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Complex of the [FeFe]-Hydrogenase Active Site
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Hydrogen has the potential to replace fossil fuels as the
energy carrier of the future, particularly if it is produced in
a regenerative fashion, such as by photochemical splitting of
water.!l The reductive side of this process demands the de-
velopment of catalysts that promote the reduction of pro-
tons to molecular hydrogen, powered by direct excitation or
by a photosensitizer. Colloidal platinum had already been
presented as a heterogeneous catalyst 30 years ago,”) and
more recently, molecular platinum- and palladium-based
systems have been developed.** The chemical integrity of
the Pt and Pd catalysts is, however, somewhat questionable
because Pd or Pt colloid formation has been detected during
photochemical catalysis in some instances.™® This reactivity
not only precludes further improvement by synthetic manip-
ulations, but has also led to the suggestion that the colloids
rather than the molecular species are responsible for cataly-
sis in these systems.”® Moreover, neither platinum nor pal-
ladium exist in sufficient abundance to qualify any catalyst
based on these metals for large-scale applications. In this
regard, cobalt complexes offer a viable alternative, since
they have been shown to catalyze the light-driven reduction
of protons in conjunction with suitable photosensitizers.™”)
The biomimetic approach of utilizing active-site models of
the [FeFe] hydrogenases as hydrogen producing catalysts
has recently received much attention because the enzymes
themselves catalyze this reaction with high turnover rates
close to the Nernstian potential,[“’] albeit in the absence of
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light."! Complexes of the type [Fe,(u-
SCH,XCH,S)(CO),(L),] (X=CH,, NR; L=CO, CN", PRj)
have been extensively studied in this context.'>"¥! Unlike
the cobalt complexes, however, these biomimetic Fe, com-
plexes have, so far, almost exclusively been used for the
electrocatalytic reduction of protons, requiring significant
overpotential and often strongly acidic conditions.""! The
sparse attempts to utilize them in combination with photo-
sensitizers for photochemical catalysis have hitherto been
only moderately successful, giving less than five equivalents
of H, per catalyst.'>!*! We hypothesize that the poor perfor-
mance of this type of complex may arise from the instability
of the reduced Fe, species as is evident from the irreversibil-
ity in the cathodic scan of their cyclic voltammograms.
Unlike in electrocatalytic experiments, photocatalytic
proton reduction occurs by consecutive one-electron reduc-
tion steps and the second equivalent of reducing agent may
not immediately be available. It thus seems to be crucial
that a catalyst for photochemical hydrogen formation must
be stable in the different redox states and show strictly re-
versible structural changes.

Recently, [Fe,(u-bdt)(CO)¢] (bdt=Dbenzene-1,2-dithiolate)
was presented as the first Fe, complex that exhibited rever-
sible reductive electrochemistry and maintained its structur-
al integrity to a large extent, including in the reduced
state.'”! The reduction potential can be shifted to more posi-
tive values by the introduction of electron-withdrawing
chloro substituents. The resulting [Fe,(u-Cl,bdt)(CO),] com-
plex (1; Scheme 1, Cl,bdt=3,6-dichlorobenzene-1,2-dithio-
late) was shown to catalyze the electrochemical reduction of
protons at —1.2'V versus the ferrocenium/ferrocene couple
(FC+/0).[18]

Complex 1 thus occupies an exceptional position amongst
model complexes of the [FeFe]-hydrogenase active site be-
cause it combines unprecedented electrochemical reversibili-
ty in the absence of protons with catalytic activity at mild
potential in their presence.

Herein, we report, for the first time, the use of complex 1
in a photocatalytic hydrogen production scheme that results
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Scheme 1. Proposed catalytic cycle for the photochemical reduction of
protons catalyzed by [Fe,(u-ClLbdt)(CO)¢] (Cl,bdt=3,6-dichlorobenzene-
1,2-dithiolate) in 1:1 H,O/DMF. The structure of 1~ is analogous to that
in ref. [17].

in remarkably high turnover rates and numbers. [Ru-
(bpy)s]** (bpy=bipyridine) serves as a photosensitizer and
ascorbic acid serves as a proton and sacrificial electron
donor for homogeneous photochemical proton reduction. To
ensure the solubility of all components, a solvent mixture of
DMF/H,0 was used in all experiments. In such a system the
reaction free energy for electron transfer from photogener-
ated [Ru(bpy);]™ to 1 can be estimated from the electro-
chemically determined E;, to be AG’=—0.44 eV.
Photochemical hydrogen evolution experiments were per-
formed with a [Ru(bpy);]**/1 ratio of 10:1 at the almost
neutral pH of 5.5. The hydrogen formed was identified and
quantified by gas chromatography. As shown in Figure 1,
more than 200 equivalents of hydrogen per complex 1 are
produced in 2.5h with a maximum turnover frequency of
2.7H, per catalyst per minute. Under these conditions, the
quantum yield for hydrogen formation was calculated from
the absorbed photons (93.1 nmol photons per second) and
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Figure 1. Light-driven hydrogen production by 1 (14 pum, 21 nmol) in the
presence of [Ru(bpy);]** and ascorbic acid (100 mm) in deoxygenated 1:1
DMEF/H,0 at 20°C. All samples were irradiated with light in the wave-
length range 455-850 nm. H, was detected by in situ gas chromatography.
m=140 um [Ru(bpy);]**, pH 5.5; ¢ =135 um [Ru(bpy),]**, pH 6.4; o=
17 um [Ru(bpy);J**, pH 5.5; o=140 um [Ru(bpy);]**, pH 3.6; o =no cat-
alyst 140 um [Ru(bpy);]**, pH 5.5.
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the maximum hydrogen production rate (0.93 nmols™') to
be 1% (see Figure S1 in the Supporting Information). The
quantum yield and turnover frequency can reach even
higher levels of 1.4% and 3.7 turnovers per minute, respec-
tively, at pH 6.4. At this pH, however, catalysis stops earlier,
yielding only 100 turnovers. Due to this decrease in overall
turnovers, H, evolution at even higher pH was not further
investigated. Lowering the pH to 3.5, under otherwise iden-
tical conditions, also resulted in a drop of activity to 40 turn-
overs of H, per catalyst over 2.5 h. It thus seems that the
catalyst operates optimally at around pH 5.5 at which point
the highest level of hydrogen production is obtained. Main-
taining this pH, but lowering the ratio of [Ru(bpy);]**/1 to
1:1 also proved to be counterproductive and turnover num-
bers dropped to 65.

Control experiments in which either complex 1, [Ru-
(bpy)s]**, or ascorbic acid are separately omitted do not
show significant hydrogen production (Figure 1). Catalysis
stops after approximately 150 min under all of the experi-
mental conditions described above. Since there are no sub-
stantial changes in the sample pH or in the UV/Vis absorp-
tion spectrum of the photosensitizer during the experiment,
catalyst inactivation is the most likely cause for this observa-
tion. Indeed, when a solution of 1 in neat DMF is exposed
to irradiation that approximates the conditions of the hydro-
gen evolution experiments (see the Supporting Information
for details), substantial changes can be observed in the CO
region of the IR spectrum. These changes occur gradually
on a timescale comparable to termination of catalysis (Fig-
ure S2 in the Supporting Information). The sample becomes
virtually depleted of complex 1 and signals of photoproducts
dominate the IR spectrum in the CO region. Unfortunately,
the spectrum obtained is complex and does not allow for a
straightforward assignment of one or several product spe-
cies. Potential instability of the photoproducts and their for-
mation in low quantities may further impede a more de-
tailed analysis.

Reductive quenching of *[Ru(bpy);]** by ascorbic acid
and the subsequent reoxidation of [Ru(bpy);]* by 1 as ele-
mentary reactions of the proposed catalytic cycle were veri-
fied and studied in more detail by transient absorption and
emission spectroscopy (Figure 2 and Figures S3-S5 in the
Supporting Information). As apparent from the correspond-
ing transient absorption spectra, no other species contribute,
to a considerable extent, at any of the observed wavelengths
(Figures S3 and S4 in the Supporting Information).

The emission decay traces show that the *[Ru(bpy);]**
excited state (7,=810 ns) is quenched with an efficiency of
about 96 % (7=30ns) by 100 mm ascorbic acid in 1:1 DMF/
H,O at pH 5.5 (Figure S5 and Table S1 in the Supporting In-
formation). The quenching is unaffected by the presence of
1, showing that the primary reaction occurs between the ex-
cited state and the electron donor. Quenching produces
[Ru(bpy);]* in almost quantitative yield, as monitored by its
transient absorption at 510 nm and the disappearance of the
455nm bleach due to *[Ru(bpy);]** (Figure?2, inset;
Table S1 in the Supporting Information). A decrease of the

www.chemeurj.org — 61


www.chemeurj.org

CHEMISTRY

L. Hammarstrom, S. Ott et al.

A EUROPEAN JOURNAL

AA x 107

+
0 100 20 300 400
t/ns —=—

Figure 2. Effects of pH and the presence of catalyst 1 on the 510 nm tran-
sient absorption signal of [Ru(bpy);]*. Conditions: 14 um [Ru(bpy);]**,
0.1™ ascorbic acid in deoxygenated 1:1 DMF/H,O at room temperature.
Excitation wavelength: 470 nm. a) no catalyst, pH 5.5; b) 14 um catalyst,
pH 5.5; ¢) no catalyst, pH 3.5; d) 14 mm catalyst, pH 3.5, e) no catalyst,
no ascorbic acid, pH 3.1. The inset shows 510 (+++++) and 455 nm (-----)
transient absorption traces at pH 5.5 on shorter timescales, with rise
times of approximately 30 ns.

ascorbate (pK,=4.1) fraction by lowering the pH to 3.5 de-
creases the reductive quenching efficiency and only 53 %
(r=390ns) of *[Ru(bpy);]** is converted to [Ru(bpy);]*.
This finding may at least partly explain the five-fold drop in
activity that is observed in the catalysis experiment. A con-
trol experiment showed that no [Ru(bpy);]* is produced in
the absence of ascorbic acid (Figure 2). The half-life of pho-
togenerated [Ru(bpy)s;]T is reduced from 200 to 50 ps
(Figure 2) in the presence of 1 (14 um), irrespective of pH,
which implies that the primary reaction step of the catalytic
sequence is the reduction of complex 1 to 1 by [Ru(bpy),]*.

Radical anion 1° is only attainable photochemically, since
its electrochemical reduction potential is more positive than
that of neutral complex 1. DFT calculations indicate that
the inverted potential is a result of the scission of one Fe—S
bond in 1~V Due to the electrochemical inaccessibility of
1°, the subsequent steps in the catalytic cycle could not be
studied so far. Protonation, disproportionation, or a second
reduction are all plausible fates for 1°. The experiments de-
scribed above show that pH 6.4 is still sufficiently acidic to
protonate the reduced states of the catalyst (1, 1) to form
a hydride intermediate, and to protonate this hydride to
form hydrogen. None of the catalyst protonation steps seem
to be rate limiting, since the highest turnover rates are ob-
tained at higher pH. At lower pH, on the other hand, reduc-
tive quenching is less efficient and catalysis also becomes
slower. Disproportionation or bimolecular catalysis appear
to be insignificant, since the same turnover frequencies and
numbers are obtained at 10 times lower absolute concentra-
tions if the ratio of [Ru(bpy);]**/1 is kept at 10:1 (data not
shown). We therefore suggest that catalysis occurs intramo-
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lecularly and the rate is limited by the transfer of the second
electron to the catalyst.

Our results show that a synthetic model complex of the
[FeFe]-hydrogenase active site can be an efficient catalyst
for the photochemical production of hydrogen. Complex 1
operates in aqueous solution at almost neutral pH and
achieves high turnover numbers that are competitive with
those obtained from current state-of-the-art cobalt-based
systems. Since synthetic model complexes may achieve the
same high turnover numbers and frequencies that are re-
ported for the enzymes themselves, [FeFe]-hydrogenase
active-site mimics may well prove to be superior to other
homogeneous catalysts in the future.

Experimental Section

See the Supporting Information for detailed information on materials,
hydrogen evolution, quantum yield determination (Figure S1), catalyst
stability under irradiation (Figure S2), and flash photolysis experimental
procedures, as well as more flash photolysis data (Figures S3-5) and the
calculation of reductive quenching efficiencies (Table S1).

Acknowledgements

Financial support from the Swedish Research Council (VR), the Swedish
Energy Agency, the Knut and Alice Wallenberg Foundation, and the EU
(FP7 Energy 212508 “SOLAR-H2") is gratefully acknowledged.

Keywords: homogeneous catalysis - hydrogen - hydrogenase
models - iron - photochemistry

[1] N. Lewis, D. Nocera, Proc. Natl. Acad. Sci. USA 2006, 103, 15729—
15735.

[2] J-M. Lehn, J.-P. Sauvage, Nouv. J. Chim. 1977, 1, 449-451.

[3] H. Ozawa, M. Haga, K. Sakai, J. Am. Chem. Soc. 2006, 128, 4926-
4927.

[4] S. Rau, B. Schifer, D. Gleich, E. Anders, M. Rudolph, M. Friedrich,
H. Gorls, W. Henry, J. G. Vos, Angew. Chem. 2006, 118, 6361-6364;
Angew. Chem. Int. Ed. 2006, 45, 6215-6218.

[5] P. Du, J. Schneider, F. Li, W. Zhao, U. Patel, F. Castellano, R. Eisen-
berg, J. Am. Chem. Soc. 2008, 130, 5056-5058.

[6] P. Lei, M. Hedlund, R. Lomoth, H. Rensmo, O. Johansson, L. Ham-
marstrom, J. Am. Chem. Soc. 2008, 130, 26-27.

[7] A. Fihri, V. Artero, M. Razavet, C. Baffert, W. Leibl, M. Fontecave,
Angew. Chem. 2008, 120, 574-577; Angew. Chem. Int. Ed. 2008, 47,
564-567.

[8] P. Du, K. Knowles, R. Eisenberg, J. Am. Chem. Soc. 2008, 130,
12576 -12577.

[9] T. Lazarides, T. McCormick, P. Du, G. Luo, B. Lindley, R. Eisen-
berg, J. Am. Chem. Soc. 2009, 131, 9192- 9194.

[10] M. Frey, ChemBioChem 2002, 3, 153-160.

[11] R. Lomoth, S. Ott, Dalton Trans. 2009, 9952 —9959.

[12] F. Gloaguen, J. D. Lawrence, T. B. Rauchfuss, J. Am. Chem. Soc.
2001, 723, 9476-9477.

[13] S. Ott, M. Kritikos, B. Akermark, L. Sun, R. Lomoth, Angew. Chem.
2004, 116, 1024-1027; Angew. Chem. Int. Ed. 2004, 43, 1006—1009.

[14] J.-F. Capon, F. Gloaguen, F.Y. Pétillon, P. Schollhammer, J. Talar-
min, Coord. Chem. Rev. 2009, 253, 1476—-1494.

Chem. Eur. J. 2010, 16, 60—63


http://dx.doi.org/10.1073/pnas.0603395103
http://dx.doi.org/10.1073/pnas.0603395103
http://dx.doi.org/10.1073/pnas.0603395103
http://dx.doi.org/10.1021/ja058087h
http://dx.doi.org/10.1021/ja058087h
http://dx.doi.org/10.1021/ja058087h
http://dx.doi.org/10.1002/ange.200600543
http://dx.doi.org/10.1002/ange.200600543
http://dx.doi.org/10.1002/ange.200600543
http://dx.doi.org/10.1002/anie.200600543
http://dx.doi.org/10.1002/anie.200600543
http://dx.doi.org/10.1002/anie.200600543
http://dx.doi.org/10.1021/ja711090w
http://dx.doi.org/10.1021/ja711090w
http://dx.doi.org/10.1021/ja711090w
http://dx.doi.org/10.1021/ja0776780
http://dx.doi.org/10.1021/ja0776780
http://dx.doi.org/10.1021/ja0776780
http://dx.doi.org/10.1002/ange.200702953
http://dx.doi.org/10.1002/ange.200702953
http://dx.doi.org/10.1002/ange.200702953
http://dx.doi.org/10.1002/anie.200702953
http://dx.doi.org/10.1002/anie.200702953
http://dx.doi.org/10.1002/anie.200702953
http://dx.doi.org/10.1002/anie.200702953
http://dx.doi.org/10.1021/ja804650g
http://dx.doi.org/10.1021/ja804650g
http://dx.doi.org/10.1021/ja804650g
http://dx.doi.org/10.1021/ja804650g
http://dx.doi.org/10.1021/ja903044n
http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C153::AID-CBIC153%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C153::AID-CBIC153%3E3.0.CO;2-B
http://dx.doi.org/10.1002/1439-7633(20020301)3:2/3%3C153::AID-CBIC153%3E3.0.CO;2-B
http://dx.doi.org/10.1039/b911129h
http://dx.doi.org/10.1039/b911129h
http://dx.doi.org/10.1039/b911129h
http://dx.doi.org/10.1021/ja016516f
http://dx.doi.org/10.1021/ja016516f
http://dx.doi.org/10.1021/ja016516f
http://dx.doi.org/10.1021/ja016516f
http://dx.doi.org/10.1002/ange.200353190
http://dx.doi.org/10.1002/ange.200353190
http://dx.doi.org/10.1002/ange.200353190
http://dx.doi.org/10.1002/ange.200353190
http://dx.doi.org/10.1002/anie.200353190
http://dx.doi.org/10.1002/anie.200353190
http://dx.doi.org/10.1002/anie.200353190
http://dx.doi.org/10.1016/j.ccr.2008.10.020
http://dx.doi.org/10.1016/j.ccr.2008.10.020
http://dx.doi.org/10.1016/j.ccr.2008.10.020
www.chemeurj.org

Photochemical Hydrogen Production

COMMUNICATION

[15] Y. Na, M. Wang, J. Pan, P. Zhang, B. Akermark, L. Sun, Inorg. [17] G. A.N. Felton, A.K. Vannucci, J. Chen, L. T. Lockett, N. Oku-
Chem. 2008, 47, 2805-2810. mura, B.J. Petro, U. 1. Zakai, D. H. Evans, R. S. Glass, D. L. Lich-
[16] A.M. Kluwer, R. Kapre, F. Hartl, M. Lutz, A.L. Spek, A. M. tenberger, J. Am. Chem. Soc. 2007, 129, 12521-12530.
Brouwer, P. W. N. M. van Leeuwen, J. N. H. Reek, Proc. Natl. Acad. [18] L. Schwartz, P. S. Singh, L. Eriksson, R. Lomoth, S. Ott, C. R. Chim.
Sci. USA 2009, 106, 10460—-10465. 2008, 71, 875-889.

Received: September 9, 2009
Published online: November 24, 2009

Chem. Eur. J. 2010, 16, 60—-63 © 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org — 63


http://dx.doi.org/10.1021/ic702010w
http://dx.doi.org/10.1021/ic702010w
http://dx.doi.org/10.1021/ic702010w
http://dx.doi.org/10.1021/ic702010w
http://dx.doi.org/10.1021/ja073886g
http://dx.doi.org/10.1021/ja073886g
http://dx.doi.org/10.1021/ja073886g
http://dx.doi.org/10.1016/j.crci.2008.04.001
http://dx.doi.org/10.1016/j.crci.2008.04.001
http://dx.doi.org/10.1016/j.crci.2008.04.001
http://dx.doi.org/10.1016/j.crci.2008.04.001
www.chemeurj.org

