands in both1, 2 and3 are
losely similar to that in the enzymic subsite (Fig. 1) and the
Fe(CO)2(CN)} motifs in the complexes reasonably mo

ging NH in enzymic hydrogen evolution.
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Fig. 2. Analogues of the subsite of the H-cluster possessing a 2Fe2S-
framework and CO/CN ligation. The analogues have structural features of
CO inhibited form of the enzyme. Notice the different positional geometry
of CN and CO ligands in complex (a) compared with (b). Reprinted with
permission of the Royal Society of Chemistry (ref.[5]).

the distal iron of the subsite in the CO inhibited form of the
enzyme{Hox(CO)}.

Darensbourg and co-workers[20] have shown that the
monocyanide [Fe2(SCH2CH2CH2S)(CO)5(CN)]− can be in-
directly synthesised by nucleophilic attack of [(Me3Si)2NLi]
on [Fe2(SCH2CH2CH2S)(CO)6], that it reacts with CN− to
give1, and is also detected by FTIR as an intermediate in the
overall substitution pathway. The monocyanide is therefore a
plausible intermediate in stepwise substitution of the parent

hexacarbonyl which gives the di-cyanide3. However, it has
also been suggested that there is an alternative di-cyanation
pathway which proceeds via fast attack on an (undetected)
bridging CO monocyanide intermediate, a precursor to the
monocyanide[21]. The evidence for this is that the rate of
formation of 1 from the parent hexacarbonyl and CN− is
fasterthan it is directly from the monocyanide. The mecha-
nism of cyanation of{2Fe3S}-carbonyls has been studied in
detail both experimentally and alsoin silico as is discussed
below[22].

Complexes1, 2 and3 have essentially undifferentiated
ligation at the two – iron sites and can be viewed as pos-
sessing a{2Fe2S} – rather than the{2Fe3S}-unit as is ob-
served within the protein. Pickett and co-workers[23] have
described the synthesis of propanedithiolate ligands func-
tionalised with an appended thioether group and showed
that these allow the assembly of{2Fe3S}-carbonyls such
as [Fe2{MeSCH2C(Me)(CH2S)2}(CO)5] 4 (Scheme 3). X-
ray crystallography of4 revealed the close similarity of the
{2Fe3S}-unit in the synthetic model and that in enzyme
(Fig. 3) [23,24].

The pentacarbonyl4 (R = Me) is readily converted to a sta-
ble monocyanide derivative6 in which cyanation takes place
regioselectively at the Fe atom distal to the thioether ligand
(Fig. 3, Scheme 4). The reaction of6 with further cyanide
results in the formation of a moderately stable intermediate
[
s tom,
Scheme 2. Synthesis of{2Fe2
Fe2{MeSCH2C(Me)(CH2S)2}�(CO)(CO)3(CN)2]2− 7 po-
sessing a bridging CO, a cyanide ligand at each Fe a
S}-subsite analogues.
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Scheme 3. Synthesis of{2Fe3S}-complexes. The synthetic pathway offers considerable scope for varying the functionality R.

Fig. 3. (a) Proposed structure of the H-cluster of Fe-only hydrogenases; this is a composite model combining features reported by Nicolet (PDB code 1HFE)
[7] and Peters (code 1FEH)[8] and (b) complex4, (c) monocyanide derivative complex6. Reprinted with permission of the Royal Society of Chemistry (ref.
[5]).

Scheme 4. The cyanide substitution pathway of{2Fe3S}-subsite as deduced from stopped-flow FTIR kinetic analysis and labelling studies.
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Fig. 4. DFT structure of bridging carbonyl intermediate9which possesses
the{2Fe3S}-framework of the subsite of the H-cluster (CO inhibited form).

and differential ligation at the Fe atoms. These are key
structural elements of the CO inhibited subsite of the
H-cluster. The intermediate7 slowly rearranges to8, a
close {2Fe2S}-analogue of1 (Scheme 4). The detailed
mechanism of cyanation of the carbonyl4 has been studied
by stopped-flow FTIR and UV–vis spectroscopy[22]. This
has: shown ‘on-off’ thioether ligation plays a critical role
in the primary substitution step; unequivocally defined the
monocyanide5 as an intermediate; and shown the bridging
carbonyl species7 is on the pathway to8 (Scheme 4).
The intimate mechanism of this substitution pathway has
now been dissectedin silico by DFT studies[25]. This
has provided much insight into the structure of energet-
ically plausible transition states and provided calculated
infrared CO and CN frequencies which correlate very
well with detected intermediates and products, as shown
for Fe2{MeSCH2C(Me)(CH2S)2}�(CO)(CO)3(CN)2]2−
(Fig. 4) [26].

4. Biosynthesis of the subsite, chemical precedents
and pre-biotic speculation

How the subsite of iron-only hydrogenase is intracellu-
larly synthesised is far from established. The origin of the
c sibly
i . The
N has

one CO and two CN groups as ligands. In elegant studies by
Bock and co-workers[27] it has been shown that the synthe-
sis of the CN ligands requires the activity of two hydrogenase
maturation proteins: HypF and HypE. HypF is a carbamoyl-
transferase that transfers the carbamoyl moiety of carbamoy-
ladenylate to the COOH-terminal cysteine of HypE and thus
forms an enzyme-thiocarbamate. HypE dehydrates theS-
carbamoyl moiety in an adenosine triphosphate-dependent
process to yield the enzyme thiocyanate.

Chemical model reactions corroborate the feasibility of
this unprecedented biosynthetic route and show that thio-
cyanates can donate CN to iron. This finding underscores
a striking parallel between biochemistry and organometallic
chemistry in the formation of an iron–cyano complex. Earlier
studies[28] suggested that CO ligands at Fe also originate
from carbamoyl phosphate but so far there is no biochemical
evidence to support this.

All organisms with iron-only hydrogenase and sequenced
genomes contain homologues of HydE, HydF, and HydG and
in several these are found in putative operons with iron-only
hydrogenase structural genes. Both HydE and HydG belong
to the emerging radicalS-adenosylmethionine (commonly
designated the “Radical SAM”) super family of proteins and
it has recently been confirmed that HydEF and HydG function
in the assembly of iron-only hydrogenase as accessory genes
required for the maturation of the active enzyme[29].
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yanide ligands at Fe in NiFe-hydrogenases and pos
n the iron-only hydrogenases is carbamoyl phosphate
iFe-hydrogenases have an Ni–Fe site in which the iron

Scheme 5. ‘One-pot’ sy
Cody et al[30]have shown that, among other iron carbo
ated species, organometallic [Fe2(�-SR)2(CO)6] derivatives
an be generated from a simple chemical soup containin
ulfide, alkanethiol and formic acid (a source of CO) po
ly extant in prebiotic times and this provides the basi
peculation on a pre-biotic role for diiron carbonyl thiola
t is not yet known whether formate is the source of CO
he biological systems but dehydration of HCOOH, H-rad
bstraction from (or 2e oxidation of HCHO) could prov
O. Somewhat related to this is novel chemistry describe
i and Rauchfuss[31] which utilises a ‘one-pot’ formalde
yde and amine chemistry to assemble azapropane dith
omplexes — the carbon units of the bridge originate f
CHO (Scheme 5).

. Oxidation-states of the diiron subsite

The oxidation states the two Fe centres in the subs
he H-cluster have been the subject of some considerab
ussion[9,32,3]. In the EPR active{Hox}-state, the proxima

s of azathiolate complexes.
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iron-atom is almost certainly diamagnetic Fe(II) because only
weak magnetic coupling of the paramagnetic{4Fe4S} clus-
ter to the subsite is observed[32,34]. Thus the spin-density
in the subsite resides on the distal Fe-atom. The question
is whether this metal atom has a formal oxidation state of
Fe(III) or is in a biologically unprecedented Fe(I) state. A
Mössbauer study assigned the oxidation state of the distal
iron as (conventional) Fe(III) state but the authors added a
caveat that Fe(I) could not be excluded, particularly in the
light of chemical syntheses of Fe(I)–Fe(I) subsite analogues
[32,35]. However, FTIR13CO labelling studies of the enzyme
by DeLacey et al.[9] strongly support an Fe(I) oxidation state
for the distal iron centre in{Hox(CO)}because the uncoupled
ν(CO) stretch at this centre islower in energy than that for the
CO bound at the proximal Fe(II) site. Strong support for an
{Fe(I)distal–Fe(II)} arrangement comes from studies of syn-
thetic{2Fe3S}-systems[22,35] and from DFT calculations
[36] and this is now the generally accepted oxidation-state
arrangement of the subsite.

Although the intermediate7possesses structural elements
of the subsite of{Hox(CO)}, electronically it differs in be-
ing a diamagnetic Fe(I)–Fe(I) rather than a paramagnetic
Fe(I)–Fe(II) or Fe(III)–Fe(II) system. Generating paramag-
netic species by oxidation of precursors such as1, 2 or 8
has been problematic, no stable mixed valence species have
been isolated. Best, Pickett and co-workers[35] have shown
t copi-
c l and
s
e g CO
g se
t k
o
s e
d state
a tal Fe
c d co-
w
s ) unit
[

ao
a
c n
F

Fig. 5. A view of the structure of9. The two exo-Fe atoms are formally Fe(I)
and the two internal Fe atoms are formally Fe(II).

together the enzymic, model complex and DFT calculations
all point to an unexpected role for Fe(I)–Fe(I)/Fe(I)–Fe(II)
systems in biology. It is the�-acid ligands, CO and CN,
which undoubtedly allow access to these low oxidation/spin-
state levels.

Although stable higher oxidation state diiron units
with CO/CN co-ligands remain elusive, Rauchfuss and
co-workers[39] have shown that electron-rich Fe(II)–Fe(II)
polyisocyano-derivatives can be synthesised. For example,
[Fe2{SCH2CH2CH2S}(CNMe)7][PF6]2 in which one
isocyanide ligand bridges the metal atoms has been crys-
tallographic characterized. The 34e(−) dinuclear core has
some resemblance to the oxidized (H2-binding) form of the
active sites of the Fe-only hydrogenases, key features being
the face-sharing bioctahedral geometry, the (�-CX) ligand,
and an Fe–Fe separation of 2.61Å.

A stable tetra-nuclear system9 (Fig. 5) which possesses
two ‘fused’{2Fe3S}-subsite units has recently been reported
has the two ‘sets’ of iron atoms formally in the Fe(I)–Fe(II)
oxidation states. Notably this structure possesses only CO
co-ligands and has been shown to electrocatalyse proton re-
duction at moderate overpotentials (Scheme 7and Fig. 5)
[40].

f Fe(I)–
hat a transient Fe(I)–Fe(II) species can be spectros
ally characterised using FTIR spectroelectrochemica
topped-flow methods. Thus one-electron oxidation of8gen-
rates a short-lived paramagnetic species with a bridgin
roup. This species hasν(CO) bands at wavenumbers clo

o those of{Hox(CO)} (Scheme 6). This supports the wor
f DeLacey and co-workers who analysed13CO/12CO FTIR
pectra of iron-only hydrogenase[9] and concluded that th
istal Fe atom of the subsite was in the lowest oxidation
nd because the spin density is also located on the dis
entre, as deduced from magnetic studies by Munck an
orkers[32], then this is Fe(I), i.e.{Hox} and{Hox(CO)}
tates of the enzyme have a mixed valence Fe(I)–Fe(II
32,33].
In silico DFT calculations on model assemblies by C

nd Hall [37], and subsequently by Liu and Hu[38], also
onclude that{Hox} and{Hox(CO)}most likely consist of a
e(I)–Fe(II) pair (see Chapter by De Gioia et al.[26]). Taken

Scheme 6. Generation o
 Fe(II) mixed valence species.
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Scheme 7. Electrocatalysis of proton reduction by9.

6. Hydrides and H/D exchange reactions

Implicit in hydrogen uptake/evolution by the hydrogenase
is the formation of metal–hydride and dihydrogen bonds.
However, there is no direct spectroscopic data establishing
the presence of metal–hydride (M–H) bonds nor direct evi-
dence for dihydrogen intermediates in biological catalysis by
the hydrogenases, nor indeed other enzymic systems which
interconvert H+/H2, such as the nitrogenases[41]. This is per-
haps not too surprising since strong M–H bonds would be an
anthema to fast catalysis as would stable enzymic metal–(H2)
intermediates. The indirect biological evidence for hydride
and dihydrogen intermediates rests largely with the forma-
tion of HD during enzymic turnover under an atmosphere of
D2 and/or with the formation of HDO under this gas[34].
However, such observations do not unequivocally eliminate
H/D exchange chemistry taking place at S or even at CN sites
via formation of aminocarbenes[42], however unlikely this
may seem.

Protonation of the subsite analogue [Fe2(SCH2
CH2CH2S)(CO)4(CN)2]2− 1 gives some dihydrogen to-
gether with uncharacterisable metal products[16]. Seminal
work by Poilblanc and co-workers some 25 years ago showed
that certain diiron bis-thiolate and bis-phosphido carbonyl
species protonate on the metal–metal bond[43]. The X-ray
structures of [Fe2(SCH2CH2CH2S)(�-H)(CO)4(PMe3)2]+

10 and several new bridging thiolate phosphino com-
plexes has been reported by Darensbourg and co-workers
[44,45]. Structural comparison found little difference in
the {2Fe2S} butterfly cores, with Fe–Fe distances of
2.555(2) and 2.578(1)̊A for the neutral parent species
[Fe2(SCH2CH2CH2S)(CO)4(PMe3)2] and the protonated
bridging hydride species10, respectively. Both are similar
to the average Fe–Fe distance found in structures of three
Fe-only hydrogenase active site{2Fe2S} clusters: 2.6̊A.

H/D exchange reactions have been used to assay hy-
drogenase activity[12,46,47]. Darensbourg and co-workers
have been at the forefront of elucidating H/D exchange
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reactions of model compounds with�-hydrides. In a re-
action that is promoted by light but inhibited by CO,
[Fe2(SCH2CH2CH2S)(�-H)(CO)4(PMe3)2]+ 10shows H/D
exchange activity with D2 producing in CH2Cl2 and in ace-
tone [Fe2(SCH2CH2CH2S)(�-D)(CO)4(PMe3)2]+, but not in
CH3CN. In the presence of light, H/D scrambling between
D2O and H2 is also promoted in the presence of10. The re-
quirement of an open site generated by photolytic CO loss
has led to the suggestion that the key step in the reactions
involves D2 or H2 binding to an Fe centre followed by de-
protonation by the internal base, or by external water. As
indicated by similar catalytic efficiencies of members of the
series, the nature of the bridging thiolates has little influence
on the reactions. Comparison to the iron-only enzyme active
site redox levels has led to further speculation that at least one
Fe(II) site must be available for H2 uptake while a reduced or
an electron-rich metal–metal bonded redox level is required
for proton uptake.

Whereas the dicyanide1 gives ill-defined products on
protonation13, Rauchfuss and co-workers have shown that the
monocyanide [Fe2(SCH2CH2CH2S)(CO)4(PMe3)(CN)]−
11 protonates at the metal–metal bond giving
[Fe2(SCH2CH2CH2S)(�-H)(CO)4(PMe3)(CN)] 12 and
the structure of this molecule has been determined crystal-
lographically (Fig. 6) [48].

In the presence of a stronger acid further protonation of
1 the
b mally
r or
l er

Fig. 6. X-ray structure of12 showing the hydride ligand bridging the two
iron atoms.

oxidation by proton, allowing isolation of the (�-H) species.
Similarly it has recently been shown that the bis-isocyanide
complex [Fe2(SCH2CH2CH2S)(CO)4(tBuNC)2] which ex-
ists in multiple isomeric forms in solution also protonates at
the metal–metal bond to give isomeric (�-H) species. This
protonated system does not react with D2 at a pressure near
6.5 atm in the dark but when illuminated with visible light
HD is formed[49].
2 at the cyanide ligand is believed to take place. On
asis of these observations it has been argued that for
eplacing one cyanide in1 by the weaker net electron-don
igand PMe3 stabilises the diiron unit with respect to furth
Scheme 8. Possible role of brid
ging CO in enzyme catalysis.
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Scheme 9. Ruthenium dihydrogen/hydride chemistry.

Scheme 10. Functionalisation of{2Fe3S} units.
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Scheme 11. Anchoring{2Fe3S}-subsites within an electropolymer.

Whether or not (�-H) intermediates are involved in the
enzymic catalysis is not known. The vacancy or water oc-
cupied site on the distal iron atom in the resting state of the
enzyme, and the inhibition of proton reduction when this
site is occupied by CO, has led to postulates that a termi-
nally bound hydride at this site is involved during turnover.
It might well be that the role ofbridging COin the enzymic
system is to prevent protonation at a Fe–Fe bond. It is be-
coming clear from FTIR studies on the enzyme system that
the bridging CO of{Hox} becomes terminally bound on re-
duction [50]. The mechanistic implications of this may be
related to the exposure of a proton binding site at the distal
iron when CO adopts the bridging mode, with subsequent
elimination of dihydrogen driven by rearrangement to a ter-
minal CO bonding mode with concomitant metal–metal bond

formation (Scheme 8). This scheme invokes formation of ter-
minal hydride/dihydrogen intermediates.

Synthetically, terminal hydride/dihydrogen diiron dithi-
olate model complexes have proved elusive but Rauchfuss
and co-workers have recently have made two significant
advances in the generally area. First, they have shown that a
close analogue of [Fe2(SCH2CH2CH2S)(CO)4(PMe3)2], the
ruthenium complex [Ru2(SCH2CH2CH2S)(CO)4(PCy3)2]
(Cy = cyclohexyl)13 can be photolysed under dihydrogen
to eliminate CO and cleave dihydrogen to give a com-
plex with both a terminal and a bridging hydride ligand,
[Ru2(SCH2CH2CH2S)(�-H)H(CO)3(PCy3)2] 14. Treat-
ment of13with a non-coordinating acid under D2 leads to
formation of HD but the (�-H) ligand is inert to exchange.
Treatment with HCl leads to release of dihydrogen by

iron–s
Scheme 12. Synthesis of the
 ulfur framework of the H-cluster.
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Fig. 7. DFT structural model of an MeS analogue of19.

protonation of the more hydridic terminal hydride with
formation of [Ru2(SCH2CH2CH2S)(�-H)Cl(CO)3(PCy3)2].
These reactions are summarised inScheme 9. Secondly,
the first Fe hydride–carbonyl–cyanide has been synthesised
albeit in a mononuclear system.Trans-[Fe(CN)2(CO)3]2−
15 forms in high yield via photosubstitution of Fe(CO)5
with 2 equiv. of [Et4N]CN. Protonation of15 generates
the hydrido-species [HFe(CN)2(CO)3]− which on further
reaction with acid liberates dihydrogen.

Terminal hydrido-intermediates formed during reduction
of [Fe2(PPh2)2(CO)6] a phosphido analogue of1 in the
presence of protons have been characterised by spectro-
electrochemical, continuous-flow, and interrupted-flow tech-
niques. A mechanism for electrocatalytic proton reduction
has been proposed with digital simulation of the voltam-
metry in close agreement with measurements conducted in
THF over a range of acid concentrations. It is proposed that
the electrocatalysis involves initial formation of the dianion,
[Fe2(PPh2)2(CO)6]2− which is doubly protonated prior to
further reduction and dihydrogen elimination[51].

7. Functionalised diiron dithiolate units and
approaches to the synthesis of the H-cluster

An important research avenue which is being widely
e for
p ntres,
p faces
o s
m lysis
[ nto
t

to a
d -
a e
s splay
m ting

to see developments in this area with respect to electrocata-
lysts[54].

Various groups R have been attached to the N azapropane
dithiolate complexes of the type Fe2[(SCH2)2NR](CO)6 by
the route shown inScheme 2including R = CH2CH CH2 and
CH2CH2SMe. Me3NO-induced decarbonylation of these af-
forded pentacarbonyl derivatives wherein the pendant func-
tionality is coordinated to one Fe atom[55]. Free carboxylate
and amine groups have also been attached as potential con-
jugates with protein groups by a similar approach[56].

The Bosnich ligand CH3C(CH2SH)3 [57] has offered
much scope for elaboration of{2Fe3S}-units as outlined in
Scheme 10. The pyrrole derivative16 does not electropoly-
merise because it is destructively oxidised but the alcohol17
can be reacted with an active ester electropolymer[58,59]
to allow incorporation of{2Fe3S}-subsites into an electrode
bound polymer film (Scheme 11).

Finally, the activedthioestercomplex18has been used to
build the first synthetic analogue possessing the iron–sulfur
framework of the complete H-cluster of iron-only hydroge-
nase19 as shown inScheme 12. The DFT structure of a
methylthiolate analogue of19 is shown inFig. 7 [59]. Stud-
ies of the electron-transfer chemistry of assemblies such as
19are beginning to provide insight into the interplay of sub-
site and cluster units and are perhaps indicating that the latter
may not behave ‘merely’ as a spectator electron-transfer unit.

8

vel-
o hts
i till
v or the
d olog-
i ells
p ls for
h iiron
xplored is the functionalisation of subsite analogues
urposes such as attaching neighbouring redox ce
hotocentres, or for anchoring groups to electrode sur
r proteins and for water solubility[52]. Such approache
ay afford new systems for redox or photoredox cata

53] of hydrogen/evolution uptake and further insight i
he biological chemistry.

One of the first types of functionality to be attached
iiron subsite type unit were C60 and C70 fullerenes by irradi
tion in the presence of [Fe2(S)2(CO)6] and related phosphin
ubstituted species. As expected the fullerene units di
ultiple electron-transfer chemistry and it will be interes
. Conclusions

Chemistry related to the iron-only hydrogenase is de
ping very rapidly and providing some informative insig

nto how the biological system might function. Although s
ery much at a blue skies stage there is some prospect f
esign of assemblies, materials and devices with techn

cal application for hydrogen production/uptake in fuel c
rovided systems can be designed with low overpotentia
ydrogen/proton interconversion. So far, the synthetic d



1652 X. Liu et al. / Coordination Chemistry Reviews 249 (2005) 1641–1652

subsite analogues have only been shown to display electro-
catalysis of proton reduction and this at very negative po-
tentials[60]. However, with efforts to synthesise materials
which more closely model the natural site, in particular an-
ionic dicyanide Fe(I)–Fe(II) systems with a coordinatively
unsaturated or weakly ligated distal iron atom, potentially
useful electrocatalysts might be achieved.
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