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Abstract

A few recent electrochemical studies of diiron models of the iron-only hydrogenases’ active site are summarized. Emphasis is put on
the reduction mechanisms of hexacarbonyl complexes and on the different mechanisms of proton reduction that may operate depending
on the nature of the complex and the strength of the acid. An attempt is made to discuss the thermodynamic and kinetic limitations of
proton reduction processes supported by these compounds. 7o cite this article: J.F. Capon et al., C. R. Chimie 11 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

Résumé

Cette contribution reprend quelques points de certaines études récentes du comportement électrochimique de complexes difer,
modeles du site actif des hydrogénases a fer seul. Une attention particuliére a été accordée aux mécanismes de réduction de modeles
hexacarbonylés ainsi qu’aux différents mécanismes de réduction des protons rencontrés, selon la nature du complexe et la force de
I’acide mis en jeu. Une discussion des facteurs thermodynamiques et cinétiques affectant les processus de réduction des protons
catalysés par ces complexes est proposée. Pour citer cet article : J.F. Capon et al., C. R. Chimie 11 (2008).
© 2008 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.
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1. Introduction

The search for cheap and robust electrocatalysts as
an alternative to platinum for the reduction of proton
to dihydrogen has led to resurgence of the chemistry
of diiron dithiolate complexes. This arises from the
striking resemblance of the long-known [Fe,(u-SR),
(CO)g] molecules with the [2Fe]z-subsite of the iron-
only hydrogenases [1,2] (Scheme 1) that catalyse the re-
duction of protons to dihydrogen with a high efficiency.
Since they started in 1999 [3], the modeling studies
based on complexes with {2Fe2S} or {2Fe3S} frame-
works have experienced a huge development [4].

These studies demonstrated that simple diiron
models are able to electrocatalyse the H/H, conver-
sion, but also that they are all much less efficient
than the enzymes. In this contribution, we chose to em-
phasize a few aspects of the electrochemistry of diiron
dithiolate complexes that we believe are important for
a better understanding of the electron transfer-induced
reactivity of these complexes both in the absence and
in the presence of protons, and that may also be helpful
to drive future synthetic studies towards more efficient
catalytic systems.

2. Electrochemistry of [Fe,(p-dithiolate)(CO)¢]
complexes in acid-free medium

The perception of different facets of the rich electro-
chemistry of diiron dithiolate complexes has much im-
proved in the past few years. Detailed CV investigations
showed that the reduction of [Fe,(ji-dithiolate)(CO)¢]
(dithiolate = SC¢H4S: bdt, 1b [5a,6]; SCH,SCH,S:
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sdt, 1s [7]; SCH,N(R)CH,S with R = CH,CH,OMe,
i-Pr: adt, 1a [8]) in acetonitrile involves the transfer of
two electrons in a single reversible or quasi-reversible
step, due to the potential inversion (E75% — ET5' > 0)
of the two individual electron transfers. Whereas the
successive steps could not be resolved in the case of
1b or 1s [5a,7], wave-splitting occurred at fast scan rates
for the adt analogue 1a so that the two one-electron pro-
cesses were discernible [8]. The heterogeneous electron
transfer rate constant for the two steps, k4! and k°%2,
are similar for the bdt-bridged complex 1b [5a,6], while
ke < k92 for 1s [7] and k=" > k™% for the azadi-
thiolate derivative 1a [8]. As a consequence of the large
AEZ®, the oxidation of 1a®~ occurs at a potential
positive of the oxidation of the anion so that the dianion
undergoes a two-electron oxidation to the neutral
complex (Scheme 2).

Typically, potential inversion occurs when a chemical
reaction, in most cases a structural rearragement [9—12],
makes the transfer of a second electron thermodynami-
cally more favourable than the first. Density functional
theory (DFT) calculations showed that the structure
change is distributed over the two one-electron reductions
of [Fe,(n-bdt)(CO)s], with a substantially rearranged an-
ion [6], while the [Fe,(p-adt)(CO)g] ™ anion retains essen-
tially the structure of its neutral precursor, the major
structural change occurring upon the transfer of the sec-
ond electron (Scheme 2). This is consistent with the
slow electron transfer rate of this step for complex 1a [8].

The electrochemical behaviour of [Fe,(p-pdt)(CO)g]
(pdt = S(CH,)5S, 1p) was also investigated by CV in thf
and MeCN electrolytes [8,13—15]. On a timescale suf-
ficiently short to isolate the electron transfers from the
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)

Scheme 1. Representations of (a) the active site (H cluster) of [FeFe]H,ases [1,2], and of (b) synthetic model compounds.
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Scheme 2. Basic reduction mechanism of [Fe,{pu-SCH,N(CH,CH,OMe)CH,S }(CO)s], 1a, in MeCN showing the calculated structures of the

redox partners [8].

following chemistry, the reduction mechanism of 1p is
similar to that of the adt analogue (Scheme 2), with
the two successive one-electron steps clearly detected
by CV at fast scan rates [8]. However, there is a major
difference between 1p and 1a in that potential inversion
of the reduction steps is observed only for the latter.
Therefore, the disproportionation of the anion that is
an important reaction for the adt complex is negligible
for the pdt analogue whose anion gives rise to a different
chemistry [15—17]. Thorough thin-layer spectroelec-
trochemical (SEC) and theoretical investigations of
the reduction of 1p [15] and [Fe,(pn-edt)(CO)g]
(edt = S(CH,),S, 1e) [17] remarkably illustrated the
variety of the reduction products arising from the
reactivity of the one-electron reduced species. The
[Fe,(u-dithiolate)(CO)g]™ anion indeed undergoes the
initial loss of a CO ligand (dithiolate = pdt, edt or
adt), which leads to the formation of dithiolate-bridged
tetrairon dianions for the pdt and edt derivatives [15—
17] (Scheme 3). DFT calculations showed that this is
impeded by an interaction of the CH,CH,OMe or i-Pr

[Fe(-pat(CONGI™ j
S/ \CO
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c'/ N\ c
© OC c0o

substituent of the N bridgehead atom with the coordina-
tion site exposed by the loss of a CO from 1a™ [8].
Electrochemical, SEC and theoretical studies of
various [Fe,(p-dithiolate)(CO)g] thus revealed that
the nature of the S-to-S link has a subtle impact on
the reductive behaviour of these compounds, and em-
phasised the variety of the products that result from
the transfer of one and two electrons [5—8,15—17].
In this respect, we proposed previously [4k] that a com-
plex where a CO would be replaced by a X or L ligand
(respectively anionic or neutral) would be an interest-
ing synthetic target in that the coordinatively unsatu-
rated anion that may arise from its electrochemical
reduction (Scheme 4, A) might generate a terminal
hydride under acidic conditions. Such a complex
with a labile ligand, namely [Fe,(u-pdt)(CO)s(L)]
(L =MeCN or NH,Pr), is now known [18] and can
be used as a precursor to investigate the coordination
of various ligands. However, a recent study demon-
strated that the reduction of such a derivative would
not be a judicious strategy to open a coordination
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Scheme 3. X =CH, or N(R) (R = CH,CH,0OMe, i-Pr) [8,15—17].
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Scheme 4. Adapted from Ref. [19].

site in an acid-free medium because of the fast forma-
tion of the dimeric dianion [19] (Scheme 4, B).

The electrochemical studies of [Fe,(u-dithiolate)
(CO)g] complexes in acid-free media are an important
prerequisite to their use as potential electrocatalysts for
proton reduction. This is particularly clear in the case of
non-protonatable complexes (dithiolate = bdt, pdt, edt),
since the first step of the proton reduction is then an elec-
tron transfer. Therefore, reduction products formed in the
absence of acid may also take part in electrocatalytic pro-
ton reduction processes, since the cleavage of Fe—S
bonds, for example, generates new sites for protonation.

3. Electrochemistry in acidic medium —
mechanisms of proton reduction processes

While a range of differently substituted dithiolate
complexes has now been produced, detailed investiga-
tions of the mechanisms of proton reduction by [FeFe]-
Hase diiron model compounds are still principally
limited to hexacarbonyl species. Several mononuclear
[20] and tetranuclear [21] catalysts have also been
thoroughly investigated.

3.1. Mechanisms of electrocatalytic proton reduction
by diiron hexacarbonyl compounds

The diiron model compounds can be separated into
two categories, depending on whether they can be pro-
tonated or not, that is, for hexacarbonyls, depending on
the nature of the dithiolate bridge. The presence of the
N bridgehead atom imparts specific properties to

[Fe, {n-SCH,N(R)CH,S }(CO)g] complexes, since the
reduction in acidic medium is shifted towards less neg-
ative potentials provided the acid is strong enough to
protonate the amine function (pK,=38.1 for R=Me
[22]). Consequently, when the N—H proton is involved,
the resulting electrocatalytic process has no counter-
part for the pdt, edt or bdt-bridged hexacarbonyl
analogues. In contrast, when the acid is too weak to
protonate the N atom, the proton reduction processes
that are initiated by an electron transfer step are similar
to those supported by the propanedithiolate analogue.

A recent study of the reduction of [Fe,{u-SCH,
N(R)CH,S}(CO)¢] 1la (R=CH,CH,OMe, i-Pr) in
acidic medium showed that different electrocatalytic
proton reduction processes may occur depending on
the strength and on the concentration of the acid
[23]. The process operating at —1.2 V that involves
protonation at the N atom of the bridge is observed
when HBF,-Et,0 or HOTs are used as a proton source.
This process, which does not take place with the
weaker CF;CO,H acid (pK,=12.6 in MeCN [24]),
was proposed to be limited by the slow release of H,
from the la—2H species under pseudo-first-order
acidic conditions (Scheme 5).

In the presence of more than 3—4 molar equivalents
HBEF,-Et,0 (but not HOTs'), the protonation of

! In contrast to HBF,-Et,O, HOTs does not protonate the la—
2H intermediate efficiently. When HOTs is used as a proton
source, there is also a second catalytic proton reduction process;
it is observed around —1.6 V (instead of —1.4 V for HBF,-Et,0)
since it requires that 1a—2H be reduced, which was proposed to
occur around —1.6 V [23].



846

J.-F. Capon et al. | C. R. Chimie 11 (2008) 842—851

! !
N DN
%
Y1 Y
OC S ,S c H+ OC S ,S C
-e// \e( \-Fe// \e(
el \Co el \ "o
o c [} o C C
[0} o o [0}
1a 1a-H*
A
+1e (-1.2V)
1 i
N @ N
WY WYY
o S S C . oc S S C
D VN AV
oc"” /  © \'"Co oc--""'/\ \ "Co
[ C [ H c
(o} [0} (o [0}
1a-H
1a-2H*
/\ H, +1e (~-1.2V)
SLOW
H+
1a—2H 1a-3H*

Scheme 5. Proposed mechanism of proton reduction specific to hexacarbonyl azadithiolate-bridged complexes in a MeCN electrolyte [23].

1a—2H competes with the loss of H, from this inter-
mediate. Thus, in the presence of an excess of the
strong acid HBF,-Et,O, the mechanism in Scheme 5
becomes superseded by a more negative one (around
—1.4 V) based on the reduction of 1a—3H™, in which
the N—H proton is probably only a spectator. In this
case, the reduction of protons supported by the adt
[23] and pdt [15] derivatives should involve similar in-
termediates of which different isomers (Scheme 6)
were considered on the basis of DFT calculations
[8,25]. Digital CV simulations indicated a slow release
of H, (k=2-5 s_l) from 1la—3H"' [23] and 1p—2H
[15] (Scheme 6), as well as from the analogue with
a PhP(CH,);PPh bridge (2—2H) [26], while 1a—3H,
1p—2H and 2—2H" release H, at a much faster
rate, in full agreement with theory [25].

It should be noted that intermediates with bridging
hydride and CO ligands and a cleaved Fe—S bond also
take part in the electrocatalytic reduction of the weak
acetic acid by 1b [6] (Scheme 7). The latter occurs
around —2.1 Vinstead of ca. —1.3 V for HOT's because,

in opposition to HOTs (pK,=8.3 in MeCN [27]),
CH;CO,H (pK, =22.3 in MeCN [24]) is too weak to
protonate 1b—H ™. When acetic acid is used as a proton
source to the bdt-bridged complex, the catalyst is no
more the neutral complex 1b but its one-electron
reduced product, [Fe,(p-bdt)(CO)g]™ [6], Scheme 7.

Therefore, the effect of the acid strength on the
mechanisms and potentials of proton reduction pro-
cesses has been clearly illustrated in the case of com-
plexes la and 1b [5,6,23]. Rerouting from one
mechanism to another depends upon a combination
of thermodynamic and kinetic factors such as the rela-
tive values of the pK,s of the acid and of the protonated
metal complexes involved in the proton reduction pro-
cesses, and the rate of their slowest step.

3.2. Thermodynamic and kinetic aspects of proton
reduction processes

The substitution of donor ligands (L) for CO in non-
protonatable complexes increases the basicity of the
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Scheme 6. Connection between intermediates possibly involved in proton reduction processes by 1a and 1p complexes [15,23,25].

diiron site so that treatment of [Fe,(u-dithiolate)
(CO)4(L),] species with acid leads to the formation
of products with a bridging hydride [28—32]. The neg-
ative shift of the reduction potentials due to the re-
placement of COs by electron-donor ligands L and/or
X (Table 1, 3rd column) is compensated by a positive
one, resulting from the formation of the more easily re-
ducible protonated complex (Table 1, 6th column). The
positive shift may be rationalised considering the ther-
modynamic cycle in Scheme 8 that depicts protonation
of diiron dithiolate complexes, M and M. In case of
a reversible one-electron reduction of M and M—
H’L,2 and when the electron and proton transfers occur
in separate steps, the potential shift observed upon pro-
tonation (AE° = Ey, ... — Ey;) is dependent on the
pK.s of M—H and M-H', with AE°=0.059
[pK.(M—H) — pK,(M—H")]. Therefore, the more the
basicity of the protonation site is enhanced by the re-
duction of M, the larger in magnitude AE° should
be. Since the LUMO of the diiron dithiolate complexes
has a predominant 6*g._g. character, one may antici-
pate that the basicity of the diiron site will be strongly
dependent upon the redox state of the complex.

2 The reduction of symmetrically disubstituted diiron complexes
with a bridging hydride (represented by M—H™ in Scheme 8) was
reported to be a partially reversible one-electron step [28]; the reduc-
tion of the N-protonated la—H™ (also represented by M—H" in
Scheme 8) was an irreversible one-electron step [23].

From the potential shifts observed upon formation
of a bridging hydride (Table 1, 6th column), it can be
estimated® that the pK, of the Fe—Fe site increases
by 15+2 units upon one-electron reduction of M.
This magnitude is similar to the lowering of the pK,
of the Ni—H entity by more than 14 units upon one-
electron oxidation of the [HNi(PNP),]" complex
(PNP = Et,PCH,N(Me)CH,PEt,) [20a]. The increase
in the electron density at the diiron site upon reduction
should also be transmitted to the ligands, but this effect
is expected to be diluted so that the reduction should
have a lesser impact on the pK, of ligands (terminal
or bridging) than on the pK, of the Fe—Fe site. Assum-
ing that no proton migration is concomitant with the
reduction of the ligand-protonated M—H™ complex,
this should lead to a smaller AE° and the values in Ta-
ble 1 indicate that such is the case.

It is also apparent from Table 1 that the reduction
potentials of the singly protonated diiron complexes
[E;ed m—p+) all fall in a relatively narrow range, from
—1.1 to —1.6 V. While infrared spectroscopy shows
that the monosubstituted derivatives [Fe,(u-bdt)(CO)s
P(OMe);] (3b, EFS=—1.48V [34a]) and [Fe,

3 The reduction steps are positively shifted from their thermody-
namic potentials by the chemistry following the electron transfer
event, so that several potentials in Table 1 are peak potentials (E,)
rather than E;, or thermodynamic E° values. The ApK, worked
out from the potentials of chemically irreversible reduction steps
are thus approximate.
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Scheme 7. Proton reduction processes catalysed by [Fez(u—bdt)(CO)G]O/ ~ 1b”" [5b,6] (E°, — E°; > 0; MeCN electrolyte).

(p-pdt)(CO)sP(OMe);] (3p, E;“' =—1.98 V [34b]) do
not protonate significantly upon addition of
HBF,-Et,0, CV of 3b and 3p in the presence of
HOTs exhibits a new acid-responsive reduction at a po-
tential less negative than that of their primary reduction

in the absence of acid. These observations point to
a CE mechanism in which the protonation equilibrium
is shifted by the reduction of 3b—H™" (Elrjed =-1.18V)
or 3p—H" (E;ed: —1.65 V). For complexes that are
not protonated by strong acids such as [Fe,(-bdt)

Table 1
Reduction potentials of selected examples of unprotonated [E{,edM] and protonated [E;,ed Mm_p+ ] diiron dithiolate complexes in MeCN (potentials are
in V/Fc)
Complex E;,EdM V) AE™ (V)? Protonation site [EI')Ed mn+] (V) AE;,Ed (V)° Ref.
[Fe,(p-adt)(CO)1¢ —1.56¢ — N ~-12 ~0.4 [23]
[Feo(p-pdt)(CO)4(PMes)(CN)] —2.56 —0.96 Fe—Fe —1.55 1.01 [28]
Fe—Fe and CN— —1.45 [28]
[Fe,(p-pdt)(CO)4(PMes),] —-2.29 —0.69 Fe—Fe —1.37¢ 0.92 [28]
[Fe,(p-pdt)(CO)4(PMes),] —2.25 —0.65 Fe—Fe —1.5 0.75 [29]
[Fex(p-pdt)(CO)4(PTA),]° —-2.02 —0.42 PTA —1.59 0.43 [29]
[Fex(pt-adt)(CO)4(PMes), ] —2.18 —0.65 Fe—Fe —1.10 1.08 [30]
N —1.55 0.63 [30]
N and Fe—Fe —1.00 [30]
[Fe,(n-adt)(CO)4(PMes),]® —2.18 —0.62 N —1.49 0.69 [31]
[Fex(pt-adt)(CO)4(k>-dppe)]" —2.05' —0.47 N —1.53 0.52 [33]
—2.42 —0.82 Fe—Fe —1.48 0.94 [32b]

[Fex(p1-pdt)(CO)4(k*-bisNHC) P

2 AE™ = [EI‘DeGl (complex) — E}fd (hexaCO precursor)].

b AEred — E;cd M_H — Ell;cd M-

adt = (SCH,),N(CH,CH,OMe).

EY35.

PTA = 1,3,5-triaza-7-phosphaadamantane.

adt = (SCHz)zN(CH2C6H5)

adt = (SCH,),N(CH,C¢H,4-2-Br).

adt = (SCH,),N(i-Pr).

Under CO.

BisNHC = Ije—CH,—Ie, Ine = 1-methylimidazol-2-ylidene.

- T 1B - 0 a o

-
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Scheme 8. M represents a diiron dithiolate complex.

(CO)] 1b [5b] and [Fe,(p-pdt)(CO)e] 1p [15], the
electrocatalytic proton reduction also occurs in the
same potential range.* On thermodynamic grounds,
one may thus question the validity of the approach con-
sisting in switching from hexacarbonyl to substituted
diiron dithiolate complexes.

However, the kinetic aspects of proton reduction pro-
cesses must also be considered. Different bottlenecks
were identified so far. Simulation of the voltammetric
responses in the presence of various concentrations of
HOTs indicated that the rate-determining step in the
H'/H, catalysis by complexes 3b [34a] and 3p [34b]
is the first protonation step. For the [Fey
{Me(CH,S)3}(CO)g] (4Fe6S) complex that has fused
{2Fe3S} cores [21], a potential proton reduction
process around —1.3 V was also hindered by the slow
protonation of the anion, [Fes{Me(CH,S)3}(CO)g],
by LutH" (Lut = 2,6 dimethylpyridine; pK, = 14.05 in
MeCN [24]). From the Bronsted relation [35] it may
be anticipated that the protonation would be faster if
an acid stronger than, respectively, HOTs or LutH™"
was used. For 4Fe6S, the kinetic problem was solved
at a thermodynamic cost (0.36 V, ~35kJImol™") by
generating a stronger base, namely the [4Fe6S]*~
dianion, which resulted in a kinetically very efficient
electrocatalysis with a fast elimination of dihydrogen
(k=2000s~") [21]. This suggested the possibility that
a terminal hydride might be formed upon protonation
of [4Fe6S]°", since a terminal hydride is known to be
more reactive than a bridging one towards dihydrogen
formation in Fe'Fe!l complexes [36]. In contrast, the
slow step of the less negative proton reduction process
for [Fe,{u-SCH,N(R)CH,S}(CO)q] 1a (R = CH,CH,

4 Note that proton reduction catalysed by [Fe,(p-bdt)(CO)s] occurs
at the more negative potential of —2.1 V when the proton source is
acetic acid, because this acid cannot protonate [HFe,(j1-bdt)(CO)e] ™
[5,6], see Scheme 7.

OMe, i-Pr) consisted in the elimination of H, from the
{2H*/2e} reduced species (1a—2H, Scheme 5) [23].
Such was also the case for catalysis by [Fe,(pt-pdt)
(CO)¢] 1b [15,25] and [Fe,{p-PhP(CH,);PPh}(CO)¢]
2 [26]. The slow rate of this reaction (k=2—5s"1)
that comprises two steps, that is formation and release
of a H, ligand, might be due to an inadequate H*---
H™ positioning, or to a mismatch of the pK,s of the
protonated site and the dihydrogen ligand [20], in the
{2H"/2e} reduced species. The faster H, elimination
upon addition of a further electron might thus result
from an electron transfer-induced rearrangement bring-
ing the proton and the hydride in a closer proximity, or
from an increased basicity of the hydride.

One of the interests of unsymmetrically disubsti-
tuted Fe'Fe' complexes is precisely that they may
favour the “rotated” structure [37] (Scheme 9), more
closely related to that of the [2Fe]y subsite of the en-
zyme (Scheme la), and thus facilitate the formation
of terminal hydrides. This would circumvent the
geometric failure of the usual models that are found
in the more stable [4a,4b] eclipsed geometry and pro-
tonate at the Fe—Fe bond.

Therefore, [Fez(u—dithiolate)(CO)4(KZ-LL’)] com-
plexes might contribute to solve both the kinetic prob-
lems mentioned above. Their increased basicity
compared to that of their hexacarbonyl precursors
should facilitate protonation that may occur at a terminal
position, due to the favoured rotated geometry. This, in
turn, is expected to speed up dihydrogen elimination at
the ultimate stage of the process. This approach is
clearly heading to substrate activation at a single metal
site, with or without the assistance of the second coordi-
nation sphere (Scheme 10).

The detection of transient terminal hydrides upon
protonation of several [Fez(u-pdt)(CO)4(|<2—LL’ )] com-
plexes [32], the high kinetic performances of the
4Fe6S cluster [21] and of several mononuclear com-
plexes with precisely positioned internal proton relays
[20] towards electrocatalytic H, production/uptake
lends support to this strategy.
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Scheme 10. Putative reduced intermediates with a rotated geometry.

4. Conclusion

This contribution attempted to summarize some re-
cent and important advances in the electrochemistry of
diiron dithiolate hexacarbonyl complexes that clarified
the reduction processes of several such species and
unravelled the different mechanisms by which they
catalyse the reduction of protons to dihydrogen. The
past few years also witnessed very active developments
of the synthesis of more sophisticated compounds,
such as unevenly substituted species, that are likely
to allow further developments of bioinspired catalysis
of proton reduction to dihydrogen.
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