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A [3Fe-3(u-S)I** cluster is reported in which each ferric center has a
distorted trigonal pyramidal geometry, with an S = 1/2 ground state
for the cluster and unusually anisotropic hyperfine coupling con-
stants as determined by variable temperature magnetometry and
Maossbauer spectroscopy.

Protein-bound iron-sulfur (FeS) clusters perform diverse functions
in biology including electron transfer, substrate binding and
activation, and analyte sensing (e.g., dioxygen, nitric oxide)."
Among FeS clusters, the iron-molybdenum cofactor (FeMoco) in
nitrogenase has the unique ability to activate the triple-bond in
N, to afford NH; as well as reducing a number of unsaturated
substrates (e.g., CO,, C,H,) under ambient conditions.” The four
iron atoms, Fe2, Fe3, Fe6, and Fe7, are linked by two p-S>~ and
two p3-S™ ligands, and this face of the cluster is the proposed
site for dinitrogen activation.® The p-S*>~ ligands are thought to
bind protons in the reduced state.” To date, synthetic FeS clusters
including FegS,, Fe,NS;, and MoFe;S; have been reported;®
however, p-sulfides remain rare in synthetic iron-sulfur cluster
chemistry. Relatedly, a hexagonal planar [3Fe-3S] cluster was initially
proposed as the 3-Fe site of Azotobacter vinlandii Ferredoxin I
(A4v Fd 1) based on X-ray diffraction,® but was later corrected to
a cuboidal [3Fe-4S]" one.” Here, we report the first example
of a hexagonal tri(p-sulfido)triiron(m) cluster where all Fe and
S atoms occupy the same molecular plane templated by a
triethylbenzene-capped tris(p-diketiminate)cyclophane ligand.
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A [3Fe-3S]>* cluster with exclusively p-sulfide

Yousoon Lee,® le-Rang Jeon,” Khalil A. Abboud,? Ricardo Garcia-Serres,*“
Jason Shearer® and Leslie J. Murray*®

Addition of three equivalents of NaSCPh; to Fe;Br;L (1)
resulted in the immediate formation of a dark green reaction
mixture, from which crystals of Fe;(u-S);L (2) suitable for single
crystal X-ray analysis could be obtained (82%, Scheme 1).%
In the solid-state structure of 2 (Fig. 1), each iron center is
coordinated by two diketiminate N-atoms and two p-sulfides in
a distorted trigonal pyramidal geometry (z, = 0.89), reminiscent
of those for the belt Fe atoms in resting-state FeMoco
(14 = 0.84-0.89).>° This planar arrangement of the [3Fe-3S]**
cluster in 2 is unique in FeS chemistry; a planar Fe;S; motif
has only been observed for thiolate-bridged iron clusters and
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Fig. 1 Molecular structure (left) of 2 and a portion of the structure (right)
depicting the bond distances and angles around the iron ions. Solvent
molecules and H atoms are omitted for clarity. C, N, S and Fe atoms are
depicted as gray, blue, yellow and orange ellipsoids at 55% probability.
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specifically the family of cyclic Fe";(u-SR); compounds (R = Ph,
p-tolyl, 2,6 Me,CgHj).'® The hexagonal conformation was anticipated
based on the constraints imposed by the cyclophane ligand and
structures of previously synthesized complexes by our group.'**>
The iron ions in 2 are coplanar with B-diketiminate NCCCN
backbone (rms deviation of fitted atoms of NCCCNFe ring = 0.01)
and the benzene caps are parallel to each other with the dihedral
angle of 0°, which differs from the structure of 1 in which
the iron atoms are distinctly out of the NCCCN plane and there
is a significant dihedral angle between the benzene caps.''
These observations evidence a less distorted structure for 2 as
compared with 1, consistent with the smaller covalent radius of
sulfide versus that of bromide (Fig. S1, ESIt). In comparison
with Fe";(NH,);L, which contains a similar planar Fe;X; unit,
the shorter Fe-N;, (N, = N-atom on nacnac arm) bond distances
(2.003(2) A) and larger bite angle (/. N-Fe-Ny = 99.0(1)°) in 2
than those in Fe';(NH,);L (2.023(2)-2.038(2) A, 96.08(8)-96.29(8)°)
agree with iron(m) centers in 2."* Similarly, the Fe-S bond
distances in 2 (2.1827(8)-2.1911(8) A) are contracted relative to
those in the S* -bridged bis(B-diketiminatoiron(i)) compound
(LMFeSFeL™® where L™ = [HC(C(Me)N[2,6-diisopropylphenyl]),],
2.250(2)-2.346(2) A)."® In comparison to the [3Fe-4S]" clusters in
Desulfovibrio gigas ferredoxin II,'* Av Fd 1,%'® and inactive
aconitase,'® the Fe™-uiS distances are slightly longer (2.21-2.33 A)
in the oxidized enzyme clusters.

The three iron atoms in 2 are ferric and high-spin as are
those in cuboidal [3Fe-4S]" clusters from as-isolated aconitase,
Desulfovibrio gigas Ferredoxin II, or pyruvate formate-lyase
activating enzyme. The coupling between the three Sg. = 5/2
ferric ions in the enzyme clusters is usually described with
the exchange Hamiltonian: Hey = J1251-Sa + J2355-S3 + J1351-S;.
The near-perfect C; symmetry of the [3Fe-4S] clusters implies
Ji2 ® Jaz ® Ji3, resulting in two low-lying Sioa) = 1/2 states. The
EPR spectra of the [3Fe-4S]" clusters are rhombic and centered
around g =~ 2.01. The observed large line broadenings in these
spectra are attributed to g-strain or to the fine structure of the
Fe centers (D/J-strain).’” The magnetic Mdssbauer spectra of
these clusters also display broad absorptions. These spectra
can be modelled as three distinct iron sites with an Sy = 1/2
ground state. The broad Mossbauer absorptions were interpreted
either as large anisotropies of the hyperfine coupling tensors,"® or
through the presence of J-strain.'® Additionally, Miinck and
coworkers employed a model that invokes antisymmetric
exchange to explain the broad Mossbauer spectra and the
g-value shifts observed in the EPR spectra of some [3Fe-4S]"
clusters.”® We sought to compare the spectroscopic properties
of 2 with those of the enzyme [3Fe-4S]" clusters to probe the
effect, if any, of cluster geometry.

Variable temperature magnetic susceptibility data were
collected on a polycrystalline sample of 2-2C¢Hj (Fig. 2). These
data were not satisfactorily fit using an equilateral model
(i-e., Jia = Jaz = J13), and required an isosceles elongation with
Ji2=J23=158.4cm™ ' and J;5 = 187.4 cm™ ' (Fig. 2). These values
are noticeably smaller than those observed between ferric
sites in [2Fe-2S]** clusters,” or in [3Fe-4S]" clusters in
proteins,?” and could arise from the longer Fe---Fe distances
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Fig. 2 Variable-temperature dc magnetic susceptibility plot for 2.2C¢Hg in a
1000 Oe applied field (red circles). A fit (black solid line) to the data yielded
intramolecular magnetic exchange coupling constants Jy, = Jp3 = 158.4 cm™%,
and Jiz = 187.4 cm™! with fixed g = 2. Our simulation required inclusion of
a weak intermolecular coupling term, zJ, of 316 cm 13 (inset) Plot
of magnetization vs. H/T at the indicated dc fields at low temperatures.
The saturating magnetization toward M = 1 ug confirms the spin ground state
S = 1/2 as does the molecular magnetic susceptibility of 0.38 cm® K mol™* at
50 K (expected value of 0.375 cm® K mol ™ with g = 2).

(~3.6 A in 2 vs. ~2.7 A) and the more obtuse Fe-S-Fe angles
than in the [2Fe-2S]*" and [3Fe-4S]" clusters, which should
result in reduced orbital overlap. Also, the difference J;3—;, of
29 em™" is unusually high for a ferric trimer with approximate
C; symmetry. X-band EPR spectrum of 2 in a frozen toluene
solution at 5 K showed a rhombic signal with g ~ 2 (Fig. S2,
ESI{). We obtained a good simulation of the spectrum with an
S = 1/2 spin Hamiltonian with g = 1.989, 2.006, and 2.013 and
g-strain = 0.0291, 0.0177, 0.004. The narrow spread of g-values
makes the spectrum very similar to “type 1” [3Fe-4S]" clusters,
such as aconitase or Av-Fd 1. For these [3Fe-4S]" clusters, the
mechanism of antisymmetric exchange is not large enough to
have an effect on g-value distribution.****

The zero-field Mdéssbauer spectrum of 2 at 4.2 K shows
a single quadrupole doublet with § = 0.29 mm s ' and
AEq = 1.34 mm s ' (Fig. 3), consistent with approximately
equivalent Fe(m) centers. Whereas the isomer shift is typical for
ferric ions in FeS clusters,* the quadrupole splitting for 2
is much larger than that of iron(m) in related clusters in
metalloenzymes (<1 mm s~ ). This difference is attributed to

0
Velocity (mm/s)

Fig. 3 Zero-field 4.2 K Mdssbauer spectrum of 2. The circles represent
the experimental data points, while the solid line is a theoretical simulation
with a symmetric quadrupole doublet with parameters: § = 0.29 mm s2,
AEg =134 mm s™% Tewim = 0.34 mm s,
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axial distortion at the Fe centers, induced by the mixed N,S,
ligand environment and the constrained and large S-Fe-S bond
angles of 128.76(4)°. Spectra recorded in parallel applied
magnetic fields are indicative of an S = 1/2 ground state.
Contrary to the spectra of [3Fe-4S]" clusters, which display
symmetric absorptions, applied field spectra of 2 are highly
asymmetric. We could not reproduce the spectra of 2 with
isotropic hyperfine tensors according to the spin-coupling
model of Kent et al.,>** and applying a distribution of A; based
on J-strain'® did not improve the fit. The reason for the
poor simulations afforded by these models is that, although a
J distribution reproduces the line broadening, it cannot render
the observed asymmetry of the spectra. As noted by Miinck and
coworkers,*® including antisymmetric exchange?® has a similar
effect to J distribution in broadening the spectra, but their
simulations always yield symmetric spectra. We were only able
to reproduce the asymmetry of our spectra by using A; tensors
that are extremely anisotropic (Table S1, ESIT). Although
some anisotropy (~15%) in A; has been determined for some
[3Fe-4S]" clusters,”®*” high-spin ferric ions (with spherically
symmetric d-electron distributions) are not expected to yield
extremely anisotropic A; tensors like those determined for 2.
Moreover, our calculated a..s value®® is positive (Table S1,
ESIt), which contradicts the values of ~—20 MHz determined
for all other triiron(u) clusters. To shed light on the electronic
structure of 2, we performed DFT calculations (vide infra),
which suggested that two iron(m) centers are approximately
equivalent, whereas the third is unique. We therefore simulated
the Mossbauer spectra with two components with one accounting
for twice the absorption of the other (Fig. S3 and Table S1, ESIY),
and obtained an acceptable fit. Although we do not fully
understand the reason for such anisotropic A tensors, the mixed
N/S coordination sphere and the constrained structural metrics
of 2 (e.g., co-planarity of Fe and S atoms, obtuse S-Fe-S angles)
likely play a crucial role.

Attempts to calculate the electronic structure of 2 using
different DFT functionals (BP86, PBEO, B3LYP, mPWPWO91,
and B2PLYP), even when the broken symmetry approximation
(BS) was employed, failed to correctly describe the nature of the
iron-centers. In all cases, the electronic structure predicted
one non-equivalent iron center with a localized unpaired spin,
and strong antiferromagnetic coupling between the two other
spins (J > 2000 cm™'). The calculated Mdssbauer parameters
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(6 and AEq) implied inequivalent iron-centers, not consistent
with experiment. NEVPT2/CAS-SCF(5,6)/tzvp level calculations
suggested the reason for these observations; the ground state
wave function of 2 possesses significant multi-determinantal
character. The resulting ground state wave function is
described as an admixture of the LUMO (0.671) and SOMO
(0.382) with the lower energy orbitals having near double
occupancies (1.999 and 2.000) and the two higher energy
orbitals being virtually unfilled (0.001) (Fig. 4). The resulting
spin-density is evenly distributed over the three iron atoms,
which correlates well with the two equivalent Ay, determined
from Mossbauer (Table S1, ESIT). At this level of theory, we find
an energy gap between the ground doublet and first excited
doublet of 82.0 cm ™. This gap is surprisingly large, considering
that the two doublets are degenerate in a simple HDVV model
based on an equilateral triangle geometry. However, it is
consistent with our fit of the magnetic data, which implies an
energy gap of 3(J13-J12) = 87 cm™*. The good agreement with
the magnetic data is an indication that the NEVPT2 level
calculation adequately describes the electronic structure of
the two low-lying doublet states of the complex, despite the
use of a minimal active-space. Others have used significantly
larger active spaces to successfully describe the low-energy
spectra of [2Fe-2S] and [4Fe-4S] clusters.”® Our analysis is
preliminary, and more detailed calculations are ongoing.

Cyclic (CV) and differential pulse (DPV) voltammograms
were recorded for 2 in various solvents. In all cases, we observed
a redox couple at ~—1.55 V vs. F¢/F¢" in which the cathodic
wave is broad relative to the anodic one (Fig. S4, S6 and S8,
ESIT). In addition, the reductive wave observed by DPV is also
broader than expected for a reversible one-electron process
(Fig. S5, ESIt), and likely comprises two overlapping reduction
events as a shoulder is clearly observed for data collected in
DME or THF (Fig. S7 and S9, ESIt). This pseudo-reversible
redox process is tentatively assigned as cluster-based by analogy
to other synthetic and enzymatic FeS clusters.’®?'”° These
redox waves were absent in data collected on pristine electrolyte
solutions and using electrodes that were previously used to
repeatedly redox cycle a solution of 2. Ongoing work aims to
clarify the nature of these redox processes and to isolate and
evaluate the reactivity of the reduced cluster(s).

In conclusion, we report the first example of a [3Fe-3(u-S)]**
cluster (2) for which the coordination mode of the chalcogenide

Fig. 4 Spin density plot of 2 (left) and isosurface (0.05 a.u.) plots of the partially filled MOs that comprise the leading configurations of the ground state

wavefunction for 2 (SOMO middle and LUMO right).
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is dictated by the cyclophane ligand. The Mossbauer spectra
of 2 confirm the cluster as containing only high-spin ferric
ions. Applied-field Mossbauer and X-band EPR spectra, and
the temperature-dependent magnetic susceptibility support an
Stotal = 1/2 ground state for 2. The unique planar structure of
this FeS cluster confers it particular electronic properties that
are reflected in the large difference between the exchange
coupling constants, in its large AEq, and in its extremely
anisotropic hyperfine tensor, as determined from our Mdssbauer
analysis. The [3Fe-3S]*" in 2 can be reduced electrochemically,
and synthesis and characterization of chemically reduced complexes
of 2 and the reactivity of the species are under active investigation.
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