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bstract

The experimental approaches used to conduct IR spectroelectrochemical (SEC) studies from enzymes and inorganic compound
nd elevated gas pressures are described. The application of these techniques to the study of the catalytically active site of

FeFe]-hydrogenase enzymes in their different accessible states and to the study of relevant metal complexes is reviewed. Dithio
iiron compounds provide functional models of the hydrogenases. The application of chemical, electrochemical and SEC techni
lucidation of the details of the electrocatalytic proton reduction is described.
2005 Elsevier B.V. All rights reserved.
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. Introduction

There is no clearer biologically relevant demonstration of
he utility to be gained from the conjunction of electrochem-

∗ Tel.: +61 3 83446505; fax: +61 3 93475180.
E-mail address:spbest@unimelb.edu.au.

ical and spectroscopic techniques than from the study o
hydrogenase enzymes. Justification for this assertion de
not from the range of accessible oxidation states, for thi
feature common to a wide range of metalloenzymes, but
the presence of carbon monoxide and cyanide ligands b
to the catalytic centre. These ligands are well known to b
effective infrared (IR) transmitters of the electron richnes

010-8545/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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the metals to which they are bound, this being due to: (i) the
high sensitivity of the CO and CN force constants to changes
in back donation from metal orbitals of local� symmetry
into the antibonding� orbital of the diatomic ligand; (ii) the
high intensity of the stretching modes of the ligands in the IR
spectrum; (iii) the absence of strong absorptions from other
molecular species in the portion of the IR spectrum inhabited
by the CO and CN stretches. EPR spectroscopy has provided
critical insights into the identity of the metal and redox lev-
els of metalloenzymes, particularly the [NiFe]-hydrogenases,
however, the presence of EPR silent states limits the extent
of information able to be obtained by this approach. Since IR
spectra may be obtained from all long-lived redox states of
the system these results both enrich and complete the picture
able to be extracted for the EPR-active states.

The primary focus of this contribution is the application
of spectroelectrochemical (SEC) techniques to hydrogenase
enzymes and to the delineation of the chemistry initiated by
reduction of compounds related in composition and/or struc-
ture to the active sites of the enzyme. For the reasons already
outlined the application of IR spectroscopy is of particular
importance, and attention will be devoted both to the differ-
ent experimental approaches that have been applied together
with the analysis of the results. The elucidation of the chem-
istry from mere spectroscopic results leads one on a path that
can be poorly illuminated by a single spectroscopic approach.
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Fig. 1. (a) The Ni–Fe centre of the oxidised, inactive state of the [NiFe]-
hydrogenase fromD. gigas [21] and (b) a composite structure of the H-
cluster based on the structures of the [FeFe]-hydrogenases isolated fromC.
pasteurianum[17] andD. desulfuricans[18].

tre, or H-cluster, consists of a diiron subsite linked through a
cysteinyl sulfur atom to a 4Fe4S cluster[17,18]. The diiron
subsite,{2Fe3S}H, consists of a propane-1,3-dithiolate (pdt)
or di(thiomethyl)amine (dta) cofactor which bridges the two
iron atoms, with the proximal Fe atom linked to a 4Fe4S clus-
ter and the site of dihydrogen binding and activation believed
to be located on the distal Fe atom. The co-ordination spheres
of the two iron atoms are completed by cyanide and carbon
monoxide ligands (Fig. 1b). A further type of hydrogenase,
H2-forming methylenetetrahydromethanopterin dehydroge-
nase (Hmd) does not contain iron–sulfur clusters and, until
recently[19], was thought not to contain iron at the active site.
Whereas recent studies of Hmd suggest that this hydrogenase
also contains carbon monoxide-bound iron at the active site
[20] this class of enzyme will not be considered further in
this review since vibrational spectra are available only for
the native and CO inhibited forms.

The complementary nature of the information available
from crystallographic and spectroscopic studies of proteins
is well illustrated by investigations into the active sites of the
hydrogenases. The mixed carbonyl/cyanide coordination of
the Ni–Fe centre being first shown unambiguously by Bagley
and Albracht by the use of IR spectroscopy[22–24]. Whereas
the application of IR spectroscopy to the study of metal car-
bonyl complexes is a mature field[25,26], the effectiveness of
the approach to metalloenzymes containing metal carbonyl
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herefore, it is critically important that the conclusions dra
rom the analysis of the SEC results be subject to validatio
omplementary physical and/or spectroscopic methods
omplexity lurking below the surface of even the suppos
imple model compounds is an exceedingly rich mine
f chemical insights and frustration.

. General features of the hydrogenase enzymes

Details of the biology and biochemistry of hydrogen
nzymes have been previously reviewed[1–9] and it is no

he purpose of this contribution to add to that literature.
ection sets out to provide sufficient background for those
amiliar with the field to put into context for the followin
ections.

Efficient catalysis of the reversible oxidation of dihyd
en to give protons is performed primarily by two classe
ydrogenase that are identified according to the metal
osition of the catalytically active centre. Both classes fea
n electron-transport chain consisting of several iron–s
lusters leading to a deeply buried active site[10–15]. The
NiFe]-hydrogenases feature an active site in which the m
toms are bridged by two cysteinyl sulfur atoms and th
tom is additionally co-ordinated by two cyanide groups
ne molecule of carbon monoxide (Fig. 1a). In the aerob
ally isolated inactive form of the enzyme there is an a
ional bridging ligand that has mostly been modelled as o
r hydroxide and this is lost from the di-metal centre du
ctivation[16]. For the [FeFe]-hydrogenase the active c
pecies is amplified by the imprecise characterisation o
olecular details of the active site generally available f
rotein crystallography. Additionally, the presence of mu
le iron sites within the enzymes complicates the analys
esults from techniques such as Mössbauer[27] or EXAFS
28] where the absorptions arising from the different i
toms are not easily separated.

. Spectroelectrochemistry (SEC)

The study of systems featuring multiple redox states
ssarily requires control of the redox level and this ma
chieved by chemical or electrochemical means. The
ate approaches afford particular advantages and suffe
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different limitations. In the case of enzymes, different redox
levels can be obtained by reaction with redox partners, sub-
strates or inhibitors. In these cases physiologically relevant
states of the system are generated. Electrochemical meth-
ods may provide greater control of the redox level but in
these cases the rate of oxidation/reduction is generally slow
and the identification of the physiologically relevant oxida-
tion states may not be straightforward. The chemical (and
biochemical) characteristics of the system and the sampling
requirements dictate whether spectroscopic examination of
the electrochemically generated product is most appropri-
ately conducted in situ or ex situ. SEC is concerned with
the spectroscopic study of in situ electrogenerated products
[29–31]. For IR and UV–vis spectroscopy several different
approaches have proved to be effective and these may be
distinguished in terms of the characteristics of the working
electrode. These include (i) optically transparent electrodes,
(ii) perforated electrodes and (iii) reflective electrodes. To
these may be added approaches in which a probe beam is
brought close to the working electrode of an electrosynthesis
cell by means of a waveguide or optical fibre. The sampling
element may consist either of a pair of launch and collection
fibres or include an optical element that is arranged so as to
give near total internal reflection (attenuated total reflection,
ATR). In the latter case the spectrum of the solution in con-
tact with the ATR crystal is sampled. Detailed discussions of
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p
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Fig. 2. Cross-sectional view of the transmission IR-SEC cell reported by
Moss et al.[37]. For the experiments conducted by de Lacey et al. (e.g.
[38]) a 70% transmitting, 6�m thick, gold mesh was used as the working
electrode. Note that the dimensions of the cell are not drawn to scale.

windows. The outer cavity of the cell is filled with buffer/salt
solution. Despite the contact between the sample solution and
the surrounding medium the rate of dilution was reported to
be∼5% over 24 h[37]. In order to improve the rate of het-
erogeneous electron transfer and reduce the effects of protein
denaturation electrode surface modifiers or electron trans-
fer reagents may be added to the sample solution. Owing to
the high electrode surface area to volume ratio the system
rapidly equilibrates following a change in applied potential
(1–2 min). Although factors such as the IR drop within the
cell may lead to an offset to the cell potential, excellent Nern-
stian concentration/potential plots were obtained for model
studies of cytochromec [37].

3.2. Absorption/reflection (RA)-SEC cells

It has been appreciated since the late 1960s that the thin
layer of solution trapped between an electrode and a bar-
rier may be subject to spectroscopic investigation provided
that the barrier is transparent to the radiation over the energy
range of interest and the electrode is sufficiently reflective
[39]. Whereas the optical arrangement needed for such ex-
periments is somewhat more complicated than that required
for transmission experiments several advantages follow from
the adoption of such an approach. These include (i) an effec-
tive doubling of the optical path length, (ii) the presentation
o so-
l olute
s f elec-
t and
he full range of spectroscopic techniques, together with
hysical basis, may be found in various sources[30,32,33].
discussion of the technical aspects of the experiments

e limited to the techniques used to study hydrogena
ydrogenase model compounds.

.1. Optically transparent or perforated electrodes

In optical terms the simplest SEC approach involves
se of transparent electrodes. For visible spectroscopy d

in oxide affords a useful spectral window[34]. More re-
ently B-doped diamond has been shown to be suitab
V–vis and IR spectroscopy[35,36]. An alternate strateg

s to use a thin gauze as the working electrode and cells
tructed using this approach may be used for both UV
nd IR spectroscopy. In the latter case the path length
e minimised owing to strong solvent absorption. Whe

he principle for construction of the cell is straightforward
mplementation can present difficulties. Moss et al.[37] have
eported a cell design that is optimised for IR-SEC stu
f proteins and cells based on this design have been us

he SEC studies conducted on the [NiFe]-hydrogenase.
A schematic cross-sectional view of the Moss cell is sh

n Fig. 2. The working electrode consists of a 6�m-thick,
0% transparent Au mini-grid and this together with th

oil counter and Ag/AgCl reference electrodes complete
hree-electrode geometry. An important feature of the
or applications using proteins is the low sample requ
ent, where a 3–5�L drop of solution is sufficient to fill th
0 mm diameter× 15�m thick space formed by the Ca2
f a well-defined highly polished electrode surface to the
ution, (iii) a reduced average distance between the s
pecies and the electrode leading to an increased rate o
rosynthesis, (iv) a more flexible range of cell geometries
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Fig. 3. Schematic diagram of a cell suitable for RA-SEC studies for solutions
maintained under elevated gas pressures[41]: (a) optical path (b) cell body
and (c) multielectrode assembly.

(v) the possibility of obtaining orientation-selective informa-
tion through the use of polarised radiation. This approach
is favoured in our laboratory, mostly on account of the more
rapid rate of electrosynthesis and the fewer constraints placed
on the cell geometry.

The basic optical arrangement for RA-SEC cells is shown
in Fig. 3a [40]. The working electrode is placed at the fo-
cus of the probe beam of the spectrometer and the specu-
larly reflected light is refocused using a spherical or off-axis
parabolic mirror and directed onto the detector. For studies
conducted on metal carbonyl compounds, where CO asso-
ciation or dissociation reactions may accompany a change
of redox state, it is advantageous to be able to change the
concentration of gaseous species; that is to conduct the ex-
periments at various gas pressures. A simple RA-SEC cell
capable of operation under elevated gas pressures has bee
reported[41] and this involves the use of a Teflon sample
holder located within a stainless steel casing (Fig. 3b). Stan-
dard SwagelokTM fittings are used to connect the cell to a gas
line. The working electrode consists of a 3 mm diameter disc
of an appropriate material. It is noteworthy that the reflectance
of vitreous carbon, while lower than that of platinum, is suffi-
cient to permit its use in IR-SEC experiments. This is partic-
ularly important for studies that involve dihydrogen. While
it is possible to incorporate a more conventional reference

electrode into the cell design it is generally not possible to
obtain a close placement between the working and reference
electrodes. This problem may be alleviated somewhat by the
use of a silver pseudo-reference electrode which also con-
tacts the thin layer of solution trapped between the electrode
assembly and the IR transmitting window. While the poten-
tial of this reference will clearly be subject to drift, over the
timeframe of the SEC experiments this is rarely found to
present significant problems. Incorporation of an additional
1 mm diameter working electrode into the multielectrode as-
sembly (Fig. 3c) allows electrochemical characterisation of
the solution and this can be used to estimate the potential
of the reference electrode. The solution volume required for
operation depends on the shape of the Teflon liner contained
within the cell. For the cell design shown inFig. 3, a solution
volume of∼70�L is sufficient when using non-volatile sol-
vents. Since the solution actually subject to electrosynthesis
in an individual experiment is small,∼0.1�L, a number of
separate experiments can be conducted on the same solution
provided that the surface of the electrode is not contaminated.

3.3. In situ sampling of bulk electrosynthesis
experiments

Optical waveguides provide a convenient means of collect-
ing spectroscopic information from more conventional elec-
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rosynthetic cells. For the IR region of the spectrum cha
enide glasses provide a satisfactory performance over
onably broad spectroscopic window (900–4000 cm−1 with
n opaque region around 2190 cm−1) and sampling is mo
onveniently performed using an ATR probe[42]. In this
rrangement the IR radiation is internally reflected wi
n IR transparent crystal of high refractive index and

R spectrum is obtained through the interaction betwee
ample and the non-propagating evanescent wave that d
xponentially out from the crystal at the point of internal
ectance. The penetration depth of the evanescent wav
ends on the difference in refractive indices of the two me

he wavelength of the radiation and the angle of incidenc
he radiation within the crystal. A penetration depth of∼1�m
ould be obtained for a Ge element with 1000 cm−1 radiation

n absorbing media[32]. In order to increase the sensitiv
f these probes it is necessary to use optical configura
ith multiple reflections and a ReactIRTM instrument with
30-bounce Si probe (SiCOMP) has recently been us

dentify the products formed during the bulk electrolysis
is-thiolate bridged diiron compounds[43].

This approach is suited to cases when the electrogene
roducts are stable over the duration of the electrosynt
here, depending on the volume of the solution, times r

rom minutes to hours. Once the solution is in a spectros
cally well-defined state then a range of electrochemica
pectroscopic measurements may be conducted on the
ct. A variation of this approach involves coating the A
lement with a metallic conductor that is sufficiently thin
llow penetration of the evanescent wave into the solu



1540 S.P. Best / Coordination Chemistry Reviews 249 (2005) 1536–1554

[32]. The metallic conductor then serves as the working elec-
trode and only the solution within∼1�m of the ATR element
is examined. While this approach would appear to provide
the rapid rate of electrosynthesis provided by the thin film
geometries with more conventional electrode geometry, the
high resistance of the thin working electrode and the limited
effective spectral range combine to limit the impact of this
approach.

4. SEC studies of [NiFe]-hydrogenase enzymes

The vital role that EPR spectroscopy has played in the de-
velopment of an understanding of the chemistry of the [NiFe]-
hydrogenases is well documented[44–51] and will not be
further developed in this review. Three EPR-active states of
the enzyme, designated Ni-A, Ni-B and Ni-C[45,52–54],
have provided fixed points for the collection and analysis
of a range of chemical and physical measurements of the en-
zyme. Briefly, these states correspond to the oxidised, inactive
forms of the enzyme (Ni-A and Ni-B) and a reduced active
form (Ni-C). Activation of the enzyme, often by incubation
of the enzyme under H2, proceeds very slowly from Ni-A but
much more rapidly from Ni-B and accordingly the Ni-A and
Ni-B states are often termed unready and ready, respectively.
The potential and pH dependence of the different species have
b s
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a
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Fig. 4. IR-SEC spectra obtained by reduction of the Ni-B form of the hy-
drogenase fromD. gigas: (a) Ni-B, (b) a mixture of Ni-SII and Ni-SIII , (c)
Ni-C and (d) Ni-R. Reprinted with permission from[38]. Copyright 1997
American Chemical Society.

buffer (100 mM), KCl (100 mM) and a mixture of redox me-
diators[38]. A summary of the inter-conversions between the
enzyme states is given inTable 1and a set of spectra obtained
from one set of experiments is shown inFig. 4.

Aerobic isolation of the enzyme provides the sample in
the Ni-A state with a structure corresponding to that given
in Fig. 1a. Chemical conversion into the inactive, ready Ni-B
and activated Ni-C states is well known as are the EPR spec-
tra characteristics of these states. One procedure for chemi-
cal conversion between the different enzyme states is given
in Table 1and the IR spectra of these chemically generated
states have been reported[16]. The IR spectra of chemically
and electrochemically generated samples of the enzyme in
different states are indistinguishable and this suggests that the
integrity of the sample is maintained in the IR-SEC experi-
ment. This is also reflected by the excellent agreement for the
potential dependence of the concentrations of the Ni-B and
Ni-C states obtained by EPR and IR spectroscopy[50,57,59].

The potential dependence of the relative concentrations of
the oxidised and reduced species involved in the redox couple
depends on the number of electrons involved in the reaction
and this is given by the Nernst equation. A plot showing
the potential dependence of the concentrations of the Ni-B,
Ni-SI, Ni-C and Ni-R states of the activated enzyme as de-
termined by IR-SEC experiments is shown inFig. 5. Analo-
een defined by EPR experiments[55–57]. The early report
f IR spectroscopy of the [NiFe]-hydrogenase fromChro-
atium vinosum[23] andDesulfovibrio gigas[16] between
900 and 2150 cm−1 revealed beautifully simple spectra w
more intense band at lower wavenumber due to theν(CO)
ode and a pair of higher wavenumber bands due to

(CN) modes[24]. In addition to providing an unambiguo
dentification of the diatomic ligands bound to the iron at
R spectra can be obtained from both the EPR active and
tates of the enzyme. This is well illustrated by the IR-S
xperiment shown inFig. 4 where reduction of Ni-B give
our product states of which only Ni-C is EPR active[38].

hereas the interpretation of IR spectra is often complic
yanide and carbonyl groups can generally be treated
al oscillators and the frequencies of theν(CO) andν(CN)
odes provide a good measure of the electron richness
etal atom to which they are bound. For the dicyanides
ngle between the CN groups can be estimated from th
tive intensities of the twoν(CN) bands[58]. The IR spectr

hemselves are remarkably well defined, with the half-wi
f the bands often limited by the resolution of the spectr
ter, reminiscent of the spectra obtained from metal carb
pecies isolated in noble gas matrices[25]. The Ni–Fe cen
re, being deeply buried within the protein[21], is a beautifu
xample of a matrix isolated active catalyst.

The initial IR-SEC study of the [NiFe]-hydrogenase fr
. gigashas established the framework on which the su
uent studies are built[38]. The experiments were conduc
sing the Moss transmission SEC cell (Fig. 2) on a smal
uantity of enzyme solution (1–2 mM, 10�L) containing Tris
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Table 1
Chemical and electrochemical inter-conversions between the IR-charac-
terised enzyme states ofD. gigas

Electrochemicala Stateb ν(C{O/N})c

(cm−1)
Chemicald

Ni-A* 1947, 2083, 2093

Ni-SU 1950, 2089, 2099

Ni-B* 1946, 2079, 2090

Ni-SII 1914, 2055, 2069

Ni-SIII 1934, 2075, 2086

Ni-C* 1952, 2073, 2086

Ni-R 1940, 2060, 2073

a Redox potentials are given in mV with respect to NHE at a pH of 7.7.
Double-headed arrows are used the reduction potentials correspond to the
midpoint potential for the couple,E′

m, at 40◦C.
b The designation of the state is adapted from that given in[38]. An asterisk

is used to designate the EPR active states of the enzyme. The two different
forms of Ni-SI, Ni-SII and Ni-SIII , differ in terms of their level of protonation.

c Values are taken from electrochemically[38] or chemically reduced[22]
enzyme. The IR spectra of the electrochemically or chemically generated
samples are indistinguishable.

d The example given follows the procedure given in[16].

gous results for the Ni-A/Ni-SU couple reveal a well-defined
Nernstian response, consistent with its assignment to a one-
electron process. It was noted that there was some deviation
from Nernstian behaviour for the Ni-C/Ni-R couple and this
was attributed to the effects of H2 production as a result of
catalytic activity of the hydrogenase[38]. The pH depen-
dence of the midpoint potential for the couple (E′

m) provides
a quantitative measure of the number of protons involved
in the reaction, where at 40◦C a slope of−62 mV/pH unit

Fig. 5. Potentiometric titration of the redox states of the activated hydroge-
nase fromD. gigas: (open circles) Ni-B (1946 cm−1); (filled circles) Ni-SII
a
t tron
N
A

would correspond to a process that consumes one proton per
electron. The measured slopes for the corresponding plots
for the Ni-A/Ni-SU, Ni-B/Ni-SI, Ni-SI/Ni-C and Ni-C/Ni-
R couples were found to be−55, −36, −47 and−43 mV,
respectively. Since the couples involving Ni-SI are compli-
cated by a proton equilibrium a composite value is measured
and this accounts for the observed slopes. As already noted
measurements of the Ni-C/Ni-R couple are complicated by
evolution of H2 and theE′

m/pH slope of−43 mV/pH unit was
interpreted as involving a one-electron, one proton reaction.
These experiments provide a remarkably clear picture of the
different electron/proton levels of the enzyme.

Detailed IR-SEC studies have more recently been reported
for [NiFe]-hydrogenases obtained fromD. fructosovorans
[60,61]andAllochromatium vinosum[62] and these provide
important insights into the activation/inactivation processes
and CO inhibition. There is a remarkable similarity between
the stable potential ranges of the different states of hydroge-
nases sourced from different organisms, including examples
of both periplasmic and membrane-bound enzymes. This is
also reflected by highly concordant IR spectra obtained for
the different states. Differences in sample preparation may
also lead to additional states; “as-isolated” preparations ofA.
vinosumcontains a variable amount of an additional state with
aν(CO) band at 1909 cm−1 and this was attributed to an un-
defined sulfur species bridging the Ni and Fe sites. Whereas
a very
s iffer-
e ound
f

i–Fe
s stab-
l -
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i IR-
S s
a pic
s f ac-
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t nts
w the
ν i-
S s
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t lu-
t that
h
t
i lu25
a e the
t pro-
t t the
f ified
b tion
o .
nd Ni-SIII (1914 + 1934 cm−1); (open triangles) Ni-C (1952 cm−1); (filled
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ctivation of the enzyme in this state was found to be
low, once activated the inter-conversions between the d
nt states of the enzyme are almost identical to those f

or D. gigas[62].
Whereas the presence of a bridging ligand at the N

ite in the different hydrogenase states is more clearly e
ished by EPR spectroscopy[63,64]and X-ray crystallogra
hy[21,65], the rate of activation/inactivation of the enzy

s most easily followed by IR spectroscopy. The recent
EC studies on the hydrogenases fromD. fructosovoran
ndA. vinosumexamined the effect of pH, solvent isoto
ubstitution and site-directed mutagenesis on the rate o
ivation/inactivation[60,62]. Primary kinetic isotope effec
ere found for the oxidation of Ni-SI to Ni-B but not f

he reduction of Ni-A to Ni-SU (although the rate consta
ere determined with less reliability owing to overlap of
(CO) bands)[60]. Interestingly, the rate of oxidation of N
I is reported to be independent of pH forD. fructosovoran
ut not forA. vinosum[66]. The E25Q mutant ofD. fruc-
osovorans(replacement of the glutamic acid residue by g
amine) was examined in order to test the proposition
ydrogen bonding involving Glu25 (Glu18 inD. gigas) is

he major difference between the Ni-A and Ni-B states[67];
n the former case there is a hydrogen bond between G
nd a nickel-bound cysteine residue, in the latter cas

hiolate is protonated. The E25Q mutation impairs rapid
on transport from the active site but does not preven
ormation of the active states of the enzyme (as ident
y their IR spectra) and this is consistent with the reten
f catalytic activity forortho-H2/para-H2 inter-conversion
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The rate of activation of the mutant was slightly reduced (1.25
times) but the rate of anaerobic inactivation was significantly
slower (six times)[60]. While this is consistent with Glu25
having a role in incorporation of the bridging oxygen ligand
into the active site it is less clear whether this residue plays
a more central role in defining the Ni-A and Ni-B states. It
is noted that there is reference to crystallographic evidence
for the difference between Ni-A and Ni-B to be the identity
of the bridging ligand, where in the former case a diatomic
ligand, most likely a species derived from dioxygen, is impli-
cated[62]. A manuscript detailing the crystallographic basis
for this suggestion has been submitted for publication (Ref.
[44] of [62] and Ref. [49] of[68]).

The relationship between the different states of [NiFe]-
hydrogenase is given inScheme 1and this is based on stud-
ies of both periplasmic[38,60,61]and membrane-bound[62]
enzyme. The IR-SEC studies have resulted in a marked ex-
pansion in the number of states, particularly (although not
exclusively) those that are EPR-silent. The distinction be-
tween the Ni-SII and Ni-SIII states has been attributed to
protonation and dissociation of the bridging hydroxyl group.
At the lower temperatures used for the study ofA. vinosum
[62] it was possible to distinguish, on the basis of reactivity,
between “ready” and “active” forms of Ni-SIII . The differ-
ence was interpreted in terms of a blocking of the active site
by the dissociated water molecule. The two different forms

of Ni-C have been attributed to different redox states of the
nearest (proximal) iron–sulfur cluster. This interpretation is
supported by analysis the low temperature EPR spectra in
terms of spin–spin interaction between the Ni centre and the
proximal iron–sulfur cluster[71]. The forms of Ni-C with
ν(CO) of 1950 and 1948 cm−1 (A. vinosum) correspond to
the oxidised and reduced forms of the proximal iron–sulfur
cluster, respectively[62]. Several distinct Ni-R states have
also been identified with relative populations that are pH de-
pendent. This, together with the moderately large difference
in ν(CO) associated with the Ni-R states (8–15 cm−1), sug-
gest that they are related by a difference in protonation of the
active site[62].

Carbon monoxide is a competitive inhibitor of [NiFe]-
hydrogenases and IR-SEC studies of CO-saturated solutions
of the enzyme have permitted the identification of the enzyme
states that react with CO and provided insights into mode and
site of CO binding[61]. More recently stopped-flow (SF) FT-
IR studies of CO binding toA. vinosumhave provided more
detailed insights into the dynamics of these reactions[70].
The Ni-A, Ni-B and Ni-SU states of the hydrogenase from
D. fructosovoransare unreactive with CO whereas the Ni-C
and Ni-SI states evolve to give products that feature additional
IR bands due to the extrinsic CO. The initial suggestion that
Ni-R is also unreactive with CO[61] must be revised in light
of the subsequent SF-FT-IR studies[70].
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cheme 1. Overview of the different states of the Ni–Fe site of [NiFe]
ctive states (Ni-A, etc.) although it is common to omit the “Ni” as, fo
s also given, where the subscript on the Ni distinguishes between the unre
nd the number subscript indicates the wavenumber of theν(CO) mode. The brid
uggested to be a diatomic ligand (most likely derived from dioxygen)[62]. There
n terms of the redox state of the nearest (proximal) iron–sulfur cluster and
ifferent states, including the redox levels of the iron–sulfur clusters has rece
enase. The nomenclature is based on that initially adopted to designhe EPR
ple, in[38]. The nomenclature adopted by Albracht and co-workers[62,69,70]

ady, ready and active forms of the enzyme, the “S” designates an EPR silent state
ging ligand, O�, is most commonly taken to be OH−, but has recently been
are multiple forms of Ni-C and Ni-R and these have been suggested to differ
/or protonation of the cysteinyl sulfur atoms. A more detailed description of the
ntly been published[69,70].
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The insensitivity of the Ni-A and Ni-B states to CO can
readily be understood in terms of the high oxidation state
of the Ni centre (Scheme 1). The oxidation-state depen-
dence of CO binding to sulfur-bound nickel complexes is
demonstrated by IR-SEC studies of [Ni(mnt)2]2−, where
mnt = maleonitrile-1,2-dithiolate, under elevated CO pres-
sures. There is no evidence for CO binding until reduction
to the trianion (which corresponds to a formal NiI species)
[41]. Re-oxidation to the dianion leads to dissociation of the
CO ligands. It should be noted that owing to differences be-
tween the thiolate and dithiolene ligands the oxidation state
required for CO binding does not transfer directly from the
mnt complex to the enzyme. Further studies of the redox state
dependence of CO binding to more relevant nickel thiolate
complexes would be useful since they would provide a con-
text for the interpretation of the CO binding to different states
of [NiFe]-hydrogenases.

Accessability to the active site may, in addition to the re-
duction level, control CO binding and this is evident from
the observation that both Ni-SU and Ni-R states are unreac-
tive with CO. The ligand bridging the Ni and Fe centres of
Ni-SU (Scheme 1) is slowly displaced and this ligand blocks
co-ordination of CO (and H2). The CO-inhibited Ni-SI state,
SI-CO, formed by addition of CO to Ni-SI has an additional
ν(COext) band at 2055 cm−1, where the assignment of the
band to extrinsic CO was confirmed by13CO substitution
[
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Fig. 6. The Ni–Fe centre and proximal 4Fe4S cluster of the Ni-CO state
of the hydrogenase fromDesulvibrio vulgarisMiyazaki F [72]. The three
diatomic ligands were refined as CO and the designation of one of these
ligands as CO and CN is arbitrary. The closest Ni–Fe(4Fe4S) distance is
shown.

show that the SI-CO/(SI-CO)red couple be a single electron
process[61]. The shift of theν(CN) and theν(CO) bands of
both extrinsic and intrinsic CO on reduction is of a similar
magnitude (1–3 cm−1) and to lower wavenumber. The small
frequency shift of theν(CO) andν(CN) modes is explained
in terms of the redox process being based on the proximal
iron–sulfur cluster (Scheme 2). The changes observed in the
UV–vis spectra are consistent with this interpretation[61].

The binding of CO to the formal NiIII centre of Ni-C
would, at first sight, appear unlikely particularly given the
high value of�(CO) for the adjoined Fe(CO)(CN)2 fragment.
Since binding of CO can be coupled to reduction of the nickel
centre by the proximal iron–sulfur cluster it is understandable
that the equilibrium should lie in favour of the carbonylated
product. It is noted that the rate of reaction with CO is more
rapid for both Ni-SI and Ni-R than for Ni-C[70]. While
the binding of CO to the formal NiII centre may be under-
stood in terms of its thiolate-rich co-ordination environment
it is nonetheless surprising that addition of the�-acid ligand
CO does not make accessible lower oxidation states of the
metal

The elegant series of IR-SEC experiments conducted by
de Lacey, Fernandez and co-workers demonstrate very beau-
tifully the central role of IR spectroscopy in establishing the
connections between the many different states of the [NiFe]-
hydrogenases. This is possible for two main reasons; first,
a with
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t ctro-
s ber
o Onto
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p

61]. Based on the high wavenumber of theν(COext) band
t can be concluded that the CO ligand does not occu
ridging position between the Ni and Fe centres. Moreo

he insensitivity of the intrinsicν(CO) andν(CN) modes to
O binding, indicate that the extrinsic CO group canno
ound to the Fe(CN)2(CO) subunit, i.e. that CO is bound

he nickel atom. Since the intrinsic CO ligand of the Ni–
entre does not undergo exchange at a significant rate fo
ng exposure of the enzyme to13CO, even under reducin
onditions, either the Fe(CO)(CN)2 unit must remain ine
hrough all of the accessible redox states of the enzym
hat the protein blocks access of CO to the Fe site.

The conclusion that the extrinsic CO group is ter
ally bound to the Ni centre is confirmed by a se
f high-resolution (1.2–1.4̊A) structures from crystals o
O-inhibited [NiFe]-hydrogenase fromDesulvibrio vulgaris
iyazaki F (Fig. 6) [72]. A surprisingly large range o
i C O angles were obtained (136.2–160.9◦) and this wa

aken to suggest the presence of several CO co-ordin
eometries and this is consistent with the weak NiCO bind-

ng. XAFS experiments on the [NiFe]-hydrogenase fromC.
inosumhave previously been interpreted in terms of a lin
i C O moiety [73]. The high wavenumber of theν(CO)
ode of extrinsic CO matches with the low wavenum
f the ν(NiC) mode obtained from resonance Raman s

roscopy and this is consistent with weak� backbonding to
he CO group, as would be expected given the relatively
xidation state of the Ni atom.

Reduction of SI-CO results in the formation of a furt
educed species (SI-CO)red where potentiometric titration
ll the accessible states of the enzyme are observable
pproximately equal ease, and second, the very simple

ern of well resolved bands due toν(CO) andν(CN) pro-
ide clear, unambiguous and quantifiable identificatio
he states. The combination of electrochemical and spe
copic techniques then allows determination of the num
f electrons, and protons, of the redox transformations.

his framework can be assembled the models of the chem
laborated by the broadest range of chemical, biochem
hysical and theoretical techniques.
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Scheme 2. Formation of CO bound states of the Ni–Fe centre based on studies of the hydrogenase fromD. fructosovorans[61] andA. vinosum[70]. The
wavenumbers of theν(CO) bands are given below the relevant groups. Reaction between CO and Ni-R has only been shown for the hydrogenase fromA.
vinosum. The proximal iron–sulfur and Ni–Fe centres are shown where the charge indicated corresponds to the naked 4Fe4S cube. The relative positions of the
CO and CN− groups of the Fe(CO)(CN)2 fragment is arbitrary.

5. SEC studies of [NiFe]-hydrogenase model
compounds

Progress towards the isolation of compounds that are
structural models of the Ni–Fe site (and H-cluster) has been
reviewed[14,74]and is discussed in another contribution to
this issue[75]. In contrast to the extensive SEC studies con-
ducted on the [NiFe]-hydrogenase enzymes, the model com-
pounds so far identified have not yielded to similar analysis.
Hydrogenase activity has been reported for a number of com-
plexes that, within the inclusive definition of the literature,
are considered to be [NiFe]-hydrogenase model compounds.

Prior to the determination of the structure of the Ni-Fe
active site Thorp and co-workers reported electrocatalytic
proton reduction by the nickel(II) macrocyclic complex, MI
[76]. While it is clear that the compound is not structurally
related to the enzyme this example gives an indication of the

generality of proton reduction/dihydrogen oxidation catalysis
at a nickel centre. In aqueous solution two catalytic waves
are observed withEp values of∼−0.9 and∼−1.1 V (versus
SCE). While the electrocatalytic current is not particularly
large the onset potential for proton reduction is comparable
to that of diiron carbonyl compounds considered in Section8.

An elegant example of heterolytic dihydrogen cleavage
has been reported by DuBois and co-workers and this involves
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a bis bidentate phosphine complex of NiII where the bidentate
phosphine ligand includes a basic nitrogen atom, MII [77].
The juxtaposition of the proton and hydride acceptor sites
within the molecule increases the rate of proton exchange
of the nickel hydride and, most likely, hydrogen activation.
The free energy calculated for the heterolytic cleavage of
dihydrogen for related NiII phosphine complexes appears to
be related to the tetrahedral distortion of the co-ordination
geometry, where a larger distortion lowers the energy of the
acceptor orbital for the hydride ligand.

It is noted that the tetrahedrally distorted NiII S4 complex
reported by Prakash and co-workers, MIII , also catalyses HD
exchange, albeit slowly at room temperature[78]. The mech-
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dation of the complex together with dihydrogen formation.
This conclusion is supported by the observation that the IR
and EPR spectra of the product obtained following proto-
nation match that formed by one-electron oxidation of the
neutral compound by ferrocenium.
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nism for the reaction is proposed to proceed by hetero
leavage of dihydrogen with protonation of one of the d
lene sulfur atoms and formation of a nickel hydride.

Two recent examples of trinuclear clusters are of inte
oth in terms of their spectroscopic and chemical behav
chr̈oder and co-workers have reported the synthesis
pectroscopy of a NiII S4 complex which bridges the iro
toms of a Fe2(CO)6 unit (MIV ) [79]. While the formal oxi
ation states of the Ni2+ and Fe0 atoms are low, the wavenum
ers of theν(CO) modes are high (2035–1955 cm−1). Follow-

ng reduction theν(CO) bands shift lower by 66–73 cm−1.
nalysis of the EPR spectra, supported by DFT calculat

ndicates that the singly occupied molecular orbital is∼24%
ocalised on the Ni atom. A final example, from the Sellm
aboratory, features a 2NiFe complex (MV) [80]. Three quas
eversible redox processes are observed with E1/2 values o
1.071,−0.095 and 0.844 V (versus NHE). Protonation

he neutral complex results in a shift of theν(CO) band from
916 to 1976 cm−1, and this together with the observat
f an EPR spectrum suggests that protonation leads to
. SEC studies of [FeFe]-hydrogenase enzymes

As for the [NiFe]-hydrogenases IR spectroscopy
layed a central role in the characterisation of the H-clu
f the [FeFe]-hydrogenases, although in this instance f
edox levels of the enzyme have been identified. The first
uality IR spectra from an [FeFe]-hydrogenase was rep
y Albracht and co-workers from enzyme derived fr
esulvibrio vulgaris(Hindenborough strain)[81]. Wherea

he air isolated form gives a relatively simple spectrum
uction by dihydrogen results in a complicated spectrum
esting the generation of a mixture of products. The sp
ere simplified by the replacement of dihydrogen by CO
ive a CO-inhibited form of the enzyme, or argon. These m
urements revealed a single low wavenumberν(CO) mode fo
oth the oxidised and CO-inhibited forms and this was in
reted in terms of a bridging CO group. This conclusion

ater confirmed by the report of the X-ray structures[17,82].
IR-SEC studies conducted using a Moss cell on [Fe

ydrogenase isolated fromD. desulfuricansdemonstrate th
lectrochemical activation of the enzyme. The aerobic

ated enzyme is converted to the reduced form by applic
f a potential of−535 mV (versus NHE) and the oxidised

ive form, Hox, is obtained by reoxidation at−285 mV (Fig. 7)
82]. Analogous experiments conducted on solutions s
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Fig. 7. IR-SEC measurements from 1 mM solutions of the [FeFe]-
hydrogenase fromD.desulfuricansshowing (a) the aerobuc isolated enzyme,
(b) the reduced form, Hred (−535 mV) and (c) the active oxidised form, Hox,
obtained by oxidation of Hred at−285 mV. Reprinted with permission from
[82]. Copyright 2001 American Chemical Society.

rated with CO give the CO inhibited form of the enzyme, Hox-
CO[83]. The crystal structure of the CO-inhibited form of the
[FeFe]-hydrogenase fromClostridium pasteurianumshows
that extrinsic CO binding occurs at the open co-ordination
site of the distal Fe atom (Fig. 1b) [84]. The EPR spectra of
Hox and Hox-CO forms are well known, giving the “rhombic
2.10” and “axial 2.07” signals, respectively[1].

The IR spectra of Hox-CO and its13CO substituted ana-
logue have been examined for both chemically[85] and elec-
trochemically[83] generated samples. Neither theν(CN) nor
theν(CO) mode of the bridging CO group give a measurable
change in frequency following13CO substitution. Of the three
ν(CO) modes due to terminally bound CO, one (1963 cm−1)
is insensitive to isotopic substitution and the remaining bands
shift by 21 and 23 cm−1, about half that expected for a sin-
gle uncoupled CO oscillator. The magnitude of the shift on
isotopic substitution together with the number of CO bands
observed in the13CO experiments require that there be a
single non-exchangeable site of extrinsic CO binding where
there is coupling with only one of the intrinsic CO groups.
This was assigned to the terminal CO group bound to the
same (distal) Fe atom[83].

Low temperature photolysis experiments of Hox-CO show
the presence of two products; one, which decays at tempera-
tures above 80 K, involves the loss of the bridging ligand and
the other, which decays at temperatures above 150 K, has an
I -

periments conducted from crystals in the Hox-CO form under
photolysis conditions[84,86], these studies provide a struc-
tural basis for the analysis of the EPR spectra obtained from
similarly prepared samples.

7. SEC studies of [FeFe]-hydrogenase model
compounds

The diiron subsite of the H-cluster of the [FeFe]-
hydrogenase enzyme has proved to be a far more acces-
sible synthetic target than the Ni-Fe centre of the [NiFe]-
hydrogenases[14,87,88]. Structural analogues have been de-
veloped from the Fe2(�-SR)2(CO)6 compounds first pre-
pared by Reihlen et al.[89] While the mixed carbonyl/cyanide
co-ordination of the thiolate-bridged diiron core was unprece-
dented prior to the revelation of the H-cluster structure, this
has proved to be accessible synthetically[90–97]. Whereas
much of the work has concentrated on compounds having
a pdt bridge, Rauchfuss and co-workers have developed an
elegant procedure for the preparation of complexes with a
bridging dta ligand[98]. Incorporation of a pendant thioether
group into the dithiolate bridge leads to compounds having
a {2Fe3S} core with two bridging and one terminal sulfur
atom. Modifications of this sort have been reported for both
pdt[95] and dta bridging groups[99]. The model compounds
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R spectrum identical to Hox [85]. Together with X-ray ex
re useful in terms of the insights they bring to the ch
stry of the catalytic centre during turnover. In this con
t is important to develop an understanding of the cha
n structure and reactivity that accompany a change in r
tate.

Despite the apparent simplicity of the thiolate-bridged
ron hexacarbonyl compounds, Fe2(�-SR)2(CO)6, there ha
een conjecture over the assignment of the number of

rons involved in the reduction process. The initial report
range of bis-thiolate and dithiolate bridges suggested
le two-electron process[100]. This interpretation is in kee

ng with the well-defined redox behaviour of the phosph
ridged analogues[101,102], and is further supported by r
ent study of benzene-1,2-dithiolate (possibly extendin
enzene-1,2-dimethanethiolate) bridged diiron hexacarb
ompounds[103]. In this case, reduction has been show
roceed by a net two-electron process which is compris

wo one-electron steps, where the second reduction occ
otential more positive than the first. Nevertheless, the

rochemistry of the pdt and bis-thiolate bridged compou
ave been shown to have characteristics more in ke
ith that expected for a one-electron process[43,104]. Al-

hough the basis for the assignment of the process was n
ussed, the recent report of the substituted dta [(SCH2)2N(p-
romobenzyl)] bridged diiron hexacarbonyl compoun
lso suggested to undergo one-electron reduction[105].

Confirmation of the one-electron character of the re
ion of Fe2(�-pdt)(CO)6, MVI , follows from the character
ation of the one-electron reduced product. SEC experim
sing the cell described in Section3.2demonstrate that redu
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Fig. 8. IR-SEC spectra recorded during reduction of a 5 mM solution of MVI

in THF. The time between spectra is 1.4 s. The negative bands correspond to
the depletion of the starting material. The figure is based on spectra reported
in [104].

tion of THF or CH3CN solutions of MVI saturated with CO
proceeds through a short-lived intermediate, MVI-A , to give
a single product, MVI-B , in near quantitative yield (Fig. 8)
[104]. The final product, MVI-B , features a bridging CO lig-
and and coulometry shows the product to be two-electron
reduced from MVI (Scheme 3). The observations that MVI-B
is EPR silent and the absence of broadening of its NMR spec-
tra, are consistent with a diamagnetic ground state.

The assignment of MVI-A to [Fe2(�-pdt)(CO)6]− was
based on a combination of spectroscopic (IR, UV–vis and
EPR) and chemical experiments. In the absence of an external
reducing agent the decay of MVI-A to MVI-B must be accom-
panied by its oxidation in a disproportionation-type reaction.
This reaction may be examined during SEC experiments by
switching the potentiostat to open circuit at a time during the
reaction when there is a significant concentration of MVI-A .
Experiments of this type show that the MVI-A decays with a
half-life of ∼10 s to give both MVI-B and MVI as is required
if M VI-A is in an intermediate oxidation state[104].

SEC experiments conducted on the related compound
Fe2(�-SEt)2(CO)6 have also been interpreted in terms of a
one-electron reduction chemistry[43]. In this case a bulk
electrosynthesis cell was used and the solution monitored us-
ing a ReactIRTM system with SiCOMP probe. Bulk electroly-
sis of a CO-saturated CH3CN solution of Fe2(�-SEt)2(CO)6
in the 50 mL cell required 4 h and during this time the IR
spectra indicated the conversion of the starting material to
give a new product. The catholyte was examined by EPR
and at 10 K an axial signal was observed (g|| = 1.994 and
g⊥ = 2.117). Coulometry from these solutions indicated the
consumption of∼0.95 electrons per complex. Whereas the
results obtained for both Fe2(�-SEt)2(CO)6 and MVI are con-
cordant, at least in terms of the assignment of the number of
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xperiments and the spectrum of MVI-F was obtained using interrupted fl
lectrons involved in the primary reduction process, t
re significant differences between the IR spectra rep

or the respective one-electron reduced product that ar
ikely to be accounted for in terms of the different bridg
igands. Moreover, in terms of the short half-life of MVI-A
∼10 s) it is surprising that the one electron reduced p
ct of Fe2(�-SEt)2(CO)6 is unreactive over the timescale
reparative electrosynthesis. Further studies are need
larify whether the difference in the reaction products
ue to subtle differences between the compounds or wh

his arises from the different concentration gradients tha
ly in the thin-layer and bulk electrosynthetic experimen

n of MVI [104]. IR spectra of MVI-A , MVI-B and MVI-C were extracted from SE
hniques.
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Scheme 4. Structure of MVII and its proposed oxidation product. The wavenumbers of the IR bands of Hox-CO were taken from[83].

Substitution of the CO ligands of MVI by stronger donor
ligands such as phosphine or cyanide leads to a shift of the
reduction potential to more negative values and for CH3CN
the reduction wave is close to the solvent background. A good
example of the changes observed in the electrochemistry is
provided by the study by Darensbourg and co-workers[106]
in which the phosphine is 1,3,5-triaza-7-phosphaadamantane
(PTA). The mono and bis PTA substituted complexes have
reduction potentials shifted more cathodic than MVI by 0.2
and 0.44 V, respectively, and the reduction waves become ir-
reversible. Protonation of the PTA ligand reduces the extent
of electron donation to the diiron core and this is reflected
by a shift of the reduction potentials so as to be nearly coin-
cident with that of MVI . Both for the phosphine-substituted
compounds, and their protonated analogues, the reduction
processes are assumed to involve one-electron steps. This
assignment is based on the charge passed during bulk elec-
trolysis[106].

Since seemingly related thiolate-bridged diiron com-
pounds have been shown to undergo reduction by one- or
two-electron processes it is important that this aspect of the
electrochemistry be considered when embarking on studies
of the related compounds. In terms of the available data it
would appear that the identity of the bridging ligand is of
more importance than substitution of the CO ligands, how-
ever at this time the experimental base is still limited.
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species (MVI-C) is most clearly evident in SEC experiments
conducted in the absence of additional CO[104].

Recently, Rauchfuss and co-workers have reported that a
family of carbonyl/isocyanide dithiolate-bridged diiron com-
plexes undergo a terminal to bridging co-ordination change
following two-electron reduction[108]. The X-ray structures
of the neutral and dicationic forms, together with DFT cal-
culations, were used to develop a description of the Fe–Fe
interaction for the bridged and non-bridged forms. This paper
also includes a discussion of the differences in the chemistry
that result when the pdt bridge is replaced by ethane-1,2-
dithiolate.

In terms of composition the compound most closely re-
lated to the H-cluster is [Fe2(MeSCH2C(Me)(CH2S)2)(CN)2
(CO)4]2−, MVII . The monocyanide analogue has a 2Fe3S
core, with the pendant thioether co-ordinated to one of the Fe
atoms. Addition of a second cyanide ligand proceeds through
a long-lived intermediate having a bridging CO group this re-
arranges by dissociation of the thioether to give a structure
similar to the dicyanide derivative of MVI [107]. SEC oxida-
tion of MVII at−0.25 V (versus SCE) results in the formation
of a short-lived product that that can be reduced to recover the
starting material. The oxidation product has an IR spectrum
remarkably similar to that of Hox-CO, including the presence
of a bridging CO group (Scheme 4). The magnitude of the
shift of theν(CO) andν(CN) modes is consistent with the ox-
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An important characteristic of the H-cluster is the cha
f CO co-ordination geometry that accompanies a ch
f redox state. A switch between terminal and bridging

s also implicated in CO/CN− substitution reactions of MVI
107]. The one- and two-electron reduction products of MVI ,

VI-A and MVI-B , are of relevance since for this series of co
ounds related by one-electron steps only MVI-B includes a
ridging CO group. Interest in the structure of this spe

s enhanced by its observed involvement in hydride tran
hemistry[104]. Whereas MVI-B is found to be relatively sta
le in the absence of dioxygen a crystalline sample sui

or crystallographic analysis was not obtained and a r
f spectroscopic and chemical observations were need
educe the structure, this being supported by XAFS mea
ents. Surprisingly, two-electron reduction of MVI is accom
anied by the addition of CO and dissociation of one en

he pdt ligand. A summary of the chemical transformat
re shown inScheme 3, where the involvement of the dime
dation being a one-electron process. EPR spectra obt
rom ferrocenyl-oxidised samples of MVII give a rhombic
= 1/2, EPR spectrum[109] that is closely related to th
btained from Hox-CO [110].

. Electrocatalytic proton reduction by
ithiolate-bridged diiron compounds

Biomimetic hydrogen evolution for H-cluster related co
ounds was first reported by Rauchfuss and co-wo

111,112]. The compounds (CO)2LaFe(�-pdt)FeLb(CO)2;
a = Lb = PMe3 (MVIII ) and La = PMe3, Lb = CN− (MIX ) are

educed at strongly cathodic potentials (∼−2 V) however
rotonation on the FeFe bond reduces the reduction

ential by∼0.9 V. In acetonitrile MVIII is protonated byp-
oluenesulfonic acid (HOTs, pKa 8 in CH3CN [113]) and a
eak electrocatalytic response is observed at the redu



S.P. Best / Coordination Chemistry Reviews 249 (2005) 1536–1554 1549

Scheme 5. Proposed mechanism for electrocatalytic proton reduction by MIX (CH3CN, HOTs)[112].

potential of the protonated form (∼−1.0 V). A second reduc-
tion wave is observed at∼−1.35 V. A far more pronounced
electrocatalytic wave is obtained for MIX and this was at-
tributed to a mechanism involving protonation of the co-
ordinated cyanide. Evidence for protonation of the cyanide
ligand of HMIX was obtained from experiments conducted
using triflic acid (pKa 2.6 in CH3CN [113]). Whereas HMIX
is not protonated by HOTs in CH3CN reduction of the com-
plex will increase the basicity of the co-ordinated cyanide.
The reaction scheme proposed for electrocatalytic proton re-
duction by MIX is given inScheme 5 [112].

In their studies of electrocatalytic proton reduction
Darensbourg and co-workers[43,106] have adopted a
strategy that focuses on the use of the weak acid CH3COOH
(pKa 28 in CH3CN [113]) as the proton source. This
avoids complications due to protonation of the FeFe bond
prior to reduction in cases where strong� donors such as
phosphines replace the CO ligands. For MVI the primary
reduction process at−1.34 V (versus NHE) is found not
to be electrocatalytic with CH3COOH but that there is a
small increase in the cathodic current prior to the onset of
a weak electrocatalytic response at−1.95 V [106]. For the
phosphine-substituted compound MVII reduction occurs at
strongly reducing potentials (−1.85 V) but in this case the
primary reduction wave is catalytic and gives a response
approximately three times that of MVI . It is important to note
t ic
p
(
s
s d
t the
c s.

an
i the
s

derivatives give irreversible one-electron reductions and two-
electron oxidations that are shifted in potential by∼−0.2 V
for each PTA/CO exchange. Unlike MVII , the primary re-
ductions of both MX and MXI are electrocatalytic with
CH3COOH, albeit weakly. Protonation of the PTA ligand
gives H2MXI and the reduction of this compound occurs at
a more positive potential (−1.35 V). In this case the primary
reduction wave is not catalytic but an electrocatalytic wave
is obtained at potentials similar to those of MXI . SEC mon-
itoring of the reduction of H2MXI at mild potentials results
in formation of MXI . Methylation of the PTA ligand has a
similar effect on theν(CO) modes as protonation and the re-
duction potential of (Me2)MXI (−1.46 V) is a little higher
than that of H2MXI . However, the primary reduction wave of
(Me2)MXI is weakly electrocatalytic with CH3COOH. There
is a suggestion, based on the electrochemical response, that
demethylation of the ligand occurs during the course of the
reaction. It was noted that the voltammetry obtained for solu-
tions of MXI with CH3COOH feature curve-crossing events
on the anodic scan. While this type of response is most com-
monly associated with the formation of an active film on the
surface of the electrode, transfer of the electrode from these
experiments to solutions containing supporting electrolyte
and acid did not give an elevated background current. This
may suggest the active catalyst is formed from irreversible
reactions at strongly reducing potentials, however the form
o

sug-
g
F
v
a ch-
a es)
f ion
w layer
S of
hat under the same conditions HMVII has a noncatalyt
rimary reduction but a weakly catalytic wave at−1.86 V
that is attributed to in situ formation of MVII ). Since HMVII
hows less catalytic activity in CH3COOH than MVII this
uggests that protonation of the FeFe bond does not lea
o the formation of an active species and infers that
atalytic reaction proceeds through terminal Fe hydride

The more sterically demanding PTA ligands provide
nsight into the subtlety of the chemistry exhibited by
ystem. The mono, MX, and bis substituted, MXI , PTA
f this species remains to be identified.
The mechanism for electrocatalytic proton reduction

ested by Darensbourg and co-workers for MVI [106] and
e2(�-SEt)2(CO)6 [43] in the presence of CH3COOH in-
olves two sequential one-electron reductions (at∼−1.34
nd∼−2 V) followed by chemical reaction (an EECC me
nism). The chemical steps involve protonation (two tim

ollowed by elimination of dihydrogen. This interpretat
ould appear to be at odds with the faster timescale thin-
EC experiments conducted on MVI where in the presence
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Scheme 6. Proposed scheme for electrocatalytic proton reduction by Fe2(�-(SCH2)2N(p-C6H4Br))(CO)6 [105].

H2O (a weaker acid than CH3COOH) the initial one-electron
reduction process evolves into a net two-electron reaction
to give MVI-B [104]. Similar behaviour is also observed for
Fe2(�-SEt)2(CO)6 [114].

For the phosphine-substituted compounds (MVII –MXI )
electrocatalysis, where observed, is associated with the pri-
mary reduction process and in these cases an ECCE mecha-
nism was proposed[106]. In this case one-electron reduction
is followed by protonation (twice) prior to the second one-
electron reduction and dihydrogen elimination.

DFT modelling of the H-cluster by Hall and co-workers
led to the suggestion that the central light atom of the dithio-
late bridge in the H-cluster be a N rather than the C atom as
modelled in the initial structure[115,116]. This being based
on a predicted lowering of the energy barrier for heterolytic
cleavage and formation of dihydrogen[116]. Further analysis
of the crystal structure has provided support for that propo-
sition [8,11,82]. There is limited evidence for an increase in
the rate of electrocatalytic proton reduction by model com-
pounds that include a dta bridge compared to those incorpo-
rating a pdt group. This is provided by the substituted dta
compound Fe2(�-(SCH2)2N(p-C6H4Br))(CO)6, MXII [105].
Efficient electrocatalysis is obtained for CH3CN solutions of
MXII with HClO4 as the proton source. Under the conditions
of the experiment the N atom of the bridge is protonated (as
shown by IR, NMR and UV–vis spectroscopy) and this shifts
o a-
n
n and
t
i

r par-
t ut in
n to b

capable of yielding satisfactory simulations of the electro-
chemical response. Electrocatalytic proton reduction by MVI
in THF/HOTs gives a well-defined voltammetric response
which features two distinct catalytic waves designated pro-
cesses I and II (Fig. 9a)[104]. The shift of the primary reduc-
tion wave to more positive potentials following the addition
of acid is due to protonation of the primary reduction product
of MVI and this is a clear indication of an EC reaction. It is
clear from experiments conducted at lower acid concentra-
tions (or slow scan speeds) that turnover of protons occurs at
potentials associated with process I. Since the SEC experi-
ments described earlier (Section7) have shown that at mild
potentials MVI is reduced by two electrons to give MVI-B ,
turnover is proposed to occur by an ECEC reaction. Process
II becomes important at higher acid concentrations and this
is clearly associated with a more highly reduced species. A
reaction scheme taking into account these features is shown
in Fig. 9c and a simulation of the electrochemistry based on
this scheme is given inFig. 9b. While the reaction scheme
is relatively complicated, and potentially introduces a large
number of variables into the simulation, the dependence of
the voltammetry on the (i) scan rate, (ii) acid and (iii) metal
complex concentration constitutes a complex data set that
can be used to test the validity of the mechanism. An ex-
ample of the insights that the SEC experiments can have to
the development of the mechanism is provided by the iden-
t lyst.
O ing
t -
t ate of
t path
i tion
o re-
m ture
f the reduction potential by∼0.4 V. The proposed mech
ism for electrocatalysis is shown inScheme 6. It should be
oted that the basicity of the bridging N atom is not high,

heN-phenyl analogue of MXII is not protonated by HClO4
n CH3CN.

The reaction schemes so far discussed account fo
icular spectroscopic or electrochemical observations, b
one of these cases has the mechanism been shown
 e

ification of the path leading to deactivation of the cata
ur initial simulations were based on a reaction involv

he two electron, one proton product (1H−) however simula
ions based on that scheme gave a much poorer estim
he relative importance of Process I and Process II. The
nvolving dimerisation is second order in the concentra
f 1− (=MVI-A ) and this is consistent with lifetime measu
ents of MVI-A in SEC experiments, moreover, the struc
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Fig. 9. Electrocatalytic proton reduction by MVI in THF (a) 1 mM with 0–10 mM HOTs under an atmosphere of either N2 or CO (an offset of 1 V has been
added to the potentials of the voltammograms recorded, or simulated, under CO), (b) simulation of the voltammetry (DigiSim[117]) using the scheme given in
(c). Note that the nomenclature used to describe the species differs from that used in the text; 1 corresponds to MVI and D represents a dimer related to MVI-C.
A discussion of the parameters used in the simulations is given in[104]. Adapted from[104].

of MVI-C (Scheme 3) is readily understood if formation of the
kinetic dead-end product MVI-B proceeds through a dimeric
precursor.

In order to establish whether there is a connection
between the chemistry of the H-cluster and that of the
dithiolate-bridged diiron compounds during electrocatalytic
proton reduction it is necessary to delineate the structures
of the reactive intermediates, for the scheme shown in
Fig. 9c this would correspond to 1H, 1H− and 1H2. IR-SEC
experiments conducted on a solution of MVI with seven
equivalents of HOTs give an apparent slow rate of reduction.
Despite a high current flow, the net conversion of MVI
into MVI-B only occurs following the depletion of acid. IR
spectra recorded during the reduction are dominated by
MVI , together with MVI-B and small amounts of MVI-C all of
which are present in experiments conducted in the absence
of acid. An additional product is formed in low concentration
during the reduction, MVI-cat, and this gives the spectrum
shown inFig. 10 [104]. While it is not yet confirmed that
MVI-cat is a catalytically important species this observation

Fig. 10. IR spectra of the intermediate formed during reduction of MVI in
the presence of 7 equiv. of HOTs. The stick representation of the IR spectrum
of Hox-CO is based on the IR spectrum given in[83]. Adapted from[118].
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is tantalizing because it suggests that a CO-bridged inter-
mediate is also important during electrocatalytic proton
reduction. Moreover, the electron richness of this species, as
estimated by theν(CO) bands of the terminal CO groups, is
not significantly different from that of Hox-CO (Fig. 10).

9. Concluding remarks

The [NiFe]-and [FeFe]-hydrogenases provide active sites
that are ideally suited for study by IR-SEC techniques. The
studies by de Lacey, Fernandez, Albracht and co-workers of
the enzymes outlined in Sections4 and 6reveal detailed in-
sights into the various levels and their associated levels of pro-
tonation, which together with the identification of the modes
of CO co-ordination provide a framework for the develop-
ment of a detailed molecular description of the catalytic cy-
cle. These studies also provide a benchmark against which the
so-called model systems must be judged. Whereas the SEC
studies of the [NiFe]-hydrogenases have yielded richer results
than the corresponding studies of the [FeFe]-hydrogenases,
progress towards close synthetic models of the H-cluster has
been more rapid than for the corresponding NiFe centre. It
is clear from the investigations into the chemistry of MVI
that a complex series of reactions follow redox activation
and, further, that relatively subtle changes to the basic com-
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