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A Synthetic Analogue of Rieske-Type [2Fe-2S] Clusters™**
Joachim Ballmann, Antonia Albers, Serhiy Demeshko, Sebastian Dechert, Eckhard Bill, Eberhard

Bothe, Ulf Ryde and Franc Meyer*

In 1964 Rieske-type [2Fe-2S] clusters were discovered in biological
systems and identified as variants of [2Fe-2S] ferredoxins.! ']
Structurally they differ form the parent ferredoxins by an
asymmetrical terminal ligation at the [2Fe-2S] core with only one
iron coordinated by two cysteinyl thiolates but the other coordinated
by two histidine-N.?! Spectroscopic (e.g. EPR and Méssbauer) and
functional characteristics (namely the electrochemical potential) of
Rieske-type [2Fe-2S] clusters are distinct, because of this unique
coordination environment.*! The investigation of synthetic model
complexes has provided valuable insight into the properties and
electronic structures of iron-sulphur cofactors.'*! While several
biomimetic [2Fe-2S] clusters with all-S or all-N environment have
been obtained over the last decades,™ no asymmetrically ligated
cluster that emulates the particular situation of the Rieske iron-
sulphur proteins could be synthesized so far.[®! In the present
contribution we report the synthesis and spectroscopic as well as
crystallographic characterisation of the first accurate synthetic
model compound 1 for Rieske-type [2Fe-2S] clusters (Scheme 1).
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Scheme 1. Structure of the natural Rieske center and the synthetic
analogue 1.

A stepwise ligand exchange strategy starting from
[NEts]5[Fe,S,Cly]"! seemed to be a convenient and simple approach
towards a synthetic analogue of Rieske-type [2Fe-2S] sites. Closer
inspection of this reaction by screening a variety of chelating {N,}-
and {S,}-donor ligands in different combinations revealed
challenging difficulties, however, such as the preferred formation of
the homoleptic N- and S-coordinate compounds which where
usually observed as the only products. In some cases, the sought-
after asymmetrically {N,S,}-ligated species were detected by ESI
mass spectrometry, but rapid equilibria with the corresponding
homoleptic clusters prevented successful isolation of the target
material. An exception was finally discovered when using a
backbone phenyl substituted chelating diskatylmethane!®! capping
ligand as a mimic for the natural histidine residues. In order to
suppress cluster decomposition, the lithium salt of this particular
{N,}-ligand was first added to a cooled solution of
[NEty]5[Fe,S,Cly]. During optimization studies it was found
advantageous to use 1.5 eq of the {N,} cap to ensure complete
consumption of the cluster starting material, because some
degradation to give monomeric N-coordinated iron complexes could
not be prevented even at —40°C (fortunately, this monomeric species
is readily extracted during workup). This led to the isolation of the
first asymmetrically ligated [2Fe-2S] cluster [NEty]o[ {N2}Fe,S,Cly]
(2). Minor amounts of the N-homoleptic  cluster
[NEts]o[{N2}Fe;S2{N,}] were formed as a side-product and
identified by X-ray diffraction (Figure S41). Compound 2 was
crystallized from DMF/diethylether, affording crystals suitable for
X-ray diffraction and refinement (Figure 1). Prominent intra-core
distances and angles, as well as distances and angles to the terminal
coordinating atoms are in agreement with the corresponding values
determined for the related homoleptic {N4}- or {Cl,}-ligated”
synthetic [2Fe-2S] clusters (selected atom distances are collected in
Table 1, prominent inter-atomic angles are summarized in Table S6).

With the key-intermediate 2 in hands, the intended synthetic
route via subsequent exchange of the remaining two chlorine
substituents proved successful. o-Xylene-a,a’-dithiol as {S,}-



ligand' °1 was selected for mimicking the biological cysteinyl
thiolates, since this ligand had already been applied successfully in
synthetic Fe/S chemistry.' Finally, cluster 1 was most conveniently
obtained in a one-pot synthesis at -40°C by sequential addition of
the deprotonated {N,}-ligand prior to addition of the Li,{S,}-ligand
salt. After extraction of the monomeric by-products (as also
observed in the synthesis of intermediate 2), the pure target material
was obtained after a single re-crystallisation from DMF/diethylether.
Once isolated, solid 1 is stable at RT under an atmosphere of dry
dinitrogen and can even be handled in air for short periods
(ca. 30 min) without decomposition. In the absence of protic
solvents, solutions of 1 can be stored for weeks at RT under an
atmosphere of dry dinitrogen.

Figure 1. ORTEP plot (50% probability thermal ellipsoids) of the
molecular structure of 2. For the sake of clarity all hydrogen atoms
and NEt," counter ions have been omitted. Selected atom distances
(A) and angles (°): Fe1"Fe2 2.7124(9), Fe1-N1 1.965(5), Fe1-N2
1.975(4), Fe1-S1 2.2037(13), Fe1-S2 2.2129(13), Fe2-S2 2.2088(14),
Fe2-S1 2.2147(12), Fe2-Cl2 2.2490(15), Fe2-Cl1 2.2730(16),
N1-Fe1-N2 93.78(17), N1-Fe1-S1 117.18(12), N2-Fe1-S1 110.58(12),
N1-Fe1-S2 115.01(12), N2-Fe1-S2 116.48(10), S1-Fe1-S2 104.19(5),
S2-Fe2-S1 103.97(5), S2-Fe2-Cl2 113.81(6), S1-Fe2-CI2 109.80(5),
S2-Fe2-Cl1 108.60(6), S1-Fe2-Cl1 112.49(6), Cl2-Fe2-CI1 108.22(6),
Fe1-S1-Fe2 75.74(4), Fe1-S2-Fe2 75.68(4).

Figure 2. ORTEP plot (50% probability thermal ellipsoids) of the
molecular structure of 1. For the sake of clarity all hydrogen atoms
and NEt," counter ions have been omitted. Selected atom distances
(A) and angles (°): Fe1"Fe2 2.7027(8), Fe1-N1 1.953(4), Fe1-N2
1.975(4), Fe1-S1 2.2012(14), Fe1-S2 2.2204(12), Fe2-S1 2.2228(13),
Fe2-S2 2.1995(13), Fe2-S3 2.2969(14), Fe2-S4 2.2912(14),

N1-Fe1-N2 94.14(16), N1-Fe1-S1 113.78(11), N2-Fe1-S1 116.82(13),
N1-Fe1-S2 114.75(12), N2-Fe1-S2 113.06(11), S1-Fe1-S2 104.64(5),
S2-Fe2-S1 104.61(5), S2-Fe2-S4 112.57(5), S1-Fe2-S4 108.06(5),
S2-Fe2-S3 110.17(5), S1-Fe2-S3 113.21(5), S4-Fe2-S3 108.25(5),
Fe1-S1-Fe2 75.31(4), Fe1-S2-Fe2 75.39(4).

Black plates suitable for X-ray diffraction were obtained by
slow diffusion of diethylether into a concentrated solution of 1 in
DMSO (Figure 2). 1 crystallises in the monoclinic space group C 2/c
with eight molecules per unit cell (detailed crystallographic data are
presented in the electronic supporting information). Geometric
parameters at both metal ions Fel and Fe2 are similar to the
corresponding values observed for the homoleptic {N,}- and {S4}-
ligated™ compounds (Tables 1 and S6). Compared with the Rieske
proteins, only the Fe-N distances and the N-Fe-N angles in 1 differ
slightly — these differences most likely result from the protonated
state of the histidine moieties in the proteins compared to the
dianionic {N,}-ligand in the model complex. Other geometric
parameters perfectly agree with those found for the natural systems
(see Table S7).2

Table 1. Selected atom distances (A) for 1 and 2 together with the
corresponding values for the related homoleptic compounds.

compound d(Fe"Fe) d(Fe-S)® d(Fe-N) d(Fe-Cl)
KS:IFe:So{S:)>  2.698(1)  2.306(1)
ref. [9] 2.303(1)
{N2JFeSo{S,)  2.7027(8)  2.297(1)  1.953(4)
1) 2291(1)  1.975(4)
{Na}Fe:SANY™  2.7562(8) 1.975(2)
1.984(3)
KENZJFeS.CL>  2.7124(9) 1.965(5)  2.249(2)
2) 1.975(4)  2.273(2)
[Cl.FeS,ClLI” 2.716(1) 2.245(1)
ref. [7] 2.258(1)

[a] Entry refers to the terminal sulphur atoms only.

In addition to X-ray diffraction, characterisation in the solid
state was completed by Mossbauer spectroscopy and magnetic
susceptibility measurements. The zero-field Mdssbauer spectrum of
1 is shown in Figure 3 (data summarized in Table 2). Two distinct
quadrupole doublets are observed for 1, with isomer shifts
(0.26 mms " and 0.27 mms ") and quadrupole splittings (0.49 mms ™
and 0.98 mms™") that are in the same range as observed for the
natural Rieske proteins (see Table S2). As intuitively expected,
previously reported for the biological systems!'®! and apparent from
comparison with the homoleptic S-coordinate cluster, the larger
quadrupole doublet reflects the N-coordinate Fel and the smaller
one reflects the S-coordinate Fe2. Essentially the same
considerations apply to cluster compound 2, also ligated in an
asymmetrical fashion (see Table 2, Figure S28).

Magnetic susceptibility measurements for both new complexes
were carried out at a magnetic field B=0.5T from 295 to 2.0 K.
Magnetic moments p.; were found in the range 0.8 - 2.3 pg, i.e.,
much lower than expected for two uncoupled ferric (S=5/2) ions,
and they rapidly decrease upon lowering the temperature (plots of
tervs. T for 1 and 2 are shown in Figure S30 and S31, respectively).
This behaviour is in accordance with strong antiferromagnetic
coupling between the two ferric ions to give an =0 ground state,
as is usually observed for [2Fe-2S]*" clusters. Coupling constants J
(Table 2) were determined by using a fitting procedure to the



appropriate Heisenberg spin Hamiltonian for, isotropi¢ exchange
coupling and Zeeman interaction: H = -2JS,-S, + gus (S, +S,)-B .
Interestingly, J values for both asymmetrically coordinated
compounds 1 and 2 indicate an increased antiferromagnetic coupling
compared to the related homoleptic {N4}- or {Cly}-ligated clusters.

0.96
0.94

0.92 4

0.90 :

velocity/mms™ —

Figure 3. Zero-field Mossbauer spectrum of 1 recorded at 80 K.
Isomer shifts and quadrupole splittings are summarized in Table 2.

All new [2Fe-2S] cluster compounds were additionally
characterized in solution by UV-Vis, "H NMR spectroscopy and ESI
mass spectrometry. Assignment of the partially overlapping
electronic absorption bands remains somewhat speculative, and
more detailed analyses will be required to locate the different
charge-transfer transitions (see Figures S4 — S7). Reasonably well
resolved 'H NMR spectra could be recorded because of the strong
antiferromagnetic coupling, and signal sets for the {N,}-ligand and
the {S,}-ligand can be clearly distinguished (see Figure S25).
Positive and negative ion ESI mass spectra for all cluster
compounds show dominant signals for [M+NEt,]" and [M—NEt,],
respectively (all spectra, including high resolution ESI(+) spectra
are depicted in the electronic supporting information in Figures S8 —
S24).

Table 2. Analytical data for cluster 1 and 2 together with the
corresponding data for the related homoleptic compounds.

Cluster 3 (AEQ) ™ Jo Ey™
/mms™ /em™ AY;
[{S2}Fe,Sx{SA” ™ 0.28 (0.36) —149+8 -1.511
{N2}Fe:SAS)> 0.26 (0.49), -161 -1.35
) 0.27 (0.98)
KN2}FesS:Clol” 0.32 (0.99), -184 —1.251
) 0.32 (0.72)
[CloFe,S,Clo” @ 0.37 (0.82)™ -158 -1.020

[a] ¥’ Fe Mossbauer parameters at 80 K relative to iron metal at RT. [b]
Values obtained from fits to SQUID data. [c] Potentials in
DMF/0.1 MNBus,PFs at a scan rate of 100mV/s vs. the
Cp*,Fe/Cp*,Fe” couple. [d] Reference 9. [e] Half-wave potential £, in
DMF vs. SCE is -1.49V, corresponding to -1.51V vs. the
Cp*,Fe/Cp*,Fe" couple. [f] cathodic peak potential of the irreversible
process. [g] Reference 7. [h] this work (Figure S29). [i] cathodic peak
potential of the irreversible process recorded in MeCN/0.1 M NBu,Cl
vs. SCE is —1.00 V, corresponding to —1.02 V vs. the Cp*,Fe/Cp*;Fe"
couple.

Redox properties of all new complexes were studied by cyclic
voltametry in DMF/0.1 M NBuyPFg solution at RT. The Rieske-type
cluster 1 exhibits a reversible one-clectron reduction at —1.35 V vs.
decamethylferrocene and a second irreversible reduction wave at
approximately —2.0 V corresponding to formation of the all-ferrous
species. Thus, the half-wave potential corresponding to the
[2Fe-2S]"/[2Fe-2S])*" pair of 1 is shifted slightly positive compared
to the one-electron reduction wave observed for the homoleptic
{S4}-ligated analogue (~1.51 V)"*l. As expected, the unusual high
redox potentials of the biological Rieske sites are not reflected by
the model cluster 1, due to the dianionic character of the coordinated
{N,}-ligand instead of the protonated neutral histidine residues.
Since this first-generation synthetic model cannot undergo the same
deprotonation-assisted electron transfer as the natural counterpart,
which relies on the peripheral histidine-N as protonation sites,"!
dependence of the redox potential on the presence of proton sources
is ruled out. Reduction of 2 is irreversible on the timescale of the
cyclic voltametry, as also observed for the homoleptic Cly-ligated
cluster”™ (electrochemical data are summarized in Table 2,
voltamograms are shown in Figure S32 and Figure S33).

The one-electron reduced mixed-valent species of 1 was
generated in MeCN solution by constant potential coulometry (CPC)
at —25°C. Reduction was carried out at —1.9 V vs. the Cp,Fe/Cp,Fe"
couple, corresponding to —1.39 V vs. Cp*,Fe/Cp*,Fe’. The progress
was followed by UV-Vis spectroscopy (Figure 4), recorded every
1.5 min directly in the coulometric cell and stopped after a charge
consumption of approximately 300 mC (calculated for one-electron
reduction: 304 mC, see Figure S35). Over the time of the
coulometric experiment (overall ~13.5 min), intensities of the main
visible bands decreased with two isosbestic points present. Cyclic
voltamograms before and after coulometry (Figure S34) were nearly
identical in terms of peak potentials, intensities and the overall line
shapes, indicating that the redox process is reversible on the

voltametry and the coulometry timescale.
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Figure 4. UV-Vis spectra recorded during constant potential
coulometry of 1 at —25°C, -1.9V vs. Cp.,Fe/Cp,Fe’, red line:
to = 0 min, dotted lines and blue line (after ~13.5 min): t, + n At,
At=15min,n=1-9, c=3.94x10"* M in MeCN/0.2 M NBu,PFs.

Samples for EPR spectroscopy were taken after ~50% reduction
(Figure 5) and after 100% reduction, and were immediately frozen
in liquid dinitrogen. A characteristic low g3 value, as detected for
the reduced [2Fe-2S]" cluster in Rieske proteins!'?! (g5 ~ 1.78 - 1.81)
was observed for the 50% reduced sample by fitting the
experimental EPR data with g; =2.014, g,=1.936 and g;=1.804,
while g; is slightly lower and g, somewhat higher than the



corresponding values found for Rieske proteins (g; ~2.02 - 2.03,
g2~ 1.89 - 1.90).5*"1 The low averaged g,, = 1.918 for 1 (compare
Zav=1.90 - 1.91 for Rieske proteins®'* and g,, = 1.95 - 1.97 for
ferredoxins;’ 14’ g values of selected proteins are collected in
Tables S3 and S4) and the wide anisotropy of the main components
of the g tensor (mainly a result of the low g; value) suggest, that
reduction takes place at the N-ligated iron atom of 1. This lowering
of g; and g, in Rieske-type [2Fe-2S]" species was previously
attributed to a more pronounced orthorhombic C,, distortion at the
{N,S,}-surrounded tetrahedral ferrous iron.!"”

An improved overlap of the experimental values with the fit
curve is observed for the 100% reduced sample with virtually
identical g values measured for the target material (g;=2.015,
2,=1.936, g;=1.803). However, a second, as yet unknown species
(~12%, delocalized S = : radical, fitted with g; =2.096, g, =2.021
and g; = 1.906) formed during the 100% CPC, probably due to some
over-reduction (Figure S37). The reduced [2Fe-2S]" species seems
to be slightly instable, also indicated by an increasing UV-Vis
absorption after completed coulometry (measured 3.5 min after
100% CPC, no electrical current applied to the sample, but kept
under argon at —25°C, see Figure S36).
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Figure 5. EPR spectrum of the one-electron reduced 1 (generated via
constant potential coulometry at —25°C, —1.9V vs. Cp,Fe/Cp,Fe’,
sample taken after ~50% reduction), recorded at 20 K in frozen
MeCN/0.2 M NBusPFs (c=3.94x10"* M, spectrometer frequency:

9.43198 GHz, microwave power 25 yW, modulation amplitude: 1 mT)..

The red line is fitted to the experimental values (black line) with
gs=2.014, g. = 1.936 and g; = 1.804.

In order to corroborate conclusions from the EPR findings, DFT
calculations were carried out with the Turbomole 5.9 software
package,[16a] using the Becke-Perdew-1986 functional (BP86)[16b’°]
and the def2-SVP!'Y basis set. Both the oxidized and reduced form
of 1 were studied in the antiferromagnetically coupled spin state.
Analysis of the molecular orbitals revealed a localization of the
LUMO in oxidized 1 (Figure S43) at the N-coordinate Fe atom.
Accordingly, the HOMO in reduced 1 (Figure 6) is located at this
unique iron, as previously concluded form DFT calculations on a
fictive mixed-valent Rieske-type model system.!'*]

Figure 6. lllustration of the highest occupied molecular orbital (HOMO,
contour value = 0.06) of 1 in the one-electron reduced mixed-valent
state. Hydrogen atoms are omitted for clarity.

In conclusion, the first exact synthetic model for [2Fe-2S] Rieske
sites reported here adequately emulates structural, Mdssbauer, and
EPR parameters of the analogous protein-bound clusters. Future
efforts will focus on the incorporation of additional nitrogen atoms
into the {N,}-ligand backbone, in order to provide potential
protonation sites that would allow to more closely mimic the
electrochemical properties of the natural enzymes and to support the
role of the iron-liﬁated histidines in the pH-dependence of the
reduction potential '
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A Synthetic Analogue of Rieske-Type
[2Fe-2S] Clusters

An accurate synthetic model for Rieske-
type [2Fe-2S] cluster has been prepared
that emulates structural and
spectroscopic features of the natural
protein sites, including the characteristic
low gav value in the EPR spectra of the
reduced [2Fe-2S]" species.



