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Abstract

Hydrogenases are enzymes that catalyze the reversible interconversion between hydrogen and protons with remarkable efficiency. On the
other hand, the design of synthetic electrocatalysts for proton reduction or hydrogen oxidation has been a goal sought for decades, even before
the crystallographic determinations of the structure of hydrogenases, namely because of the important technological applications of these
reactions (H2 production and fuel cells). This paper reviews the pre-biomimetic functional systems with regard to their mechanism, activity
(depending on the assays) and performances (cost, efficiency, robustness). We show how the design of new bio-inspired catalysts should
integrate the structural characteristics found at the active sites, in particular those specifically relevant to the activity, but also benefit from the
former studies on non-biomimetic systems.
© 2005 Elsevier B.V. All rights reserved.

Keywords:Hydrogenase; Catalysis; Proton reduction; Hydrogen oxidation; Biomimetic modelization; Bioinorganic chemistry

1. Introduction

Molecular hydrogen is expected to be the major en-
ergy carrier in global human activity in the XXIth century.
However, because of intrinsic kinetic limitations, only high
temperature or platinum-catalyzed devices are currently eco-
nomically viable for the production or the uptake of molec-
ular hydrogen[1]. For this reason, the design of effective
catalysts for proton reduction or hydrogen oxidation has be-
come a challenge for the chemical community. To date, no
molecular system but hydrogenases can achieve this goal.
These enzymes[2] are divided into two classes depending

A first level of modelization results in structural biomimet-
ics. Based on structural information of the enzyme metal
centers, the synthetic analogue strategy, as defined by Ibers
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modifications into the biomimetic compound, provided that
the basic structure–function relationships of the enzyme cen-
ter are conserved[8]. However, it could be worth taking the
problem from another angle, starting from an active or poten-
tially active non-biomimetic system (different ligands, dif-
ferent metals) and introducing new structural or electronic
properties inspired from the structure of the active sites of
the enzymes. These should not be called bio-mimetic but
bio-inspired models instead.

Since the publication of the crystallographic structures
of hydrogenases, studies concerning non-biomimetic but ac-
tive or potentially active systems seem to have been aban-
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nd Holm[7], indeed allows us to define the minimal str
ure required for a catalyst to achieve the biological fu
ion. However, a purely structural approach may not be
ost adequate one for the elaboration of highly active c

ysts, since the biomolecular environment (active site) a
lly plays a key role and should also be modelized. A
olution is the introduction of minor structural and electro

1 A third class of hydrogenases, hitherto called “metal-free hydrogen
s described. A recent report from Thauer [E.J. Lyon, S. Shima, G. Buu
. Chowdhuri, A. Batschauer, K. Steinbach, R.K. Thauer, Eur. J. Bioc
71 (2004) 195; S. Shima, E.J. Lyon, M. Sordel-Klippert, M. Kauss, J. K
.K. Thauer, K. Steinbach, X. Xie, L. Verdier, C. Griesinger, Angew. Ch

nt. Ed. 43 (2004) 2547] reveals that these enzymes contain an iron co
nd should be called “iron–sulfur cluster free hydrogenases” instead.
nzymes however do not catalyze the{H2/2H+ + 2e−} interconversion bu

he hydride transfer from H2 to methenyltetrahydromethanopterin.
The structures of the active site of both kinds of hydro
ases, as revealed by single crystal X-ray determination
iven inFig. 1 [3].

[Fe]-only hydrogenases are 50–100 times more a
han [NiFe] hydrogenases. Typical activities for [Fe]-o

ig. 1. Structures of the active sites of [Fe]-only (left) and [NiFe] (rig
ydrogenases (X are putative ligands).
on the metal content at the active site: [Fe]-only and [NiFe]
hydrogenases.1 The structures of both classes have been re-
cently published[3]. Both are electrochemically character-
ized by a quasi-nerstian behavior[4], making the enzymes
themselves or chemical biomimetic models[5] very attrac-
tive for biotechnological applications during the last 5 years.

However, despite significant achievements in the struc-
tural modelization of [Fe]-only hydrogenases[6], the new
biomimics show little activity associated with high overvolt-
ages so that immediate optimization perspectives appear quite
limited.

doned. Transition metal catalyzed proton reduction was
reviewed by K̈olle in 1992[9]. In this paper, we provid
a review of the most efficient catalysts for hydrogen p
duction/uptake highlighting the different structural and e
tronic features in relation with their activity but also th
limitations in terms of technological applications. We w
try to define the general principles for the design of new,
inspired, economically viable catalysts for proton reduc
or hydrogen oxidation.
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hydrogenases are 5–10 mmol H2 min−1 mg−1 protein for hy-
drogen evolution and 10–50 mmol H2 min−1 mg−1 protein
for hydrogen uptake withKM values for H2 in the range
0.1–1 mM at 30◦C and pH 8. This corresponds to maximum
turnover frequencies in the range 6000–60,000 molecules
H2 s−1 per site; [NiFe] hydrogenases have in contrast two
order of magnitude lowerKM values but also lower activi-
ties, in both hydrogen evolution and uptake (0.1–1 mmol H2
min−1 mg−1 protein, i.e. 100–1000 molecule H2 s−1 per site)
[10]. Nevertheless, these values strongly depend on the type
of activity assay. The quite low activities of [NiFe] H2ases
measured using redox dyes are possibly due to the limita-
tion of the reaction rate by the electron transfer step between
the reduced dye and the enzyme[11]. Accordingly, electro-
chemical experiments with the [NiFe] hydrogenase ofChro-
matium vinosumrecently led to higher activity values such as
1500–9000 molecule H2 s−1 per site for hydrogen consump-
tion depending on the electroactive coverage of the electrode.
Moreover, a graphite electrode coated with a [NiFe] hydroge-
nase has the same reversible behavior as a platinum electrode
[4], so that, under these conditions, a single enzymatic site is
two orders of magnitude more active than a platinum atom
on the metallic surface[12].

Both classes of hydrogenases are able to catalyze either
proton reduction or hydrogen oxidation but it is commonly
claimed, according to their different affinities for molecular
h tivity
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H2 + D2O � HD + HDO (1)

D2 + H2O � HD + HDO (2)

3. Mechanistic features of hydrogen
production/uptake

The terms “hydrogen production” or “uptake” have differ-
ent interpretations since they just determine the final product
or the starting material of the reaction. In this paper, we will
focus on the hydrogenase activity, which exclusively con-
cerns the interconversion between H2 and 2e− + 2H+, the
electrons being kept at a potential close to the apparent stan-
dard potential of the H+/H2 couple in the solution. Note that
such reactions thus have a very low driving force. It is sig-
nificantly more difficult to achieve than the reduction of sub-
strates such as NAD(P)+ by H2 via hydride transfer or hy-
drogenation reaction, during which a significant part of the
reducing power is converted into heat during the reaction.
Such reactions will be excluded from this account.

The {H2/2H+ + 2e−} interconversion is a two-electron
process and the related reactions should involve either
a H• radical or a hydride ion. The very low potentials
of the H+/H• (E◦ =−2.29 V/SHE in water) and H+/H−
(E◦ =−1.05 V/SHE in water) couples[21] preclude the in-
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ydrogen, that [Fe]-only hydrogenases have greater ac
or H2 production, while [NiFe] hydrogenases are more
cient for hydrogen uptake. These two processes have
ifferent pH optima but electrochemical measurement
dsorbed enzymes at carbon electrode over the entir
ange confirm these general trends for both [Fe]-only[13]
nd [NiFe][11] hydrogenases. For example, the largest e

rochemically measured reductive activity, at low pH, of
NiFe] hydrogenase ofC. vinosumis one order of magn
ude smaller than its oxidative counterpart, which is not
ependent.

The activity in proton reduction is strongly inhibited up
xposure to oxidative conditions[14], not only when the en
yme is exposed to oxygen but also, in the case ofC. vi-
osum[11,15] or D. gigas[16] [NiFe] hydrogenases, whe

he enzyme is held at potentials more positive than−160
o −100 mV/SHE. In the case of [NiFe] hydrogenases,
nactivation is a slow[17] and reversible process.

Furthermore, proton reduction is also inhibited by
resence of hydrogen in solution[11], and given the lowKM
alues for H2 in the case of [NiFe] hydrogenases, this
xplain the low activity of this class of enzymes for pro
eduction.

The heterolytic nature of hydrogen cleavage by
rogenase was first established by Krashna, studyin

somerization ofpara-hydrogen intoortho-hydrogen in the
resence and in the absence of hydrogenases[10,18]. Hydro-
en/deuterium exchange[19] using H2 and D2O (Eq.(1)) or
2 and H2O (Eq. (2)) and measuring the formation rate
D gas is currently widely used as an assay[20].
olvement of free H• or H− as intermediates. Indeed, b
ause of the reversible adsorption of H2 and stabilization o
dsorbed H• on platinum, palladium and nickel surfaces,
eduction of protons and the oxidation of hydrogen o
ith low overvoltages through a “homolytical” mechanis

n contrast, these reactions always proceed in solutio
“heterolytic” pathway involving a hydride ion stabiliz

hrough some chemical interaction with the catalysts (Fig. 2).
As far as homogeneous catalysis is concerned, the m

nism of hydrogen production/uptake always implies, in
f the intermediate or activated states, the coordinatio
olecular hydrogen, the formation of hydride species

he transfer of two electrons. Coordination complexes
hus naturally suited for such a catalysis since they com
oth redox and acid–base reactivities.

The general mechanistic schemes are given inFig. 3.
lockwise rotation through the cycle corresponds to

on reduction, whereas counterclockwise rotation invo
ydrogen oxidation. The pathways are then quite di
nt depending on whether the formation or the clea

Fig. 2. Proton reduction to dihydrogen[21].
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Fig. 3. Homolytic (left) and heterolytic (right) pathways for proton reduction
catalyzed by a coordination compound.

of the H H bond occurs via a homolytic or heterolytic
pathway.

In the homolytic mechanism, two metallic catalytic cen-
ters are usually required. Regarding proton reduction, two key
steps can be identified: In the first one, both metal centers are
protonated to give metal hydride complexes. H2 evolution
subsequently results from a reductive elimination reaction
from these two metal hydride moieties. The third step, a mo-
noelectronic reduction can occur either at the unprotonated
metal state or once the hydride species formed.

H2 oxidation proceeds via coordination at one metal cen-
ter or, as a bridge, between two metal centers, followed by a
bimetallic oxidative addition reaction yielding two metal hy-
dride moieties. For both reactions, the metals then stock one
redox equivalent each and switch between two redox states,
thus avoiding any disproportionation reactions. Espenson et
al. and Spiro et al. developed cobaloximes[22] and cobalt
porphyrins[23], respectively, that evolve hydrogen through
such a mechanism. Collman et al. also demonstrated that the
ruthenium porphyrin [Ru(OEP)(thf)] (1) catalytically oxidize
hydrogen with a 150 mV overpotential at pH 13[24]. The ac-
tive species is a cofacial bisporphyrin complex [Ru(OEP)]2
(1′

2) which is first electrochemically reduced to the “dimer
dianion” [Ru(OEP)]22− form, then able to oxidatively add
hydrogen across its single metal-metal bond to give two ruthe-
nium(II) hydrides. The latter are subsequently oxidized and
d ion”
f

nce
t the
c s any
f ur-

xidatio

face of an electrode since two different immobilized cen-
ters will not be able to react together. Nevertheless, these
drawbacks can be overcome by the design of bimetallic cat-
alysts (Fig. 5). Collman et al. developed such a strategy
for a series of cofacial metallodiporphyrins[25], such as
[Ru2(DPB)] (2) without any significant improvement of the
catalytic features by comparison with other monometallic
porphyrin complexes. This approach was more successful
using the bridged bismetallocene3and4 in which two metal
centers are held close together, as developed by Bitterwolf et
al. [26] and Mueller-Westerhoff et al.[27]. [1.1]Ferroceno-
phane (3) shows high activity in photoelectrochemical pro-
duction of hydrogen (see below). Lastly, a reaction mecha-
nism involving a dihydride intermediate might account for
the higher activity of the binuclear [Ni2(biscyclam)]4+ (54+)
over the mononuclear [Ni(cyclam)]2+ (62+) [28].

An alternative, heterolytic, pathway (Fig. 3) was proposed
in which the resulting metal hydride decomposes by pro-
ton attack, rather than by disproportionation of two metal
hydride, to evolve hydrogen, probably via an intermediate
dihydrogen metal complex. Such a mechanism was ascer-
tained using cyclovoltametry by Savéant and co-workers for
proton reduction electrocatalyzed by iron (7Cl) (Fig. 6) [29]
and rhodium (8Cl) (Fig. 18) [30] porphyrins complexes. The
reverse mechanism (Fig. 7) was proposed for hydrogen oxi-
dation catalyzed by the complex [Ni{(Et PCH ) NMe} ]2+

(
this

s ation,
w ing
d nter
n hich
e ctro-
c ions
b nsid-
e nism
c e the
a

ceed
b his
w dri-
d
a h
t tudy-
i ction
s e
eprotonated to restore the catalyst as the “dimer dian
orm (Fig. 4).

This process is however not kinetically favorable si
he rate of a step which is second order with regard to
atalyst is necessarily slow. Furthermore, this preclude
urther controlled immobilization of the catalyst on a s

Fig. 4. Proposed mechanism for the hydrogen o
 n catalyzed by [Ru(OEP)]2 (1′
2) at a graphite electrode.

2 2 2 2
92+) prepared by DuBois and co-workers[31].

In contrast with the former mechanism, no step in
cheme is second order with regard to catalyst concentr
hich could result in a kinetic bottleneck. As another strik
ifference with the homolytic mechanism, the metal ce
ow shuttles between three distinct oxidation states, w
xpands the catalytic cycle over a wider range of ele
hemical potentials. Moreover, disproportionation react
etween complexes in different redox states should be co
red. The latter may be avoided, and the overall mecha
hanged, upon grafting the catalyst on an electrode, sinc
ctive species will be held apart.

In some cases, proton reduction was shown to pro
y parallel heterolytic and homolytic mechanisms. T
as established for example for the reaction of the hy
ocobaloxime [HCo(dmgH)2(PBu3)] (10a) with perchloric
cid in methanol–water mixture[22]. In a first approac

o discriminate between these mechanisms, Spiro, s
ng cobalt porphyrin electrocatalysts, examined the rea
chemes detailed below, both resulting in the net balanc(5).
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Fig. 5. Molecular structures of some binuclear catalysts for proton reduction and hydrogen oxidation.

Fig. 6. Mechanism for the reduction of Et3NH+ to hydrogen catalyzed by
[Fe(TPP)Cl] (7Cl) in DMF (global charges of the complexes are not indi-
cated).

Given the electrochemical characteristics of the catalyst and
the operating conditions (pH,P(H2), temperature, solvent
. . .), this led to the determination of the electromotive forces
of reactions(3) (homolytic pathway) and(4) (heterolytic
pathway) and allowed identifying the most thermodynami-
cally favored process[23].

1
2CoI + H+ � 1

2CoIII + 1
2H2 (3)

1
2CoIII + 1

2e− � 1
2CoII

1
2CoII + 1

2e− � 1
2CoI

E(3) = E(H+/H2) − 1
2E(CoIII /CoII ) − 1

2E(CoII/CoI)

CoI + H+ � CoII + 1
2H2 (4)

CoII + e− � CoI

E(4) = E(H+/H2) − E(CoII/CoI)

H+ + e− � 1
2 H2 (5)

4

are
e their
w over
. The evaluation of functional models

Catalysts for proton reduction or hydrogen oxidation
ssentially characterized by their turnover frequency,
orking overpotential and their robustness (total turn
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Fig. 7. Proposed mechanism for the oxidation of hydrogen catalyzed by [Ni{(Et2PCH2)2NMe}2]2+ (92+) in CH3CN.

number). It could be useful to properly define this notion
of overpotential, which is specific to electrochemical appli-
cations. Indeed, the potential at which electrocatalysis takes
place is not relevant for the evaluation of the catalyst, but
the overpotential is. It is defined as the difference between
the potential at which catalysis is achieved and the apparent
thermodynamic potential of the H+/H2 couple under the op-
erating conditions. Note that, for thermodynamic reasons, the
measured potential is always more negative (respectively pos-
itive) than, or equal to, the apparent potential of the H+/H2
couple for proton reduction (respectively hydrogen oxida-
tion). Overpotential may be caused by slow kinetics of charge
transfer, mass transport and/or ionic transport. The overpo-
tential arising from slow kinetics of charge transfer, the one
that electrocatalysis can overcome, is usually termed as the
activation overpotential.

When a given synthetic complex catalyzes proton reduc-
tion with overpotential, the same complex is not thermody-
namically competent for catalyzing H2 oxidation using the
microscopic reverse of the former reaction. This is in marked
contrast with hydrogenases, which, because they do not dis-
play any overpotential, are able to catalyze both processes.
Electrocatalytic reduction of protons and hydride transfer re-
actions were reviewed recently by Deronzier and Moutet[32].

4.1. Activity assays

li-
c daic
( the

balance between the mobilized electric energy and the re-
covered chemical energy and mainly characterized by the
overpotential observed for the process. Electrochemistry is
the method of choice for the evaluation of electrocatalysts
since it allows the simultaneous determination of both ther-
modynamic and kinetic characteristics of the process: the rate
of the catalyzed reaction is directly measured as a current
upon varying the potential of the electrode. Catalytic waves
can first be observed using cyclic voltammetry whereas elec-
trolysis experiments, coupled to GC analysis of the evolved
gas or analysis of the bulk composition, are further used to
determine both the Faradaic yield and the stability (turnover
number) of the catalyst.

Simulations of the cyclovoltamograms give some insight
into the mechanism and allow an estimation of the kinetic
and thermodynamic constants[29,30]. Cyclic voltammetry
is unfortunately restricted to the characterization of fairly ac-
tive species, i.e. with a second order rate constant of more
than approximately 100 mol L−1 s−1 as estimated by DuBois
and co-workers[31], but reveals all catalytic activities, even
those associated with high overpotentials. For less active
species, it is necessary to develop more sensitive kinetic
tests. Biochemical activity assays for hydrogenases are usu-
ally based on the utilization of redox dyes, such as methy-
lene blue (E◦app= 0.01–0.03pH V/SHE), methylviologen
(E◦ =−0.44 V/SHE) or benzylviologen (E◦ =−0.36 V/SHE)
w o-
t -
t ction
w rogen
Electrocatalytic reactions differ from bulk catalytic app
ations since they are evaluated in terms of both Fara
selectivity, conversion) and energetic yield, defined as
hose standard potentials[33] lay around the standard p
ential of the redox couple H+/H2 in aqueous pH 7 solu
ions: reduced dyes act as electron donors for proton redu
hereas oxidized one serve as electron acceptors in hyd
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oxidation. Such an assay was adapted, albeit improperly (see
below), by Hembre in non-aqueous solvents. The limitation
of such assays is that they are restricted to systems catalyzing
the{H2/2H+ + 2e−} interconversion with low overpotentials.

Another widely used activity test consists in measuring
the rate of hydrogen/deuterium exchange catalysis between
D2 and H2O or H2 and D2O. This can be done using GC/MS
technique[34] or proton and deuterium NMR[35]. Such a
reaction is specific for hydrogenase enzymes and their model
compounds but does not provide any thermodynamic infor-
mation since both reactions have zero standard free enthalpy
variation. Completion of the catalytic cycle is even not ascer-
tained since any complex able to activate hydrogen to form
a metal hydride and a proton will be tested positive provided
that this step is reversible. Moreover, applied pressures of H2
and D2, up to 35 bar are often used in order to obtain con-
centrations in dissolved H2, HD or D2 high enough to allow
detection of the gases by NMR. Up to now, no correlation
between the quantitative results obtained by electrochemical
experiments and those arising from H/D exchange assays was
reported.

4.2. Assays operating conditions

The optimization of the test relies on the clear choice of the
solvent, pH (if applicable), potential and grafting conditions
a
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both pH (acid/base concentration in non-aqueous solutions)
and the pKa of the acidobasic partner have to be considered.
Indeed, whereas the iron(I)meso-tetraphenylporphyrin com-
plex (7−) displays electrocatalytic activity in DMF for the
reduction of the weak Et3NH+ acid[29], the rhodium(I) por-
phyrin (8−) indeed electrochemically catalyzes proton reduc-
tion in DMSO (Fig. 18) only if an acid stronger than formic
acid is used[30].

Finally, the choice of the assay pH range also determines
the working overpotential since the electrocatalytic wave usu-
ally developed from a given redox feature of the catalyst.

4.2.3. Potential
Special care should be taken when using a redox dye.

The potential of reduction of methylviologen MV2+ to the
cation–radical MV+ is influenced by the presence of surfac-
tants in the solution, which stabilizes the reduced species
[38]. The same drastic effect is observed when switching
to non-aqueous solvents. Cyclovoltamograms of MV(PF6)2
recorded in acetone or methanol show a first reversible
monoelectronic transfer with cathodic and anodic peaks at
−103 and−37 mV/SHE, respectively, far away from the
−450 mV/SHE standard potential value that can be measured
in physiological serum[38]. In the hydrogen oxidation assay
developed by Hembre for the evaluation of [Cp* RuH(dppf)]
(12) [39], the oxidized MV2+ is now strong enough to par-
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.2.1. Solvent
The active sites of hydrogenases are surrounded b

rophobic peptidic residues. Moreover, their organome
ature makes structural mimics more soluble in non-aqu
olvents than in water. This has led to the development o
ivity tests in acetone, propylene carbonate or acetonitril
valuation of model compounds. This is obviously not w
ut consequences for the definition of pH and of the pote
f the redox couples. The apparent potential of the refer
ouple, H+/H2, is indeed strongly dependent on the natur
he protic species (solvated protons or weak acid). Simi
he electrochemical features and then the catalytic activ
he catalyst can be strongly influenced by the nature o
olvent. For example, the two-electron oxidation potenti
Cp* RhIL] (L = 2,2′-bipyridine-4,4′-dicarboxylic acid) (11a)
aries from−0.65 V/SHE in acetonitrile to−0.53 V/SHE in
lkaline pH 11 aqueous solution[36]. A similar 150 mV shif
as observed for the electrochemical response of a si
p* RhIII L complex electropolymerized at a carbon electr
hen switching from acetonitrile to 0.1 mol L−1 LiClO4, pH
, aqueous solution[37].

.2.2. Acidobasic conditions
The presence of an acid (respectively a base) s

nough to protonate (respectively deprotonate) the inte
iate hydride in one of its redox states governs its reac

n a key step of the catalytic cycle. In other words, chem
odels, unlike enzymes, undergo general acid catalysi
ially oxidize tetramethylpiperidine, first introduced a
rönstedt base, in acetone at room temperature in th
ence of the catalyst and hydrogen[40]. Thus, in this case
he reported reduction of MV2+ has been incorrectly assign
o hydrogen oxidation.

.2.4. Grafting
The activity observed in homogeneous solution may

e reproducible with an active species anchored to an
rode. Spiro reported a series of cobalt porphyrins with
ctivity for H2 production, associated with low overvoltage
eutral aqueous solution. However, these compounds p
ifficult to handle when covalently grafted to an electr
ia an amide link with surface carboxylic acid groups: fi
nstability or disrupting processes at either film–electrod
lm–electrolyte interfaces were postulated. Neverthele
table catalyst system was obtained by incorporating

tively charged cobalt porphyrin complexes into a Na
embrane coated on a glassy carbon electrode but low

roactivity was observed, reflecting the poor electron-tran
haracteristics of Nafion films[23]. Kanedo et al., howeve
eported good proton reduction activity around the equ
ium potential for neutral [Co(TPP)] (13) incorporated in
afion membrane coated on a platinum electrode in a
queous solution. In contrast, when coated on a bare pyr
raphite electrode, the same catalyst can reduce pr
nly with a larger overpotential (−0.7 V versus Ag/AgCl
H 1) and a considerably lower 70 h−1 turnover frequenc
alue[41]. Better catalytic activity such as 2× 105 h−1 TOF
as observed at a potential of−0.90 versus Ag/AgCl an
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pH 1 for a cobalt phtalocyanine (14) incorporated in a
poly(4-vinylpyridine-co-styrene) film coated on a graphite
electrode. They also found that the catalytic proton reduc-
tion was limited by the electron transfer within the matrix
[42]. Electropolymerization of [Cp* Rh(L)Cl](BF4) (L = bis-
(2-pyrrol-1-yl-1-pyrrol-1-yl methyl ethyl)-2,2′-bipyridinyl-
4,4′-dicarboxylate) (11b(BF4)) leads to a stable film capa-
ble of proton electroreduction at−0.31 V versus SHE at
pH < 4. Quantitative current efficiency corresponding to 353
turnovers was observed during a 14 h electrolysis experiment
at pH 1 using a carbon-felt electrode coated with the elec-
tropolymerized rhodium complex[37].

5. Specifications applicable to catalysts for proton
reduction or hydrogen oxidation

The success of a catalyst is based on three characteristics:
cost, efficiency and robustness.

5.1. A good catalyst is a cheap catalyst!

Hydrogenases are fascinating because they catalyze the
fundamental{2H+ + 2e−/H2} interconversion at high rate
and small overpotentials from equilibrium, using cheap first-
row transition metals at the active sites. Modelization of
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is an attractive goal. Aside from composite semiconductor-
based materials[45], homogeneous systems for hydrogen
photoproduction consist in a photosensitizer S held in an ex-
cited state upon irradiation. This excited S* then transfers
electrons to a relay R able to effect proton reduction (Fig. 8).
If solar energy is directly used to drive the catalytic hydrogen
production cycle, larger overpotentials for proton reduction
are acceptable. Indeed, photovoltaic conversion, which is still
achieved with poor quantum yields, is avoided. This opens
the field for the technological application of synthetic molec-
ular catalysts. Water splitting indeed requires a voltage of
1.23 V, whereas the energy of visible light lies between 1.56
and 3.12 eV, which allows 0.33–1.89 V overvoltage shared
between cathodic and anodic processes.

First generation photochemical systems for proton
reduction successfully used photosensibilizers such as
[Ru(bipy)3]2+ (E◦([Ru(bipy)3]2+*/[Ru(bipy)3]3+) =−0.87 V
versus SHE)[46] or TiO2 (E1/2(CB) =−0.11–0.059 pH ver-
sus SHE)[47]. Reports of structural, but non-functional,
mimics of hydrogenases covalently linked to a ruthenium
polypyridine photosensitizer recently appeared in the litera-
ture[48].

A related application is photoelectrochemical production
of hydrogen where the externally applied potential is reduced
by a photogenerated potential. Polymer bound [1.1]ferro-
cenophane (3′), deposited on a p-type silicon photocathode,
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hese active clusters could lead to the replacement o
ustainable platinum electrocatalysts in electrolyzer/fue
pplications. The replacement of platinum with inexpen
aterials is critical to the large-scale utilization of hydro
s a clean energy vector. This could however be less rel
s far as high-value added devices such as micro fuel ce

aptop or mobile phone are concerned.

.2. A good catalyst is an economically viable catalyst!

Application of an electrocatalyst in large-scale electro
rs or fuel cells obviously requires high turnover frequen

o achieve high currents and low overpotential. Up to now
ynthetic molecular catalyst would have the potential to c
ete with platinum or nickel based (Pt/C, PtMo/C, PtRu
aney-Ni. . .) or other composite (C/W, NiFeZn, electrod
osited heteropolyanions. . .) materials in such devices[43].
olecular species can however be used to enhance th
lytic properties of active materials. Coating of a platin
lectrode with conducting polypyrrole containing ferroc
ulfonate as counter-ion or with polypyrrole covalently bo
o [1.1]ferrocenophane indeed induces a 0.27 V anodic
or proton reduction in molar sulfuric acid and a seven
mplification of current density when poised at−0.44 V/SHE

44]. In the same way, Kanedo et al. reported that mod
latinum electrode coated with Nafion incorporating neu

Co(TPP)] (13) display better proton reduction activity at p
than a bare platinum electrode[41].
From the viewpoint of solar energy conversion howe

he development of photocatalysts for overall water split
llows proton reduction in acidic aqueous solution with
nderpotential of 300 mV, i.e. the proton reduction occu
potential 300 mV more positive than the standard app
otential of the H+/H2 couple[27].

.3. A good catalyst is a robust catalyst!

The crucial point for any technological application is
obustness of the catalyst, which means both thermodyn
nd kinetic stability under normal atmospheric conditions
igh turnover numbers. Up to now, all promising molec
hemical systems for proton reduction or hydrogen up
ave been abandoned because they were not reliable en
he following points should be considered.

First, involvement of two electron transfers in the catal
ycle implies that the selected catalysts, at the unprotona
ydridic state (depending on the mechanism), should dis
lectrochemically and chemically reversible (except for

onation/deprotonation or H2 coordination/decoordinatio

Fig. 8. Principles of photoinduced electrocatalytic reduction of proto
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Fig. 9. Selected examples of synthetic cobalt catalysts stabilized by chelate
effect.

steps) redox features, occurring at relatively mild potential
to avoid any irreversible ligand decomposition.

Second, the chelate effect has been widely used as a gen-
eral strategy for the design of robust complexes[9]. By pre-
venting ligand exchange in the active intermediate states,
this indeed ensures conservation of the entire set of lig-
ands, governing the reactivity of the metallic center, over
the whole catalytic cycle.2 Bidentate ligands such as dithi-
olene[49] or alkylglyoxime[22,46] have been extensively
used. A large number of macrocyclic complexes of the met-
als belonging to the Fe, Co (Fig. 9) and Ni (Fig. 10) tri-
ads, including porphyrins[23–25,29,30,41], phtalocyanines
[42], cyclams[28,50]or other polydentate ligands[34,51,52],
have also been investigated. Cyclopentadienyl ligands, which
have the property to stabilize both high and low oxidation
states have been exploited, in conjunction with a bidentate
ancillary ligand such as diphosphine[39,53], alkylglyoxime
[54] or bipyridine[36,37,47]. The corresponding complexes
(Fig. 11) usually have another exchangeable coordination

2 Note that the biomimetic approach could be in contradiction with this
strategy since the carbonyl ligands, if conserved in biomimics, could be likely
to irreversible displacement during catalysis (see for example the dimeriza-
tion process initiated by CO displacement upon thiolate nucleophilic attack
in the reduced [Fe2(�-pdt)(CO)6]− [61h]). CO loss, when limited to a sole
ligand can nevertheless be a convenient way of generating a vacant site at a
m

Fig. 10. Selected examples of synthetic nickel catalysts stabilized by chelate
effect.

site, to accommodate hydride, water or molecular hydro-
gen. This was mainly developed by Kölle et al., namely with
cyclopentadienyl complexes of cobalt[52,53] and rhodium
[36,37,47,54]and by Mueller-Westerhoff et al. and Bitter-
wolf et al. with binuclear organometallic complexes such as
3 [27].

Several complexes incorporating such chelating ligands
allowed the design of stable and active electrocatalytic
[23,37,41,42]or photoelectrocatalytic[27,46,47]materials.

Third, the catalyst should be resistant to hydrogenation
or acidic hydrolysis. The cobaloxime [Co(dmgH)2(H2O)2]
(10b), able to catalyze proton electroreduction at high rate
with relatively low activation overpotential in neutral solution
[55], unfortunately undergoes hydride transfer from the metal
center to two oxime moieties, leading to an inactive bisoxima-
tobishydroxylamino complex (Fig. 12) [46,56]. Coordination
of a pyridine in axial position brings about a 200–300-fold
increase in the ligand hydrogenation rate. Similar H atom
transfer reactions from the intermediate hydride species are
also supposed to account for the degradation of porphyrin
complexes used for proton electroreduction[24]. Fortunately,
this does not apply to all unsaturated carbon–heteroatom sys-
tems since no hydrogenation of the ligand was observed when
complex192+, which contains two imine functions, was used
for electrocatalytic proton reduction[51].

Cobaloximes are also prone to demetalation in acidic me-
d an
h BF
b e
i
etal center for substrate binding.
ia (pH < 5) (Fig. 12) [57]. Again, the chelate effect c
elp overcoming this degradation process since the2-
ridged analogue [Co(dmgBF2)2(OH2)2] (10c) proved stabl

n acidic media[58].
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Fig. 11. Selected examples of synthetic organometallic catalysts.

6. Designing a catalyst, not so easy to do!

The de novo design of a catalyst for proton reduction or
hydrogen oxidation is not an easy task considering all the
parameters to accommodate. Potential guidelines could be
found in the structural patterns observed at the active site of
hydrogenases and responsible for their activity. Variation on
the metal ion and its coordination sphere should also be used
as a synthetic control of the reactivity to fulfill the electronic
and structural requirements of each elementary step of the
catalytic cycle.

6.1. Towards bio-inspired functional models

A purely biomimetic approach of [Fe]-only hydrogenases
[6] has been exquisitely and successfully developed by the
groups of Rauchfuss[59], Darensbourg[60] and Pickett[61].

The resulting model compounds have retained the sulfur envi-
ronment, the nature and number of metal ions as well as the
diatomic carbonyl and cyanide ligands found at the active
site. Some of those compounds display promising activities
[59b,60b,d,e]. These results are described in other articles
in this issue. In our laboratory, we have initiated studies of
catalysts, that we name bio-inspired catalysts, which do not
necessarily contain altogether sulfur ligands, iron or nickel
metal and diatomic ligands but are designed on the basis of
considerations described below. We want herein to briefly
describe and illustrate our approach from various literature
results.

6.1.1. Sulfur-rich coordination sphere
Since the metals in the active sites of both [Fe]-only and

[NiFe] hydrogenases are in a sulfur-rich environment, this
has prompted the development of new metallic systems using

cesse
Fig. 12. Decomposition pro
 s of [Co(dmgH)2(OH2)2] (10b).
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macrocyclic sulfur-containing ligands. This field has been
mainly pioneered by Sellmann et al.[8,35,49,62–64]. Since
they can act as�-donor,�-donor�-acceptor or even�-donor
�-donor ligands, sulfide, thiolate and thioether can tune the
electronic properties of the metal ions. The resulting com-
plexes then display a remarkable electronic flexibility: they
can accommodate both hard and soft ancillary ligands and
show a rich, sometimes ligand-centered, chemistry.

One of the first systems displaying hydrogenase activity,
assayed by H/D exchange, was a palladium complex23 of
the salen ligand[34]. It is thought that the heterolytic cleav-
age of hydrogen at the palladium–phenolate sites proceeds
by metathesis of the palladium–phenolate bond. A nickel
catalyst24 with the same kind of activity but involving a
nickel–thiolate bond (Fig. 13), was reported 25 years later by
Sellmann et al.[62]. Coordination of the elaborated sulfur-
rich tridentate ligand and of a distinct phosphinimine ligand
confers to the first row transition nickel ion electronic prop-
erties, and hence reactivity, similar to those of the expensive
palladium complex. This example highlights the capital con-
tribution of organic sulfur chemistry for the elaboration of
new bio-inspired electrocatalytic molecular materials in order
to replace platinum electrocatalysts. Moreover, the activation
overpotential of hydrogen evolution on the mercury electrode
in the circumneutral pH-range is strongly diminished in the
presence of nickel ions and cysteine or aminothiols[65].

6
both

[ n in-

ternal base near the metallic catalytic centers assisting de-
protonation of the bound dihydrogen. On the basis of the
three-dimensional structure ofD. desulfuricans[Fe]-only hy-
drogenase, Fontecilla-Camps and co-workers pointed to the
possibility for the presence of a nitrogen atom at the center
of the five atom iron-bridging molecule, and modelized it
as a dithiomethylamine rather than a propane-1,3-dithiolate
(Fig. 1) [3]. The active site is nicely designed so that the basic
center is kept far enough to avoid coordination to the metal
ion. Such a configuration may indicate that the cleavage of
dihydrogen proceeds via nucleophilic addition rather than ox-
idative addition or a four-center transition state mechanism
(also called�-bond metathesis) (Fig. 14) [66]. The cleavage
of bound dihydrogen then relies on the polarization of the H2
bond by the base B to form an activated complex display-
ing an unconventional hydrogen bond, MH�−· · ·�+H B,
called dihydrogen bond[67]. This activated complex further
evolves to a species containing a hydride ligand MH and
a protonated base BH. The reverse reaction involves in-
tramolecular proton transfer from BH to M H to generate
a �2-H2 complex.

This hypothesis is strongly corroborated by theoretical
models of [Fe]-only[68] and [NiFe] [69] hydrogenases
(Fig. 15). In the case of [NiFe] and [NiFeSe] hydrogenases,
dihydrogen is first coordinated to the iron atom and the sul-
fur atom of a terminal cysteine (respectively selenocysteine)
b se.

ain-
i base
r i(
.1.2. Internal basic site
The second interesting feature of the active sites in

Fe]-only and [NiFe] hydrogenases is the presence of a
Fig. 13. Mechanism of the [Ni(NHPnPr3)(S
ound to the nickel ion is thought to play the role of a ba
It is interesting to note that chemical systems cont

ng both a hydride metal center and a weak acid/
esidue held by an ancillary ligand such as [No-
3)] (24) catalyzed D2/H+ exchange.
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Fig. 14. Mechanisms for homolytic and heterolytic dihydrogen activation.

C6H4(OH)CH N NHCSNH2)2] [70], [Ir(L)(PPh3)2(H)2)]+

(L = iminol tautomer of quinoline-8-acetamide (25+) [71a]
or cyclometalated 2-ammonium-7,8-benzoquinolinato
(26+) [71b]), [Ir(H)3(2-C6H4NH2)(PPh3)2)]+ (27+)
[71c], [Ir{H(�1-SC5H4NH)}2(PCy3)2]+ (28+) [71de],
[Cp* W(OH)(�-S)2RuH(PPh3)2]+ (29+) [72], [�5-
C5H4(CH2)3NMe2H)RuH(dppm)]+ (30a+) [73] or Jaĺon
complex 31 [74] have H/D exchange activity (Fig. 16),
some of those systems displaying a dihydrogen bond. For
example, when a solution of31 in CD3OD is exposed to
a dihydrogen atmosphere at room temperature and 1 atm,

more than 90% of H2 is exchanged for D2 in about half an
hour. The heterolytic splitting of the dihydrogen ligand in
30a+ is believed to be the crucial step to explain its catalytic
activity for the reduction of CO2 into formic acid. Similarly,
the presence of an electronically coupled acidic OH or NH
group and a ruthenium hydride in the same molecule is the
key to the high reactivity of the catalysts of Shvo[75], Casey
[76] and Noyori [77] for the hydrogenation of aldehydes,
ketones and imines.

NMR measurements indicated the existence of an in-
tramolecular N H· · ·H Ru hydrogen bonding interaction in

cleoph
Fig. 15. Heterolytic cleavage of hydrogen along a nu
 ilic addition pathway for [Fe]-only and [NiFe] hydrogenases.
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Fig. 16. Selected H+/H−-containing systems.

[�5-C5H4(CH2)3NMe2H)RuH(L)]+ (L = dppm (30a+) [73],
2 PPh3 (30b+) [78]), probably implicated in the fast ex-
change between the hydride ligand and NH. In [�5-
C5H4(CH2)3NMe2)Ru(dppm)]+ however, the pendant amino
residue can coordinate the ruthenium atom, so that a pressure
of 60 atmospheres of hydrogen is necessary to form30a+.
Hence, a good activity for hydrogen oxidation or proton re-
duction depends on the fact that the base does not coordinate
the metal ion, as it is the case in the active site of [Fe]-only
hydrogenase. Such a goal is achieved in the ingenious system

recently described by DuBois and co-workers[31] (Fig. 7)
which combines a tetraphosphino-nickel core known to pro-
mote the heterolytic cleavage of hydrogen and an internal
nitrogen base related to the dithiomethylamine cofactor of
[Fe]-only hydrogenases. Remarkably, the presence of the ni-
trogen atom in the ligand induces a decrease of 600 mV for
the oxidation potential of [HNi{(Et2PCH2)2NMe}2]+ (9H+)
compared to the parent [HNi(depp)2]+. This drastic shift in
potential can be explained by a coupling of the oxidation
process of the hydride complex with a rapid proton trans-
fer from Ni to the base N atom and ultimately to the solu-
tion. A similar 230 mV decrease of the reduction potential
of protons in acetonitrile catalyzed by the biomimetic hex-
acarbonyl diiron clusters seems to occur when switching from
the propane-1,3-dithiolate[59b]to the N-aryl-2-aza-propane-
1,3-dithiolate[79] bridge, provided the fact that the different
experimental conditions, namely the nature of added acid, do
not modify the nature of the electrocatalytic process.

The H/D exchange activity of [Ir(H)2(HS(CH2)3SH)
(PCy3)2]+ (32+) [80], [Ru(pybuS4)]2 (33) [81],
[RhH(buS4)(CO)] (34) [63a], [OsH(pybuS4)]− [63b] or
[Ni(NHPnPr3)(S3)] (24) [62] (Fig. 13) is also attributed to
the existence of a Lewis-acidic metal together with thiolate
donors as “built-in” bases (Fig. 17). In these cases, the
thiolate base is coordinated to the metal ion, the complex
possessing another vacant site to accommodate a dihydrogen
m fine
w tate
m

ric or
c onu-
c

gen cle
Fig. 17. Selected catalysts for heterolytic hydro
olecule or a hydride ligand, and it is not easy to de
hether the activity relies on a four-center transition s
echanism or a nucleophilic addition pathway.
Another class of systems able to promote stoichiomet

atalytic heterolytic hydrogen cleavage consists of mon
lear or binuclear complexes such as35 and36 (Fig. 17)

avage containing thiolate or sulfide as “built-in” bases.
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containing terminal or bridged sulfide as “built-in” bases
[82].

6.1.3. Binuclearity
The observation of binuclear clusters at both, although

significantly different, active sites of [Fe]-only and [NiFe]
hydrogenases raises the issue whether two metal ions are es-
sential to achieve heterolytic formation or cleavage of hydro-
gen (it was outlined above than two metal centers are required
for the corresponding homolytic reactions). There are two in-
terdependent issues regarding binuclearity: (i) the storage of
one redox equivalent on each metal center instead of both
redox equivalents on the same ion can help keeping the po-
tential features of the cluster near the H+/H2 couple potential;
(ii) intermediates can be stabilized (hydride species) or ac-
tivated (coordinated dihydrogen) in a bridging coordination
mode.

The last hypothesis still derives from stereochemical con-
siderations based on the crystallographic structures and are
not ascertained by experimental measurements on enzymes
or biomimics. Most of the different quantum chemical cal-
culations on [NiFe] hydrogenases, however, conclude that
the heterolytic cleavage of hydrogen, initially bound to the
iron or the nickel ion, results in a hydride ligand bridg-
ing between the two metal centers and a protonated ter-
minal cysteine residue (Fig. 15) [69]. On the other hand,
b ster
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m are
k nei-
t an-
t etic
{
(
h
t
e
c -
a in-
c (
S
a
(

ihy-
d are
m uire-
m y-
d

6

s on
t way,
i ly and

rapidly. Varying the ligands and the nature or oxidation state
of the metal center, with regard to their hard/soft features,
transeffect or steric crowding, modifies the reactivity of the
metal center and orientates each step in one or the other di-
rection.

The key steps of the catalytic process are those involv-
ing proton transfer, namely the H2 cleavage and the result-
ing hydride deprotonation and the reverse reactions, hydride
protonation, dihydrogen reductive elimination and metal pro-
tonation. The chemistry of transition metal dihydrogen com-
plexes has been reviewed by Jessop and Morris[86].

6.2.1. Dihydrogen coordination
Apart from the fact that the catalyst should display a va-

cant or labile coordination position, coordination of dihy-
drogen[71e] requires electron density on the metal, which
enhance�-retrodonation into the antibonding orbitals of
dihydrogen. Too little retrodonation leads to short-lived
metal–dihydrogen complexes which thus cannot be depro-
tonated. On the opposite, too much�-donation results in
a metal–dihydrogen species with a strong dihydridic nature
and thus difficult to deprotonate. Displacement of a dihy-
drogen molecule is easier for the harder metals of the first
and second transition metal series[87]. Morris has devel-
oped an original approach[86,88] for predicting the prop-
erties of�2-dihydrogen complexes [M(H)L ] based on the
d
t
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L
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c r
ridging hydride are recurrent in transition metal clu
hemistry [83] and the M H M bond displays a pecu

iar three centers–two electrons electronic structure w
ubstantial amount of metal–metal bonding. Moreover,
odel reactions for heterolytic cleavage of dihydrogen

nown. Amazingly, and although this was expected
her from the crystallographic structures nor from qu
um calculations for [Fe]-only hydrogenases, the biomim
FeI}2 models of these enzymes, [(�-pdt){Fe(CO)2(L)}2]
pdt = S(CH2)3S; L = CO, CN−, PMe3), yield the bridging
ydride species [(�-pdt)(�-H){Fe(CO)2(L)}2]+ upon pro-

onation[59b,60b–e]. [(�-pdt)(�-H){Fe(CO)2(PMe3)}2]+ is
ven able to catalyze H/D exchange via H2 heterolytic
leavage under sunlight exposition[60b]. Other model re
ctions involving hydride bridged polynuclear species
lude the hydrogenation of organometallic iridium [�-
)2{IrH(PPh3)2}2] (35) [82c] or [Cp* Ir(OH2)3]2+ [84],
nd ruthenium, [(C6Me6)Ru(OH2)3]2+ or [(arene)RuCl2]2
arene = C6H6, C6H2Me4), complexes[85].

Hence, studies on model reactions of the heterolytic d
rogen activation/formation on dinuclear metal centers
ore than ever relevant to provide a clue about the req
ent of binuclearity for biological proton reduction or h
rogen oxidation.

.2. Tuning the reactivity of the metal center

The achievement of high turnover frequencies relie
he absence of any bottleneck along the catalytic path
.e. each elementary step should process spontaneous
2 5
etermination of the electrochemical potentialE1/2(d5/d6) of

he corresponding dinitrogen complexes [M(N2)L5] using the
dditive electrochemical parameters for the ligand set
ever’s correlations for transition metal of groups 6–8[89].

f E1/2(d5/d6) < 0.0 to 0.5 V/SHE (depending on the tran
ion series), the complex will undergo oxidative addition
ield a dihydride species. Below 1.7–2.0 V/SHE, the d
rogen complex is stable toward loss of H2 whereas abov
.7–2.0 V/SHE, decoordination of H2 occurs at 25◦C.

.2.2. Hydrogen heterolytic cleavage
Such a process is in competition with oxidative addi

f bound dihydrogen to give a dihydride species. Kinetic
eriments on mixtures of [Ru(H2)CpL]+ and [Ru(H)2CpL]+

L = dtfpe, dppe, dape) showed that the dihydrogen com
s deprotonated faster than the dihydride compound[90]. In

catalytic process, the heterolytic pathway is then pr
ble. Oxidative addition can be avoided by (i) controlling
lectronic properties of the coordination sphere (see ab
nd (ii) releasing the steric crowding around the coo
ated dihydrogen ligand. Two mechanisms are then p
le (Fig. 14): (i) deprotonation of�2-H2 by a base, whic
an be external (intermolecular H+ transfer) or internal (i.e
ligand lone pair) or (ii) protonation of a metal–ligand bo

four-center transition state mechanism). The former me
ism requires an acidic�2-H2 ligand. Morris calculated th

he most acidic dihydrogen complexes are also the les
le toward H2 loss, i.e. the corresponding [M(N2)L5] com-
lexes haveE1/2(d5/d6) > 2.0/SHE. Nevertheless, stable2
omplexes have pKa values ranging from−9 to 34, the lowe
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E1/2 value (i.e. the greater electron density at the metal), the
lower acidity.

6.2.3. Hydride protonation
Werner could demonstrate that hydridicity, i.e. reaction

with a proton, of a hydride species is favored by hard ancil-
lary ligands since this reaction corresponds to an increase of
the net positive charge of the complex[87]. The hydridicity is
also strongly increased when the oxidation state of the metal
decreases: [RhII H(TPP)]− (8H−) catalyses proton electrore-
duction via the heterolytic pathway whereas [RhIII H(TPP)]
(8H) is inactive (Fig. 18) [30].

Axial ligation trans to the hydride ligand also affects
the hydridicity: the rhodium porphyrin species [RhI(TPP)]−
(8−) can be protonated to give8H but this hydride doesn’t
react with a proton to eliminate a dihydrogen molecule.
Binding of triethylphosphine to rhodium increases elec-
tron density on the hydrogen atom bound to rhodium
and [RhIII H(TPP)(PEt3)] catalyzes proton electroreduction
(Fig. 18) [30].

6.2.4. Reductive elimination
The weaker the MH bond, the easier reductive elimi-

nation of hydrogen from two metal hydride species. The
stability of a metal hydride is strongly influenced by the
m es
e (II)
h
t e re-
a ions
o hane
(

F by
[
b ated).

6.2.5. Metal protonation/hydride deprotonation
Werner has pointed out the influence of the ancillary ligand

set Ln on the acidity of hydride ligands. Considering Eq.(6),
it is indeed easy to predict that hard bases will stabilize the
HMLn form, while soft bases will stabilize MLn− [87]. Note
that the pKa of hydride complexes strongly depends on the
oxidation state of the metal center: the pKa of [HCo(dppe)2]
decreases by 14.5 units upon oxidation[91]. The influence of
the metal is somewhat more complicated since the hydrides of
the second transition series seem to be less acidic than those
of the first series for the metals to the left in the periodic table
but more acidic to the right, iron and ruthenium lying at the
borderline. The hydrides of the third series are the weakest
acids[87].

[HML n] � [ML n]− + H+ (6)

6.2.6. Structural distortions
DuBois and co-workers have pointed out the fundamental

effects of the tetrahedral distortion of nickel complexes on
their hydride acceptor ability. The hydride acceptor ability of
the largely tetrahedral deformed [Ni{(Et2PCH2)2NBu}2]2+

(92+) increases by 10 kcal mol−1 compared to the nearly
square planar [Ni{(Et2PCH2)2NMe}2(dmpm)](BF4)2 [31].
In a systematic study on palladium bisdiphosphine com-
plexes, DuBois and co-workers also demonstrated that hy-
d ced
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etallic oxidation state: ruthenium(III) porphyrin hydrid
asily eliminate dihydrogen while the anionic ruthenium
ydrides are resistant to reductive elimination[25c]. Since

his requires that the two species come into contact, th
ction can be prevented by steric or Coulombic repuls
r favored in dinuclear catalysts such as [1.1]ferrocenop
3) [27].

ig. 18. Simplified mechanism for proton reduction catalyzed
Rh(TPP)]− (8−) (dissociation steps of axial ligands other than H− have
een omitted for clarity and global charges of the species are not indic
ridicity strongly depends on structural distortions indu
y the natural bite angle of the ligands[92]. Such a tetrahe
ral distortion is also observed at the active site of [N
ydrogenases, perhaps with the same effects.

.3. Decreasing overpotentials

The hardness or softness properties of the coordin
phere do influence not only the protonation/deproton
teps but also the redox processes. Unfortunately, both e
re opposed for a given catalytic cycle: for proton reduc
ard ligands enhance the protonation of low-valent meta
nd hydridicity of metal hydride moieties but decrease
otentials of the reduction steps. They accelerate the rea
ut increase the overpotential. The same applies for hydr
xidation: the harder the ancillary ligand set, the lower
xidation potentials, while soft or electron rich ligands
eeded to promote hydrogen cleavage.

Several studies have been undertaken in order to co
he reduction potential of the catalyst by systematically v
ng central metals and axial ligands in porphyrin comple
25b] or equatorial and axial ligands in cobaloximes. A
onclusion of these studies, it was stressed that “mod
ion of the reduction potentials of a closely related se
atalysts, i.e. varying remote substituents of the ligands
ults in insignificant changes in the overpotential for pro
eduction”. The species with a relatively positive reduc
otential are less nucleophilic and then exhibit catalytic

ivity only under strongly acidic conditions. As an examp
30 mV are gained in reduction potential when substitu
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glyoximato (gH−) for dimethylglyoximato (dmgH−) in
[CoII (dmgH)2(py)] [55], but [Co(gH)2(PBu3)]− is approxi-
mately 600 times less nucleophilic than [Co(dmgH)2(PBu3]−
[93]. Hence, more radical changes, such as varying the metal
ion or the nature of some ligands or modifying the structure
of the catalyst, are needed to minimize the working overpo-
tential.

7. Conclusion

In the current context of sustainable development, the de-
sign of economically viable molecular catalysts for proton
reduction and hydrogen oxidation are more than ever crucial
challenges for synthetic chemists. The reported electrocata-
lysts for proton reduction display high turnover frequencies
and total turnover numbers but their working overpotentials
are still too large compared to the composite materials cur-
rently used in electrochemical devices. For hydrogen oxida-
tion, a few complexes able to promote heterolytic hydrogen
cleavage, among them only two electrocatalysts, are reported.
The design of a new catalyst for hydrogen oxidation is then
closely related to the development of new systems for stoi-
chiometric heterolytic hydrogen oxidation, perhaps inspired
from the nature. However, up to now, the increasing amount
of crystallographic structures of enzymes delivered by post-
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