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Biphenyl-2,2’-dithiolate (bpdt) bridged Fe,(bpdt)(CO)s (1) under-
goes two sequential electrochemically quasi-reversible reductions.
The one-electron reduction product 17 is unusually stable against
irreversible structural changes and could be characterized by IR
and EPR spectroscopy supported by computational methods.
Reduction to the (1,0) state does not trigger bridging coordination
of CO but partial deligation of the dithiolate in 1~ that ultimately
forms a diamagnetic dimerization product.

The design of molecular catalysts for the reduction of
protons to dihydrogen is a kezy aspect of the overall challenge
of artificial photosynthesis." Inspiration for such molecular
catalysts has been taken from the active site structure of the
[FeFe] hydrogenase enzymes®* that are efficient catalysts for
this reaction.” Much effort has been directed toward the
synthetic modeling of their active site, and the principal
ability of the hydrogenase mimics to generate hydrogen from
protons at reduced overpotential has been frequently demon-
strated in electrocatalytic experiments.®”® More recently,
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hydrogenase mimics have also been successfully employed
as catalysts in photochemical hydrogen production.'® !
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Insight into the catalytic cycle is, however, rather limited
with respect to the identification of catalytic intermediates,
and their spectroscopic characterization in oxidation states
below the initial [Fe'—Fe'] level has remained a major
challenge. The observation of reduced intermediates'” is
usually impeded by rapid catalytic turnover in the presence
of protons, and by limited stability (CO loss, dimerization)'*~'¢
in absence of the substrate. If the usual aliphatic dithiolate
bridging ligands are replaced with benzene-1,2-dithiolate
(bdt), stable reduction products are obtained that only
feature reversible intramolecular rearrangements. In contrast

to their aliphatic counterparts, the bdt complexes'’~'* are,
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Figure 1. Thermal ellipsoid plot of the solid-state structure of Fey(u-
bpdt)(CO)g at the 50% probability level (hydrogen atoms omitted for
clarity). Bond distance Fe(1)—Fe(2), 2.534 A; torsion angle between the
phenyl rings C(10)—C(15)—C(16)—C(17), 51.24°.
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Figure 2. Cyclic voltammogram (0.100 V s ) of 1 (1 mM) in CH;CN
with 0.1 M [N(n-C4Ho)4] [PF¢] .

however, reduced in a two-electron process, which precludes
the observation of the [Fe'—Fe"] state.?°

Here we report on the first example of a diiron hexacarbo-
nyl complex with a biphenyl-2,2’-dithiolate (bpdt) bridging
ligand, Fe,(bpdt)(CO)g (1). 1 was prepared in 41% yield from
bpdt and Fe3(CO),, in refluxing THF, and its structure
confirmed by X-ray crystallography (Figure 1). The torsion
angle of 51° between the two phenyl rings reduces their
conjugation, which results in CO vibrational frequencies
that are largely identical to those of Fe,(bdt)(CO)s."®

Voltammograms of 1 in acetonitrile solution (Figure 2)
show two electrochemically quasi-reversible one- electron
waves at £y, = —1.09 V(AE, = 112mV at 0.1 Vs~ " and
—1.30VvsFc'"? (AE =92mV) that can be attrlbuted to the
[Fe'—Fe']/[Fe'—Fe’] and the [Fe'—Fe"]/[Fe’—Fe’] couples,
respectively. From the chemical reversibility and separation
of the voltammetric waves with the resulting low dispropor-
tionation constant (Kd,g exp(—AE,,F/RT) = 2.84 x 10~ 4
AG° 4 = 20.3 kJ mol ™), it was anticipated that one- electron
reduction of 1 offers a possibility to obtain spectroscopic
signatures of the [Fe'—Fe"] state.

Figure 3 shows the IR absorption changes in the carbonyl
region that were induced by reduction at —1.23 V vs. F¢™°.
The consumption of 1is followed by the bleaching of its three
carbonyl bands at 2079, 2045, and 2005 cm ™" (cf. Figure 4a).
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Figure 3. IR spectroelectrochemical changes induced by reduction of 1
(1.5 mM) at —1.23 V vs Fc™ in CH;3CN with 0.1 M [N(n-C4Ho)4] *-
[PF¢] . Inset: Absorbance vs time traces for 2079 cm™ " (M), 1899 cm ™!
(A), and 1725 cm™" (O).
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Figure 4. IR spectra of (d) 1, (b) the primary reduction product 17, and
(c) the final product [1.* in CH3CN with 0.1 M [N(n-C4Hy),] " [PF(,]*.

The product absorption is initially characterized by four well-
resolved absorption bands (2026, 1977, 1950, 1899 cm™ ') that
subsequently evolve into a more complex spectrum. The
kinetics of this transformation (Inset Figure 3) is strongly
convoluted with the rate of electrolysis. The IR spectrum of
the primary product (Figure 4b) could however be obtained
from the absorption changes acquired during early stages of
electrolysis (16 s) that were scaled according to the corre-
sponding consumption of 1. The appearance of additional
bands rather than a simple shift toward lower wavenumbers
upon reduction is indicative of some structural rearrange-
ment already in the primary reduction product, which could
be elucidated from computational studies (see below). From
the absence of IR bands below 1800 cm™ ', it is evident,
however, that no structure with bridging carbonyl ligand(s) is
formed initially. This is in contrast to complexes with
aliphatic dlthlolate ligands that rapidly form u-CO spec1es
upon reduction." Decoordination of thiolate ligands is an



Communication

Chart 1. Reduction Products of 1 (See the Supporting Information for

DFT Optimized Structures)’
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“Computed Fe—Fe bond dlstances 255A (1),2.56 A (17),2.57 A
(12", Fey(CO)y), and 2.55 A ([1,]*", Fex(CO)s).

alternative response to reduction, and with aliphatic dithio-
lates detachment of one thiolate group from both Fe centers
is known to occur after two-electron reduction.'* In case of 1,
superior agreement between the experimental and computa-
tional IR spectra (see the Supporting Information) of the
one-electron reduced complex was obtained for a structure
with one broken Fe—S bond (1, Chart 1) rather than an
alternative u,u, Fe’Fe' species. Compared to the latter
structure, 1 is more stable by 8 kcal/mol (B3LYP/TZVP
results) while geometry optimizations starting from a p;:u,
[Fe’Fe'] w1th two broken Fe—S bonds converged back to the
uy:uo [Fe’Fel] structure.

The final product (Figure 4c) is distinguished from 1~ by
less-resolved bands in the terminal CO region (2025, 1976,
1961, 1943 1930 cm™ "), and most notably by a 4-CO band at
1727 cm™ " (Figure 4c). These features can be attributed to a
dimeric structure where a dithiolate links two diiron units
with five and seven CO, respectively ([15]*~, Chart 1). The
assignment is based on the detailed agreement of the IR
spectrum with the reported spectrum of a crystallographi-
cally characterized dimer derived from the propyldithiolate
analogue.'® In the pdt analogue, the dimer was formed by
reaction between the two-electron reduction product and the
parent complex.'* Formation of [1,]*~ under the conditions
of spectroelectrochemical experiments might follow the same
mechanism as dimerization might drive the disproportiona-
tion equilibrium.

While 1 is EPR silent as expected for an antiferromag-
netically coupled [Fe'—Fe'] species, controlled potential
electrolysis at —1.19 V resulted in a paramagnetic product
with an EPR spectrum shown in Figure 5. The same
rhombic product spectrum (g = 2.060, 2.048, 2.003) of an
S = 1/2 species was obtained by reduction with one equiva-
lent of cobaltocene (—1.329 V vs Fc™/ in acetonitrile),”! and
with the samples annealed to room temperature the EPR
signals decayed on the same time scale as the IR spectrum
assigned to 1°. Further evidence for the assignment of the
EPR signal to 1~ was provided by comparison to computa-
tional results (g = 2.049, 2.033, 2.003, inset Figure 5 and
Supp. Inf.) obtained for 1~ with one broken Fe—S bond. The
unpaired electron spin in 1~ localizes almost exclusively on
the five-coordinate atom (p(Fe) = 1.22) for which a +1
oxidation state can be assigned. The six-coordinate Fe’ atom
only carries a minor part of unpaired spin due to spin-
polarization (p(Fe) = —0.26). Broken-symmetry calculations
collapsed back to the spin-localized state. The decay of 1~
does not give rise to any paramagnetic species and the

(21) Shalev, H.; Evans, D. H. J. Am. Chem. Soc. 1989, 111(7), 2667-74.

Inorganic Chemistry, Vol. 48, No. 23,2009 10885

LI S B L LB B
3100 3200 3300 3400
o e o e e e e e I I e e e e e e e e B e e e e i B

3100 3150 3200 3250 3300 3350 3400

Magnetic Field | Gauss

Figure 5. X-band EPR spectra of 1~ (at 9.5 K) obtained by electro-
chemical reduction of 1 (1 mM in CH;CN) at —1.19 V vs. F¢™/° (after 25's
of electrolysis). Inset simulated spectrum with the DFT optimized struc-
ture of 1™ according to Chart 1. EPR parameters: microwave frequency,
9.27 GHz; modulation frequency, 100 kHz; modulation amplitude, 0.5 G;
microwave power, 0.2 uW.

electronic structure of the dimerization product has to be
described as [Fe'—Fe!]—[Fe’—Fe’] rather than [Fe'—Fe},, in
accordance with the distinguished ligand sets of the two
subunits in [1,]*~

In summary, it could be shown that the biphenyldithiolate
bridging ligand brings about an unprecedented reactivity of
the reduced diiron hexacarbonyl complex. Compared to
aliphatic counterparts, a relatively stable one-electron reduc-
tion product 1™ is formed with no indications for loss of CO
or formation of u-CO. Reversible changes of the thiolate
coordination, presumably a u, to u; rearrangement, appear
to be the only response to one-electron reduction, whereas the
slow dimerization process that limits the lifetime of 1~
presumably involves disproportionation. As a result of the
structural changes on the one-electron reduction level, the
half-wave potentials for first and second reduction of 1 are
close but normally ordered. This is in contrast to the bdt
analogue that undergoes a two-electron reduction'® with
potential inversion.**

The IR- and EPR-spectroscopic signatures established in
this study should be directly relevant to the recognition of
reduced intermediates in the catalytic cycles of 1 and related
compounds in electrochemical and light-driven hydrogen
formation schemes.
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(22) Potential inversion refers to the situation where the uptake of the
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