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A novel molecular triad [FeFe]-H,ase 1, and its model complexes
2 and 3 have been successfully constructed. The multistep PET
and long-lived Fe(1)Fe(0) species were found to be responsible
for the better performance of triad 1 than that of 2 with 3 for
light-driven H, evolution.

Creation of molecular photocatalysts that promote the
production of hydrogen (H,) from homogeneous solution is
of tremendous potential significance in the sense of solar
energy conversion.! Photosynthesis in nature provides a
blueprint for the conversion of light to chemical energy by a
chain of photoinduced electron transfer (PET) processes.”’
Hydrogenases (H,ases), enzymes in nature for H, evolution,
can couple to the charge separation events and catalyze the
reversible reduction of protons to H, with remarkable activity.>
In an effort to develop artificial molecular systems, a number
of covalently linked dyads using a butterfly Fe,S, subunit
of [FeFe]-H,ases mimics for H, generation have been
constructed.> ' However, the PET process from a sensitizer
to a [FeFe]-H,ase mimic has been observed only in two
cases.'"!? The lack of PET is mainly due to the fact that the
more negative potential of [FeFe]-H,ase mimics with respect
to the excited state reduction potential of sensitizers renders
the photoreduction of [FeFe]-Hyase mimics thermodynamically
unfeasible, thus leading to the intramolecular photochemical
H> production from these systems rather challenging.® ' Very
recently, Wasielewski er «l.'' made use of naphthalene-
monoimide as a promising ligand to reduce the negative reduction
potentials and to stabilize the monoreduced [FeFe]-Hjase
complexes. On the other hand, we designed three molecular
dyads with rhenium(i) complexes,'? possessing a more powerful
redox potential, directly linked to one of the iron centers of
[FeFe]-Hyase mimics. The combination of rhenium(1) complexes
and porphyrins with the [FeFe] Hjases mimics was able to
realize the PET from sensitizers to active sites of [FeFe]-H»ases,
resulting in the formation of Fe(1)Fe(0) species that is crucial
for their performance on light-driven H, production.
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In this communication, we wish to report a rigid molecular
triad 1, for the first time, by using a ferrocene as the electron
donor, a rhenium(i) complex as the chromophore and a
[FeFe]-H,ase mimic as the catalyst (Scheme 1). Considering
that an N-bridged adt [FeFe]-Hyase [pn-adt = N(CH,S),]
complex could be reduced more easily than a C-bridged pdt
model [p-pdt = C(CH,S),],'® the assembly of the electron
donor, the chromophore and the active site of adt [FeFe]-Hjase
is believed to provide a more powerful driving force for the
PET process than those reported for dyads,'"'? at the same
time, the long distance and weak electronic coupling between
the terminal donor and the catalytic center in triad 1 are
expected to prevent charge recombination efficiently, which is
reminiscent of the multistep PET employed as a key strategy to
achieve long-lived charge separation in natural photosynthesis.'”’

The active site of adt [FeFe]-Hjase was firstly synthesized by
the Sonogashira reaction of an iodophenyl-substituted [FeFe]-
H,ase complex with pyridylacetylene, which has been shown
an effective protocol to prepare arylacetylene-functionalized
adt mimics of [FeFe]-Hoases.'* A single crystal of a 3-pyridyl-
substituted [FeFe]-H»ase mimic shows that the two iron atoms
and the two sulfur atoms form a butterfly conformation with
an Fe-Fe bond length of 2.5018 A (see ESIT). As expected, the
linear and rigid triple bond offers excellent control over the
distance between the functional pyridine group and the active
site of [FeFe]-Hjase. The pyridyl group, as a convenient site,
was further coupled with a ferrocene-appended rheninum(i)
complex in a refluxing THF solution to afford triad 1 in a yield
of 70%. For comparison, model complexes 2 and 3 were
also prepared by a similar method. All of the complexes were
well characterized by IR and '"H NMR spectroscopy, MS
spectrometry, and satisfactory elemental analyses (see ESIT).
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Scheme 1 Molecular structures of triad 1 and model complexes 2 and 3.
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To evaluate whether the ferrocene moiety could act as a
suitable donor to build an efficient triad system based on a
[FeFe]-H,ases mimic, the electrochemical properties of triad 1
as well as model complexes 2 and 3 were studied by cyclic
voltammetry in CH;CN (0.1 M n-BuyNPFg as an electrolyte)
under an argon atmosphere (see ESIT). Triad 1 exhibits a
reversible oxidation process at +0.17 V and an irreversible
oxidation process at a peak potential of ca. +1.03 V in CH3CN.
The former is ascribed to the redox process of Fc*/® on the
ferrocene subunit, and the latter is tentatively assigned to the
Re!" oxidation.!>!¢ It is clear that the ferrocene group in
triad 1 is reduction-active and capable of acting as an effective
electron donor. On the other hand, triad 1 displays a quasi-
reversible reduction process at —1.49 V in CH;3;CN, consistent
with that of complex 3 at —1.57 V, and can be therefore
attributed to the one-electron reduction of the [Fe'Fe'] +
e~ — [Fe'Fe’] process, while the irreversible oxidative potential
at +0.54 V is originated from the [Fe'Fe'] — [Fe'Fe''] + e~
one-electron oxidative process. As compared to C-bridged
all-carbonyl pdt diiron complexes (0.82 V and —1.66 V vs.
Fc/Fc™t),! the N-bridged adt [FeFe]-Hrases models are more
easily oxidized or reduced.

Fig. la shows UV-vis absorption spectra of complexes 1-3
in CH;CN, all of which exhibit intense absorption bands at
wavelengths below 380 nm. Significantly, triad 1 exhibits a
broad and intense band in the region of 350-600 nm, while
model complex 2 does not show such a band. With reference to
spectroscopic work on rhenium(i) complexes,'>'® the two
absorption bands at <350 nm and >400 nm for complex 2
are ascribed to the intraligand (IL) and the dm(Re) —
m*(N-N) '"MLCT state, respectively. The incorporation of a
ferrocene group into the rhenium(1) complex caused almost no
change in the characteristic absorption of the '"MLCT state,
implying no significant electronic interaction between the
ferrocene donor and the rhenium(r) chromophore in complex 2
in the ground state. Complex 3, on the other hand, displays
the respective absorption bands of [FeFe]-Hyases mimics at
300—400 nm and 450-600 nm,'” analogous to that observed in
triad 1. The similarity of the typical infrared absorption of
coordinated CO around the Fe-Fe metal core in 1 and 3
(see ESIY) indicates that the ferrocene-appended rhenium(r)
complex has no much electronic interaction with the active site
of the [FeFe]-H,ase mimic either in the ground state.

Since triad 1 and complex 2 incorporated a redox-sensitive
ferrocenyl group, spectroscopic changes are expected with the
addition of an oxidant. Triad 1 and complex 2 show no
emission in solution at room temperature. Upon addition of
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Fig. 1 (a) UV-vis absorption spectra of triad 1, 2 and 3 (3 x 107> M);
(b) emission spectra of 2 with the addition of Fe(ClOy)3: 0 eq., 0.25 eq.,
0.35 eq., 0.46 eq., 0.60 eq., 0.75 eq., 0.90 eq., 1.00 eq. in CH3CN.

Fe(ClOy4); into the solution, the emission of 2 was enhanced
dramatically with a maximum at 590 nm (Fig. 1b), similar in
energy to the reported *MLCT of rhenium(i) complexes,'>!®
while its absorption in the low-energy region remained
unchanged. The results further confirm that there is no much
interaction between the rhenium(i) chromophore and the
ferrocene donor in complex 2 in the ground state, but such
interaction does occur in the excited state. The oxidation of the
ferrocene by Fe(ClO,4); in complex 2 restored the emission
capability of the rhenium(1) chromophore by preventing the
PET process from the ferrocene donor to the rhenium(r)
chromophore. In sharp contrast, with the titration of
Fe(ClOy); into the solution of triad 1, not much spectral
change could be detected under the same condition. Clearly,
the intramolecular quenching of the revived rhenium(i) chromo-
phore by the active site of [FeFe]-H,ase in triad 1 operates.

Combining electrochemical and spectroscopic studies, we
estimated the free-energy change (AG®) of the PET process in
triad 1. According to the determined oxidation potential
E,, of the ferrocene group, reduction potential E.4 of the
[FeFe]-H,ase active site, and the excited state energy Ey_ o of
the rhenium(1) chromophore, which was read from the cross-
point (485 nm, 2.56 ¢V) of the excitation spectrum and the
revived emission of complex 2 by the Fe(ClO,4); oxidant
(see ESIf), the free-energy change (AG°) was calculated as
—0.90 eV for triad 1, and —0.80 eV for 2 with 3. respectively.
The results indicate that the PET in the designed systems is
exothermic. The greater driving force of triad 1 than that of 2
with 3 for the PET processes is expected to make more
contributions to light-driven H, generation.

The PET process in 1 was further evidenced by a flash
photolysis investigation at room temperature. Fig. 2 displays
the time-resolved absorption spectra of triad 1, complexes 2
and 2 with 3, respectively, in CH3CN solution. Upon laser
excitation of triad 1 using 355 nm light, a strong transient
absorption throughout the near-UV and visible region with a
maximum at 440 nm emerged immediately, while complex 2
displayed totally different curves from that of 1, but similar to
the behavior of a dyad system containing a cyclometallated
platinum(ir) complex and a ferrocene donor, a typical PET
case for long-lived charge separation.'® From the kinetics
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Fig. 2 Left: transient absorption spectra of 2 (top), triad 1 (red line)
and 2 with 3 (black line) (bottom); right: the kinetic trace at (a) 400 nm
for 2; (b) 400 nm for 2 with 3; (c) 440 nm for triad 1 in CH;CN
(3 x 107° M) following excitation with 355 nm laser pulses.
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probed at 400 nm, a fast rise phase followed by a slow decay
suggests that the PET led to the formation and the disappearance
of the charge-separated state in complex 2. The rise
grows quickly with the forward ET rate constant (kgt) of
1.09 x 10° s7!, and the back CR rate (kcg) derived from the
decay phase is 1.75 x 10° s~ (5.7 us) at room temperature.
When [FeFe]-H,ase mimic 3 was introduced into the solution
of complex 2, the absorptions were immediately replaced by a
series of new absorptions with characteristic absorptions at
400 nm. The generated new absorptions were much weaker
but their shape was quite similar to that of triad 1, both of
which are in line with the Fe(1)Fe(0) species formed by the
reduction of [FeFe]-H,ases models.'>'%!%2° In comparison to
that of 2 with 3, the red-shifted absorption for triad 1 is
possibly due to the different electronic effect for the covalent-
linked triad 1 and [FeFe]-H,ase model 3. Evidently, triad 1
yielded much more Fe(1)Fe(0) species than the combined 2 and
3 under the same concentration. The decay of Fe(1)Fe(0)
absorption could be described by a monoexponential function
with a lifetime of 708 ps for 2 with 3, and > 2 ms for triad 1 (no
decay was seen within an instrument limitation of 2 ms),
respectively. Prolonged irradiation of triad 1 and 2 with 3 in
the CH3;CN solution led to no permanent change, indicating
that the Fe(1)Fe(0) species formed by the PET was quite stable.
If we assume the generated new absorptions originated from
the Fe(1)Fe(0) species of a reduced [FeFe] H,ases mimic alone,
the rate (kcg) for the back electron transfer was determined to
be <0.50 x 10%> s~! (>2 ms) and 1.41 x 10* s~ (708 ps) for
triad 1 and 2 with 3, respectively.

The photochemical H, evolution experiment was performed
in degassed CH3CN solution at room temperature, where
ascorbic acid (H,A) served as a proton source and a sacrificial
electron donor, respectively. The time-dependence shows that
the amount of H, evolution increased in the first 60 min, and
then slowed down the rate of H; evolution (see ESI¥), similar
to the reported [FeFe]-Hsases dyads.'"!'? The generated H,
was collected and analyzed by GC with methane as an internal
standard. Irrespective of H, dissolution in the solvent, with
irradiation for 1.5 hour, the amount of H, and its turnover
number (TON) reach 15.7 pL and 0.35 for triad 1, and 1.8 pLL
and 0.04 for 2 with 3, respectively. Control experiments
indicated that the absence of any of the components yielded
unobservable amount of H, (see ESIT). Despite the fact that
the light-driven reaction is not catalytic, the combination of
the ferrocene donor, the rhenium(i) chromophore and the
active site of a [FeFe]-Hjase mimic was found crucial in
improving the efficiency of light-driven H, production. The
difference in the H, evolution efficiency for triad 1, and 2 with
3 implies that the assembly of an electron donor, a chromo-
phore and a [FeFe]-H,ase catalyst to build up a multistep PET
chain is a promising strategy for H, evolution.

In summary, a novel triad system 1 containing a ferrocene
electron donor, a rhenium(i) chromophore and an adt
[FeFe]-Hyase mimic has been successfully constructed. Electro-
chemical and spectroscopic studies show that the rigid molecular

triad 1 enables the multistep PET from the electron donor to the
active site of [FeFe]-H»ase to occur efficiently with the formation
of the long-lived Fe(1)Fe(0) state that can further react with a
proton for H, production. The better performance for triad 1
than 2 with 3 indicates that the multistep PET and long-lived
Fe(1)Fe(0) species are important for photochemical H, evolution.
Because two electrons are required to produce each molecule of
H,, the regeneration of the molecular photocatalyst in the entire
catalytic reaction is being actively performed to improve both
stability and efficiency of the triad for H, evolution.
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