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ABSTRACT: A biomimetic [2Fe—2S] cluster has been
isolated in the fully reduced diferrous form and
characterized by X-ray diffraction. This completes a
consistent series of synthetic analogues of protein-bound
[2Fe—2S]* redox centers (z = 2+, 1+, 0) with identical
capping ligands. *"Fe Mdssbauer data of the extremely
oxidation-sensitive complex compare well with those of the
very few reports of all-ferrous ferredoxins and Rieske
centers; they confirm the St = 0 ground state and establish

a lower limit for the exchange coupling, —] > 30 cm L.

Protein—bound iron—sulfur clusters are ubiquitous and
multipurpose biological cofactors,’ with cubane-type
[4Fe—4S] and rhombic [2Fe—2S] clusters being the most
common structural motifs. Their primary function is one-
electron transfer, where the Fe/S core usually shuttles between
two oxidation states.” For [4Fe—4S] clusters, the [4Fe—
48]/ redox couple is most frequently encountered, while the
[4Fe—4S]*/3" couple is operative in so-called high-potential
iron—sulfur proteins.” In contrast, [2Fe—2S] cofactors attain
under physiological conditions only the [2Fe—2S]'*/?* redox
couple. Mossbauer and NMR spectroscopy have shown that the
metal ions are in the valence-localized oxidation states Fe''Fe!!
in the reduced (1+) form and Fe'Fe'! in the oxidized (2+)
form. Synthetic analogues for Fe/S clusters in general have
significantly contributed to understanding their electronic
structures.* However, only recently we succeeded for the first
time in isolating and fully characterizing, including single crystal
X-ray diffraction, a [2Fe—2S] model complex in its mixed-
valent (1+) state, stabilized by two bis(benzimidazolato)
capping ligands (Figure 1).>° Now, we present the
corresponding  diferrous complex in the (0+) state, thus
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Figure 1. (Left) [2Fe—2S] clusters discussed in this work; (right)
cyclic voltammogram of 1>~ in MeCN at a scan rate of 100 mV/s;
potentials are given in volts vs the Fc/Fc* couple (Fc, ferrocen).
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completing a consistent series of [2Fe—2S]* redox centers (z
= 2+, 1+, 0) with identical terminal ligands.

A tetranuclear all-ferrous [4Fe—4S]° cluster has been
implicated for the unique Fe protein of nitrogenase in its
fully reduced state and for one other protein,”® and its
emulation in small molecule models has been accomplished in
recent years using either cyanide or N-heterocyclic carbenes as
terminal ligands for the [4Fe—4S]° cubane.”'® Little is yet
known about diferrous [2Fe—2S]° clusters. The all-ferrous
forms of spinach and parsley ferredoxin have been produced by
treatment of their oxidized forms, Fd,, with strong Cr"
reductants; it has been proposed that the Cr™ product from
the first reduction remains bound to the ferredoxins and causes
an upward shift of the redox potential that allows for the second
reduction to occur.'' The diferrous state has mainly been
supported by Mossbauer evidence, showing a quadrupole
doublet with § = 0.71 mm/s and AEq = 2.7§ mm/s at 4.2 K.
In Rieske clusters, redox potential leveling is achieved by
coupling proton and electron transfer, and hence, the all-ferrous
form with neutral histidine ligands could be produced
electrochemically and characterized by UV—vis and Mdssbauer
spectroscopies (6 = 0.70 mm/s and AEq = 2.76 mm/s for the
cysteine-ligated iron; 6 = 0.81 mm/s and AEq = 2.32 mm/s for
the histidine-ligated iron; at 4.2 K)."® Given the difficulties in
isolating even mixed-valent synthetic [2Fe—2S]'* analogues
and their extremely low reduction potentials, it deemed unlikely
that a fully reduced synthetic [2Fe—25]° species could ever be
isolated in substance.

Bidentate bis(benzimidazolato) ligands have previously been
shown to stabilize [2Fe—2S] clusters in their reduced states,'*
and the particular ligand with a backbone phenyl substituent
(which also improves solubility and crystallization behavior)
allowed for the first crystallographic characterization of a
mixed-valent [2Fe—2S]'* complex 13~ (Figure 1).° The cyclic
voltammogram of 1>~ was unusually well behaved and showed
two reversible one-electron reduction processes at E,, = —1.14
and —2.10 V versus Fc/Fc* (corresponding to the [2Fe—
28]1'/%* and [2Fe—2S]”'* couples), with a very large
comproportionation constant of the mixed-valent species (K.
= 1.7 X 10'). These characteristics suggested that further
reduction might indeed be feasible for this system.

The electrochemical reduction of 13~ (¢ = 4.8 X 107* M) in
DMF with 0.1 M [NEt,]BF, at a potential of —2.40 V and at
—15 °C was followed by UV—vis spectroscopy until no further
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changes were noticeable (Figure 2, left). Clean conversion to
1*~ with three isosbestic points at 328, 402, and 442 nm was
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Figure 2. (Left) UV—vis spectra during constant potential coulometry
recorded at —15 °C, —2.40 V vs Fc/Fc*, ¢ = 4.8 X 10~* M, in DMF/
0.1 M [NEt,]BF,; (right) overlay of the spectra of 17~ (blue), 13~
(magenta), and 1*~ (red) in DMF solution.

observed. The intensity of the band for 13~ at 530 nm decreases
to € = 1150 M™' cm™ and the shoulder at 586 nm largely
vanishes to £ = 630 M™! cm™!, while a new band for 1*~ rises at
413 nm (& = 5200 M~' cm™). Overall, the intensity of the
spectrum decreases continuously upon going from diferric 1>
to mixed-valent 13~ and further to 1*~ (1>~ is dark red, 13~ is
magenta, while 1*” is orange; Figure 2 right). This bleaching is
reminiscent of the spectral changes seen for the Rieske protein
upon reduction.'® Shifting the potential back to —1.6 V leads to
complete reoxidation of 1*~ to mixed-valent 1°~.

The all-ferrous cluster 1*~ was then synthesized chemically
by addition of potassium anthracene to a DMF solution of
(NEt,),1 and precipitation of crude K,(NEt,),1 with an excess
of diethyl ether. Crystals of the sought-after (NEt,),1 salt could
be obtained, after addition of (NEt,)Br, by slow diffusion of
diethyl ether into a DMF solution at 4 °C. Fully reduced 1*" is
extremely sensitive toward oxidants and has a very high
tendency to revert back to 1°7; it thus is best handled and
stored in the presence of excess potassium anthracene
reductant.

The molecular structure of the anion of (NEt,),1 is shown in
Figure 3, together with an overlay of the central [2Fe—2S]*

Figure 3. (Left) ORTEP plot of the molecular structure of 1*~
(thermal ellipsoids set at 30% probability). For clarity, all hydrogen
atoms are omitted (symmetry operation used to generate equivalent
atoms: (/ ) 1—x,705—2); (nght) overlay of the {Fe,S,} cores of 1>~

(blue), 1’~ (magenta), and 1*~ (red).

cores of 1>7, 13~ and 1*". Since mixed-valent 1>~ was previously
characterized with different cations,” its [NEt,]* salt was now
prepared and analyzed by X-ray diffraction (see Supporting
Information (SI)). This gives rise to the unique situation that
structural information is available for the complete series of
[2Fe—2S] model complexes 1(NEt,), (x = 2, 3, 4) with the
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same bis(benzimidazolato) capping ligands and the same type
of cation, allowing us to asses the effect of sequential reduction
on the core structures.'> Upon going from diferric 1>~ to
mixed-valent 13~ and further to 1*7, the {Fe,S,} rhomb
undergoes a slight but continuous expansion: dg,..g, rises from
around 2.70 to 2.73 A and further to 2.75 A, and Fe—S bonds
lengthen from 2.19/2.21 to 2.23/2.24 and further to 2.26/2.27
A (Table 1). A similar elongation is observed for the Fe—N

Table 1. Selected Atom Distances (A) and Bond Angles

(deg) for 1’7, 1*7, and 1*~
2= 13- 1+
d(Fe-Fe) 2.70 273 275
d(Fe-S8) 2.19/2.21 223/2.24 2.26/2.27
d(Fe—N) 1.98/1.99 2.06/2.07 2.11/2.12
2(N=Fe—N) 92.84 88.18 84.35
2£(S—Fe—S) 10427 104.84 105.19

bonds to the terminal bis(benzimidazolato) ligands, and the
N—Fe—N angles become increasingly acute.” However, as is
evident from the overlay in Figure 3, the global structural
changes around the tetrahedrally coordinated iron atoms are
relatively small upon sequential injection of two electrons into
the cluster core. This reflects the low reorganization associated
with redox changes of the {Fe,S,} rhomb, which makes these
[2Fe—2S] clusters preferred electron transfer sites in nature.
The Méssbauer spectrum of solid (NEt,),1 at 6 K shows one
quadrupole doublet with § = 0.79 mm/s and AE =2.67 mm/s
clearly indicating the presence of high spin Fe" (Flgure 4). The
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Figure 4. Zero field Mdssbauer spectrum of solid (NEt,),1 at 6 K. The
line represents a fit with § = 0.79 mm/s and AE, = 2.67 mm/s.

parameters are in excellent agreement with those found for the
all-ferrous forms of a [2Fe—2S] ferredoxin (§ = 0.71 mm/s,
AEq = 275 mm/s; see above)'” as well as for the super-
reduced Rieske protein at 4.2 K (6 = 0.70 mm/s, AEQ =276
mm/s for the {FeS,Cys,} site and 6 = 0.81 mm/s, AEq = 2.32
mm/s for the {FeS,His,} site)."> A similar isomer shift has also
been observed for the complex (NEt,),[Fe,(SEt)q] (6 = 0.70
mm/s), though the quadrupole splitting is somewhat larger for
that complex containing Fe in tetrahedral thiolate environ-
ment (AEq = 3.25 mm/s)."® An increase of temperature to 80
K and further to 210 K led to gradual emergence of another
Massbauer doublet for (NEt,),1 with § = 0.69 mm/s and AEq
= 1.56 mm/s (see SI). We assume that this feature originates
from solid-state effects since upon subsequent cooling to 6 K
the spectrum fully reverts to the initial one shown in Figure 4.
A solution of diferrous (NEt,),1 was studied by Mdssbauer
spectroscopy as well. The sample was generated electrochemi-
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cally via controlled potential coulometry (CPC) at —25 °C and
—2.6 V versus Cp,Fe/Cp,Fe* in DMF/0.2 M [NBu,]PF,. The
resulting MOssbauer spectrum was then recorded at 80 K and
shows a major quadrupole doublet with § = 0.78 mm/s and
AEq = 271 mm/s (see SI), essentially identical to the solid
state spectrum at 6 K. This confirms that the second doublet
seen at elevated temperatures in the solid state spectrum, but
absent in the frozen solution sample, is likely caused by solid
state effects, and does not reflect intrinsic variations in the
electronic structure of the molecular complexes.'”

Because of the extreme sensitivity of (NEt,),1, it was not
possible to obtain sufficiently pure material for collecting
SQUID data. Méssbauer spectroscopy in applied magnetic field
at variable temperatures was thus performed to establish a
lower limit for the magnetic exchange coupling—], defined as H
—2JS,-Sp. Up to 40 K, the spectra show only weak magnetic
splitting, virtually from the applied field only (Figure S). The
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Figure S. Magnetic field Mdssbauer spectra of (NEt,),1 generated via
CPC. The solid black lines are the result of a global spin Hamiltonian
simulation for a dinuclear S, = Sy = 2 system with 6 = 0.78 mm/s,
AEq = 2.74 mm/s, 7 = 035, D = +10 cm™, J = =30 em™' (H =
—2JS,-Sp). Lower right: plot of the error sum of the simulations as a
function of exchange coupling parameter J.

absence of significant internal fields (<0.1 T) evidences a rather
well isolated diamagnetic St = 0 ground state without much
level mixing or population of excited spin states. To establish an
upper limit for the exchange coupling, J was varied in 10 cm™"
steps during iterative spin-Hamiltonian simulations with local
spins Sg, = 2, keeping the hyperfine tensors at a typical value
Ap/gapin = —20 T and varying the zero field splitting
parameter D in the range +10 cm™. A plot of the resulting
error sum of the simulations as a function of J is shown in the
lower right part of Figure S, revealing a flat minimum due to
fading of the internal field for strong coupling. Taking into
account inaccuracy and inhomogeneity of the applied field (ca.
0.1 T), we estimate —] > 30 cm™" to be a safe assumption; a
corresponding simulation is shown in Figure S. This estimate
for ] is in good agreement with —] > 40 cm™' derived from
Mgssbauer spectra of the Cr'-treated Aquifex aeolicus
ferredoxin.'> Moreover, it shows that the antiferromagnetic
coupling in (NEt,),1 may be consistent with the strong
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coupling measured for (NEt,),[Fe,(SEt)s] that also shows a
planar Fe(u-SR),Fe bridge between tetrahedral Fe! sites.'®

In summary we have, for the first time, isolated and
crystallographically characterized a fully reduced diferrous
[2Fe—2S] cluster with Fe(u-S),Fe core. Thus, structural
information is now available for a complete series of [2Fe—
2S] model complexes (NEt,),[LFe(u-S),FeL] (x = 2, 3, 4)
having the same bis(benzimidazolato) capping ligand L.
Mossbauer studies on the new diferrous cluster show
parameters very similar to the few data available for artificially
super-reduced [2Fe—2S] proteins, and they provide a lower
limit for the magnetic exchange coupling (—] > 30 cm™"). The
present results not only fill a blank spot in synthetic analogue
Fe/S chemistry, but may also provide a valuable basis for
identifying potential [2Fe—2S] cofactors that make use of their
fully reduced diferrous state under physiological conditions.
One should note that new Fe/S cluster types and Fe/S clusters
with unusual redox couples and exciting biological functions
continue to be discovered."®
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Synthetic procedures and complete experimental details;
additional Mdssbauer spectra; crystallographic details (CIF)
for (NEt,);1 and (NEt,),1. This material is available free of
charge via the Internet at http://pubs.acs.org.
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