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A short overview of diiron dichalcogenolato (Se and Te)
model complexes related to the chemistry of the diiron sub-
site of [FeFe] hydrogenase is presented. These model com-
plexes allow direct comparison with the diiron dithiolato
compound analogues for their ability to catalyze the forma-
tion of H, from weak acids. Few detailed photoelectron spec-

troscopy (PES) investigations and density functional theory
(DFT) calculations have been reported until now, and the re-
sults will be summarized here. On the basis of preliminary
results, we propose targets for the synthesis of more efficient
biomimetic diiron dichalcogenolato catalysts.

Introduction

Over 85% of the energy consumed worldwide is provided
by non-renewable fuels because of their relatively cheap
price and ease of access. These fuels, however, will be dimin-
ished in the coming few decades and cannot be replenished
in a short period of time. Therefore, the search for renew-
able energy sources will be a major challenge for the scien-
tific community. Ethanol, bio-diesel, and dihydrogen are
among these renewable fuels that could provide an alterna-
tive to fossil fuels. Especially dihydrogen received enormous
attention,!'71 as it can be directly converted to electricity
with high efficiency!”-8 and the only product of its combus-
tion is water. Therefore, the effective production of dihydro-
gen becomes very important, and many researchers have
reported studies on this process.>~'4

In nature many organisms generate dihydrogen from
water by using sunlight as the energy source and hydro-
genase enzymes as catalyst.l'>1®] Hydrogenases are proteins
that possess solely iron or iron and nickel in their active
sites, catalyzing the reversible, two-electron redox reaction
between protons and molecular hydrogen [Equation (1)].
These enzymes are found in many microorganisms such as
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bacteria, archae, and eukarya, and they were first discov-
ered in 1931 by Stephenson and Stickland in colon bacte-
ria.l']

Hydrogenase
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Hydrogenases are classified, on the basis of the metal
content in their active site, into three major families: [NiFe]-,
[FeFe]- and [Fe] hydrogenases.'834 A characteristic feature
of all hydrogenases is that the iron atoms are coordinated
by biologically unusual ligands (CO, CN"), which were first
detected by FTIR spectroscopy.?>3¢ [FeFe] and [NiFe] hy-
drogenases contain thiolato-bridged bimetallic centers, typi-
cally with a vacant coordination site on one iron atom. A
subgroup of [NiFe] hydrogenase comprises [NiFeSe] hydro-
genase, in which one of the terminal cysteine ligands of the
nickel atom is replaced by selenocysteine.l*”! This subfamily
shows higher tolerance to O, exposure; studies on Desul-
fomicrobium baculatum, containing the [NiFeSe] unit, show
that it retains partial activity for H, oxidation in the pres-
ence of O,.138!

The third class of enzymes, [Fe] hydrogenases, has long
been thought to contain no metal. However, it was shown
later that the active site includes a single iron atom with an
unusual coordination sphere.[?+3 41l

Above all, [FeFe] hydrogenase has been considered to be
mainly a H, producer and demonstrates considerably
higher turnover numbers and frequencies for H, production
relative to the other hydrogenases.?!>>%?1 A representative
example of these enzymes was isolated from Desulfovibrio
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desulfuricans.[*3 This enzyme can produce up to 9000 mole-
cules of dihydrogen per second at 30 °C for each active
site.[44]

[FeFe] hydrogenase was first found in the gram positive
bacterium Clostridium pasteurianum and solely possesses a
diiron unit in the active site of its hydrogenase.*! Spectro-
scopic and diffraction methods revealed a [4Fe4S] subsite,
connected to a [2Fe2S] subsite. This unit is called the H-
cluster (Scheme 1). Consecutive investigations revealed that
the [2Fe2S] subsite is responsible for hydrogen pro-
duction.[40]

Scheme 1. Basic structure of the H-cluster of [FeFe] hydrogenase,
(X = CH,, NH, or O, which remains crystallographically and ana-
lytically unresolved).

At the [2Fe2S] subsite, terminal carbon monoxide and
cyanide ligands are bound to each iron atom. Moreover, the
two iron atoms share a bridging carbon monoxide in the
H,-state and a bridging (SCH,XCH,S) linker.*3# Cur-
rently, it is still an open question whether X is CH,, NH,
or O, and only one plausible mechanism for the biosynthe-
sis of an S-to-S linker is described for an azadithiolato
moiety.[*”]

Several model complexes mimicking the active site of
[FeFe] hydrogenase have been synthesized and their electro-
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catalytic activity towards dihydrogen formation is well
documented. These complexes usually contain dithiolato-
bridged diiron cores (Scheme 2).[43-31]
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Scheme 2. Models of [FeFe] hydrogenases containing the dithiolato
ligand.

This article briefly summarizes the chemistry related to
the synthesis of structural and functional analogues of the
active site of [FeFe] hydrogenase, containing the 3rd and
4th row chalcogen atoms, selenium and tellurium, instead
of sulfur. Furthermore, this review presents the different
properties of such model complexes, relative to those of the
typical [2Fe2S] subsite units.

Synthetic Models

In contrast to the well-known [2Fe2S] compounds, the
heavier analogues, containing Se and Te, are sparsely
known. Recently, we and others paid attention to model
complexes containing the heavier chalcogens such as Se or
Te instead of sulfur.5>-%1 Herein we highlight recent work
on this topic, in order to give the reader an overview of the
consequences of substituting selenium or tellurium in lieu
of sulfur in dichalcogenolato [FeFe] hydrogenase model
compounds.
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Structural Models

Reviewing the literature, one can find (CO)gFe,(u-EE’)
(E, E' = 8§, Se, Te) complexes, which are readily available
and easily functionalized.[®'~7%] These complexes are re-
duced by LiEt;BH, leading to E-E’ bond cleavage and
forming the dianionic species [(u-EE")Fe,(CO)g]> (1-5), as
shown in Scheme 3. Reaction of electrophiles such as or-
ganic halides with these dianions give complexes with gene-
ral formulas [(L-ER)(u-E'R)Fey(CO)4] and [(n-EE'R)Fe,-
(CO)G] [75-%¢]
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Scheme 3. Preparation and protonation of dianion species [(1-EE’)-
Fey(CO)e]* .

Numerous [FeFe] hydrogenase model complexes have
been prepared by reaction of [(CO)¢Fe,(u-S,)]> (1) and di-
bromoalkanes.®’7 The analogous complexes [(CO)gFe(ui-
Sex)l (), [(CO)Fer(p-Tey)]* (3),°7 [(CO)sFea(p-
SSe)]* (4), and [(CO)¢Fe,(u-STe)]* (5)I7>74 inspired scien-
tists to synthesize model complexes containing heavier chal-
cogenolato ligands for structure mimics of the active sites,
which leads to an increase of the electron density at the iron
atoms. Probably, this should influence the reactivity and
redox properties of the resulting model complexes. In ad-
dition, such studies might be able to provide more infor-
mation for understanding the biological function of sele-
nium in [NiFeSe] hydrogenase.

Peng and co-workers first described the synthesis of
[FeFe] hydrogenase model complexes containing diselenol-
ato ligands.’¥ In their study, three diiron diselenolato com-
plexes [{(n-SeCH,),NCsH R} Fe,(CO)g] (R = H, 6; R = 4-
NO,, 7; R = 4-CH3;, 8) were prepared (Scheme 4). The elec-
trochemical reduction of protons catalyzed by 8 was investi-
gated in the presence of p-toluenesulfonic acid (HOTs) as
the proton source. Complex 8 has been proven to be a cata-
lyst for electrochemical reduction of protons from p-tolu-
enesulfonic acid to give dihydrogen. In order to evaluate the
influence of the different bridging chalcogenolato atoms on
the electrochemical properties as well as their electrocata-
lytic activity for proton reduction, IR spectroscopy and cy-
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Scheme 4. Azadiirondiselenolato model complexes 6-8.
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clic voltammetry were performed. For example, a small
shift (ca. 9 cm™!) of the IR bands to lower wavenumbers
was observed upon selenium incorporation. However, no
difference was observed in cyclic voltammetry, and both
sulfur-containing  [{(1-SCH,),NCH4(4-CHj3)} Fe,(CO)g]
(9) and selenium-containing compound 8 revealed re-
duction to the Fel'Fe® level at —1.50 V vs. the Ag/Ag* refer-
ence electrode.’¥ In contrast, it was found that Se-contain-
ing compound 8 has a slightly higher electrocatalytic ac-
tivity for proton reduction as compared to S-containing an-
alogue complex 9, when HOTs was used as proton source.

Similar results were obtained for a water-soluble [FeFe]
hydrogenase model containing a peripherally bound sugar
residue with a [2Fe2E] core; Fe,(u-EC3HsRE)(CO)g (R =
tetra-O-acetyl-B-D-glucopyranoside) {E = Se 10, S 11},
(Scheme 5).5%1 Both complexes revealed electrochemical H,
production from acetic acid and water. The presence of sele-
nium offers higher activity towards H, evolution, but at
considerably more negative potentials than the correspond-
ing sulfur complexes. In addition, compound 10 provided
higher stability under reductive conditions upon addition
of water. In accordance to the IR spectra, this was ascribed
to the stronger electropositivity of selenium. Hence, the iron
becomes more electron-rich, leading to a stronger m-back-
bonding of the CO ligands.

Scheme 5. Sugar-substituted diirondiselenolato model complex 10
and its dithiolato analogue 11.

Following these initial experiments, more selenium-con-
taining complexes based on the exhaustively investigated
sulfur complex, [Fe,(u-SC3HgS)(CO)] (PDT) (12), were
synthesized to obtain more detailed information on
[2Fe2Se] cluster compounds. [Fe,(1-SeC3HgSe)(CO)g]
(PDSe) (13),560571 [Fe,(u-Se,C3HsCH3)(CO)g] (14), and
[Fe,{(n-SeCH»),Se} (CO)g] (15) (Scheme 6) were prepared
subsequently. A lengthening of the Fe-Fe bond is notable
for all these complexes. For example, whereas the Fe-Fe
bond length is 2.5610(8) A in 13,15 compound 12 displays
a distance of 2.5103(11) A.1°7) As already described for com-
plexes 6-8 and 10, no distinct deviation of the peak poten-
tials can be observed for 13 and 14, relative to those of their
sulfur-containing analogues. Once more, a comparative
study on the catalytic activity of model 13 and its sulfur
analogue 12 proved that Se-containing complex 13 provides
higher activity for proton reduction to molecular H, under
electrochemical conditions.>>) Moreover, the photoelectron

Eur. J. Inorg. Chem. 2011, 986-993
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spectrum of and theoretical calculations on 14 revealed that
its reorganization energy is substantially lower than that for
sulfur-analogue complexes.’* This observation predicts
faster electron transfer with complexes containing [2Fe2Se]
rather than [2Fe2S] cores, which could explain the greater
electrocatalytic activity toward H, production of Se-con-
taining complexes.

13: X =CHp, R=H
14: X = CHz, R =CHa
15:X=Se,R=H

Scheme 6. Models of [FeFe] hydrogenases containing diselenolato
ligands.

Replacement of CO ligands by strong donor ligands, ac-
cording to procedures similar to those described for the sul-
fur analogues,® substantially increases the electron density
on the iron atoms. It is well known that phosphanes and
N-heterocyclic carbene ligands are good substitutes for the
natural counterparts of CO and cyanide. Thus, similar do-
nor properties are provided. Sun and co-workers prepared
a series of monosubstituted diiron complexes [(u-PDSe)-
Fe,(CO)sL] {L = PPh; 15, PPh,H 16, and 1,3-bis(mesityl)-
imidazol-2-ylidene (Iyes) 17} (Scheme 8).571 This investiga-
tion was followed by the work of Weigand and co-workers,
in which a substitution study of the carbonyl groups of
compound 14 by PPh; or P(OMe); resulted in the mono-
substituted complexes [(L-SeCH(CH3)CH,CH,Se)Fe,(CO)s-
L] {L = PPh; 18, P(OMe); 19} and the disubstituted com-
pound [(u-SeCH(CH;)CH,CH,Se)Fe,(CO)4{P(OMe)s}-]
(20) (Scheme 7).1%81 Moreover, the replacement of carbonyl
ligands of 14 by bis(diphenylphosphanyl)ethane (dppe) af-
forded the chelated diiron complex 21 and the bridged
tetrairon complex 22 (Scheme 8).°81 In contrast to the nu-
merous crystallographic data of such compounds, only little
is known about substituted [2Fe2Se] complexes. Solely the

Ro
g" ( 15:R=H,L=PPhy L'=CO
o 16:R=H, L= PPhyH, L' = CO
L ¥ Se 17:R=H,L=IMes, L'=CO
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Scheme 7. Substituted diiron diselenide model complexes.
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Scheme 8. Models of [FeFe] hydrogenases containing a chelating
and bridging dppe ligand.
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electrochemical properties of complex 18 are described in
the literature.’® A significant shift of both the oxidation
[+0.35V (18)1%8] < +0.76 V (14)P¢]] and reduction potential
[-2.00 V (18)1%8] < —1.83 V (14)1°]] was observed. This trend
is not unexpected, and similar shifts were already observed
for sulfur-containing compounds.”!

In order to compare S, Se, and Te analogues and to in-
vestigate the influence of the heavier atoms, it is important
to provide the same substitution pattern in the E-to-E linker
(E =S, Se, Te). In a recent study, Weigand and co-workers
extended the current investigations on [FeFe] hydrogenase
model complexes containing the higher homologues by
using the concept of a fixed backbone and prepared com-
plexes 23, 24, and 25 with dithiolato, diselenolato, and ditel-
lurolato ligands, respectively (Scheme 9).1>%]

o]
(o] E E O 23: E=S
¢ / E =Se
e/ E=Te
™
¢ o
& %

Scheme 9. Models of [FeFe] hydrogenases containing dichalcogeno-
lato ligands.

The oxetane ring remarkably stabilizes diselenium and
ditellurium precursor compounds. This provides the oppor-
tunity to synthesize the homologous S, Se, and Te series)
(compounds 23-25). The increasing donor ability of Se and
Te atoms in these complexes is reflected by the decreasing
carbonyl stretching frequencies (the average v values are
2019, 2013, and 2004 cm™! for 23, 24, and 25, respectively)
and the decreasing vertical ionization energies. This trend
is compensated by decreasing reorganization energies by
which the adiabatic ionization energies and the electro-
chemical oxidation potentials of the [2Fe2S], [2Fe2Se], and
[2Fe2Te] clusters appear within narrow ranges.[*”!

Contrary to the above-mentioned results, the catalytic ac-
tivity of the complexes towards proton reduction from weak
acids is substantially diminished from 23 to 24 and even
more to 25. This trend was also reflected in DFT calcula-
tions, whereupon a disfavored ability to adopt the rotated
structures and to provide a vacant coordination site was
observed for anionic species. The increasing size of the chal-
cogen atoms and hence the increased distance between the
iron atoms are likely reasons for this behavior.[*’]

Recently, [FeFe] hydrogenase models utilizing mixed di-
chalcogenolato ligands were investigated. The mixed (S, Se)
Fez(u-SC3H6SC)(CO)6 (26) and (S, Te) Fe2(H-SC3H6Te)-
(CO)g (27) complexes were prepared by reaction of 1,2-thia-
selenolane and  1,2-thiatellurolane with  Fe3(CO);,
(Scheme 10).10]

Cyclic voltammetry revealed no influence of the heavier
chalcogens to the one-electron oxidation. In contrast, sig-
nificant shifts of the reduction potentials to more positive
values were observed [-1.652V (12) > -1.618 V (26) >
—1.585V (27)].1°01 It is remarkable that this trend was also
989
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Scheme 10. Models of [FeFe] hydrogenases containing mixed di-
chalcogenolato ligands.

observed for compound 23-25, where the dithiolato ligand
was exchanged by a diselenolato and/or a ditellurolato li-
gand. However, no considerable improve of the catalysts
properties for the H, generation was observed, compared
to their sulfur counterparts.

Photoelectron Spectroscopy

Photoelectron spectroscopy provides an experimental
measure of ionization and molecular reorganization ener-
gies, and it helps to quantify trends in electronic structure
in this series of molecules. The ionization energies also are
well-defined quantities used for validation of the electron
energies from computational methods and provide a foun-
dation for modeling the electrochemistry and chemical be-
havior.

The gas-phase photoelectron spectra of [FeFe] hydro-
genase active site catalysts (12, 14, 23-27) were reported by
Weigand and co-workers (Figure 1).[56-58-601 These active
site catalysts typically exhibit extensive overlap of six Fe 3d
orbitals and range up to about 9 eV with a weak shoulder
on the low ionization energy side corresponding to ioniza-
tion from the HOMO. The HOMO is calculated to be pre-
dominantly the Fe—Fe ¢ bond (vide infra), with an adiabatic
ionization (IE4) energy around 7.5 eV. The Fe-based metal
ionizations visibly decreased with substitution from S to Se
to Te, indicating increased electron richness of the diiron
core. The second and third ionization bands, typically rang-
ing from 9.0 to 9.5 eV, are chalcogen-based, and those from

100 95 9.0 85 8.0 75
lonization Energy (eV)

Figure 1. Photoelectron spectra of oxetane-containing compounds
23-25. He I (solid line) and He II (dashed line). The black arrow
indicates the calculated IE . The red arrow indicates the calculated
IEy.
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10.0 eV and above are mixtures of Fe-, O-, C-, and chal-
cogen-based orbitals from the photoelectron spectra of the
oxetane series of compounds (23-25). The orbital mixing of
these catalysts can be observed from the combination of the
relative intensity change between He I (21.2 eV) and He II
(40.8 eV) photoelectron spectra and the theoretical partial
photoionization cross-sections of the atoms.'! The prob-
ability of ionization from a chalcogen p orbital falls by an
average factor of 10 from He I to He II excitation, while
the probability of O p orbital and Fe d orbital ionizations
increases by almost a factor of two.[1%%

Overall, the lower energy shift of the ionization energies
observed in the photoelectron spectra reflects the greater
donor ability of their chalcogen atom, from S to Se to Te,
to the diiron core of the [FeFe] hydrogenase active site cata-
lysts.

Density Functional Theory Calculations

DFT calculations can provide additional understanding
of the electronic structure and chemical properties of a
chemical system, provided the calculations are appropri-
ately validated against experimental structures, spectro-
scopic observations, electrochemical measurements, and
thermodynamic properties. The computational methodol-
ogy utilized by Weigand and co-workers to investigate these
catalysts (12, 13, 23-27) has previously been shown to give
good quantitative agreement with the structures, CO
stretching frequencies (vCO), oxidation and reduction
potentials, bond energies, and pK, values of a variety
of catalysts inspired by [FeFe] hydrogenase active
sites.[56:39:60-101-103] The optimized geometries and com-
puted vCO values agree very well with the experimental val-
ues, suggesting that the computations are able to yield suffi-
ciently reasonable electron distributions and energies for
catalysts 12, 14, and 23-27.

The calculations are also able to account for the onset
energies of first ionization bands very well. The vertical ion-
ization (IEy) in these catalysts are difficult to define experi-
mentally, because of the large number of broad overlapping
ionizations in this region, but the IEy energies, calculated
by the ASCF method between the neutral molecule and the
cation, were also able to properly account for the shifting
of the primary ionization band intensity to lower energy
with substitution of chalcogens from S to Se to Te. Further-
more, the calculated IE,, for which the structures of the
cations were optimized to their global minima, were close
to the experimental onset energies of the first ionization
bands. The agreement between the calculated ionization en-
ergies and the lower energy shifting trend of ionization
band intensity illustrates the success of the computational
model for these active site catalysts. The total cation reorga-
nization energy (AE,) for each catalyst was calculated as the
energy difference between the IEy and the IE. The trend
in reduction of AE, in these catalysts (23-27) is visually ap-
parent in the photoelectron spectra, in which the energy
separation between the IEy and IE, decreases down the

Eur. J. Inorg. Chem. 2011, 986-993
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series. The magnitude of reduction in ionization energies is
influenced by the heavier chalcogens, reflecting their greater
donor ability as well as the number of chalcogens substi-
tuted and variations of ligands attached to the diiron core
of the molecule. Furthermore, smaller AE, values may lead
to smaller intramolecular (inner-sphere) and intermolecular
(outer-sphere) reorganization of the diiron compounds,
which could lead to faster electron-transfer rates,!%* 1% ac-
cording to Marcus theory,'%” and possibly to increased
catalytic activities.

The computations were also able to reveal the Kohn-
Sham orbitals (HOMO and LUMO). On the basis of the
Fe—Fe bonding character in the HOMO of the neutral mo-
lecule, the primary geometry relaxation in the cation was
expected to be a lengthening of the Fe-Fe distance, and
indeed this was found when a computational search for the
lowest-energy geometry of the cation started with the struc-
ture of the neutral molecule. The LUMOs for this family
of catalysts consists mainly of the metal-metal antibonding
interaction with some metal-chalcogen antibonding inter-
action. Similar to the removal of an electron from the
HOMO, adding an electron into the Fe—Fe antibonding or-
bital (LUMO) promotes elongation of the Fe—Fe bond.
However, a wider search on the potential energy surface
found cations and anions with a bridging CO to be the
global minimum (Figure 2). This general arrangement of
the bridged CO “rotated” structure is analogous to the
active site of [FeFe] hydrogenase.['°® This has been the sub-
ject of much attention'%3:19-1141 and thought to be critical
for the H, production. %]

Cation

Figure 2. Gas-phase geometry-optimized structures of the neutral,
anionic, and cationic forms of 23 with their HOMO and LUMO.

Concluding Remarks

As shown above, the replacement of S atoms of diiron
dithiolato model complexes by more electropositive Se
atoms leads to an enhancement of the catalytic activity of
some [FeFe] hydrogenase models. This could be attributed
to an increase of the electron density at the Fe atoms and
faster electron transfer in complexes containing [2Fe2Se]
rather than [2Fe2S] cores. Some limitation of this conclu-
sion is found, due to disfavoring of the anions to adopt the
rotated structures with complexes containing [2Fe2Se]. In

FEur. J. Inorg. Chem. 2011, 986-993
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order to overcome this limitation, we might expect further
chemical studies on model systems containing high steric
demands, which could force the basal CO ligand to form
the rotated structure. This could be achieved either by re-
placing the apical CO with bulky ligands with good donor
ability or by increasing the steric demand at the diselenolato
ligands (e.g. SeCR,CH,CH,Se, where R = Ph, tert-butyl).
To the best of our knowledge, there are no known hydride
diiron diselenolate model complexes. Enhancement of the
electron density at the iron centers of diiron diselenolate
systems could influence the ability to prepare and stabilize
both bridging and terminal hydride model complexes.
Therefore, we might anticipate further structural and elec-
trochemical studies in this direction. Furthermore, it has
been shown in the literature that the bridgehead CH, group
of the PDT model complex could be formally replaced by
NR, O, and S. To the best of our knowledge, only the Se
and NR groups in bridgehead of PDSe analogues are
known. We might expect studies pertaining to the prepara-
tion and characterization of heavier dichalcogenolato
model complexes with different bridgehead moieties such
as NH, S, and O. These model complexes could be com-
pared with diiron dithiolato compound analogues for their
ability to catalyze protons to molecular H, at moderate po-
tential.
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