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signaling.

Abstract: Iron-sulfur clusters are well-established targets
in biological nitric oxide (NO) chemistry, but the key
intermediate in these processes—a mononitrosylated
[Fe,S,] cluster—has not been fully characterized in a
protein or a synthetic model thereof. Here, we report
the synthesis of a three-member redox series of isostruc-
tural mononitrosylated [Fe,S,] clusters. Mononitrosyla-
tion was achieved by binding NO to a 3:1 site-differ-
entiated [Fe,Sy]* cluster; subsequent oxidation and
reduction afforded the other members of the series. All
three clusters feature a local high-spin Fe®" center
antiferromagnetically coupled to *[NO]". The observa-
tion of an anionic NO ligand suggests that NO binding is
accompanied by formal electron transfer from the
cluster to NO. Preliminary reactivity studies with the
monocationic cluster demonstrate that exposure to
excess NO degrades the cluster, supporting the interme-
diacy of mononitrosylated intermediates in NO sensing/

Introduction

Nitric oxide (NO) is a biologically important radical that
serves as a signaling molecule and as a cytotoxic armamenta-
rium against intracellular parasites.'™ In response to the
latter processes, many bacteria have evolved NO sensing
abilities. For example, Streptomyces coelicolor senses NO
using the [Fe,S,] protein NsrR.") Other NO-responsive
[Fe,S,] proteins include WhiB1,'” SufRI' (both from
Mycobacterium tuberculosis), WhiD" (Streptomyces coeli-

color), and FNR (Escherichia coli).l"”)

Because of the biomedical importance of NO sensing
and signaling, there has been considerable interest in the in
vitro reactivity between NO and Fe-S proteins.'*'") Reac-
tions of [Fe,S,] proteins with NO typically produce one or
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more polynitrosylated products with proposed structures
including Roussin’s black anion (RBA, and/or its analogues
with bridging thiolates), Roussin’s red esters (RREs), and
dinitrosyl iron complexes (DNICs) (Figure 1);"®? the
mechanisms by which these products form are highly
complex and the molecular-level basis for specific reaction
outcomes remains under investigation.*?" Stopped-flow
kinetics experiments suggest stepwise nitrosylation,”?® and
a likely candidate for the first nitrosylation intermediate —
one that could be common to all observed reaction products
—is a mononitrosylated [Fe,S,] cluster (Figure 1). Although
this species has not been generated cleanly or fully
characterized, and thus little is known about its geometric
and electronic structure, it has been detected using mass
spectrometry in reactions of NsrR and WhiD with NO.")

Reactivity studies of synthetic Fe—S clusters with NO
have provided important insights into the mechanism of
NO-mediated Fe—S cluster degradation.?®?) Like their bio-
logical counterparts, synthetic [Fe,S,] clusters typically react
with NO to produce polynitrosylated species such as [Fe,S,-
(NO),]", RBA, RREs, and DNICs.F*3 In these studies,
efforts to obtain a mononitrosylated cluster by limiting NO
stoichiometry or employing 3:1 site-differentiating ligands
resulted in mixtures of polynitrosylated compounds and
unreacted starting material.*>*! As such, synthetic routes to
well-defined, mononitrosylated [Fe,S,] clusters have yet to
be reported. We herein show that, by employing synthetic
[Fe,S,] clusters supported by sterically protective supporting
ligands, the challenges associated with preparing a mono-
nitrosylated [Fe,S,] cluster can be overcome. As described
below, this enables the preparation and characterization of
mononitrosylated [Fe,S,] clusters in three charge states, as
well as an initial evaluation of their reactivity with additional
NO.

Results and Discussion

Our laboratory has previously reported that chloride
abstraction from (IMes);Fe,S,Cl (1-Cl; IMes = 1,3-dimesityli-
midazol-2-ylidene) in Et,0 using Na[BAr%,] ([BArf,] =
tetrakis[3,5-bis(trifluoromethyl)phenyl]borate) produces
[(IMes);Fe,S,(Et,O)][BAT",] ([1-OEt,]"); the stability af-
forded by the bulky N-heterocyclic carbene ligands main-
tains the cluster’s 3:1 site-differentiation®*! (the same
differentiation pattern for the [Fe,S;] cluster of NsrR;
Figure 1), and the labile Et,O ligand can be substituted by
other donors.P**#l Here, we report that addition of
stoichiometric NOy to [1-OEt)]" (generated in situ)
furnishes the mononitrosylated cluster [(IMes);Fe,S,(NO)]-
[BAr",] ([1-NO]™) whose structure was confirmed by single-
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Figure 1. Reactivity of [Fe,S,] proteins towards NO.

crystal X-ray diffraction (XRD; Figure 2). The Fe—NO unit
of [1-NO]" is essentially linear (/Fe—N—O 178.3(3)°) with
Fe—N and N—O bond lengths of 1.684(3) and 1.180(5) A,
respectively. As is common for cuboidal Fe-S clusters,*#!
the [Fe,S,] core is distorted from ideal T, symmetry, with
Fe—S bond lengths ranging from 2.253(1) A to 2.298(1) A
(Table S1). The average Fe—S bond length (2.272(3) A) falls
within a range typical for [Fe,S,)*" clusters supported by
three IMes ligands (for example, [(IMes)sFe,S,(CH,Ph)]*
has an average Fe—S bond length of 2.271(2) A; see
Table S7).°” The three IMes ligands wrap around the cluster
in a propeller-like fashion to give a pseudo-C; solid-state
structure  (Figure 2B). As with other [(IMes);Fe,S,]
clusters,”*¥ ¥ Fe_C bond rotation leads to C;, symmetry
in solution on the NMR timescale. The cluster’s IR spectrum

A cl NO I+
| 1. Na[BAr",], Et,0 F|e
/ \s 2.No 57 s
’ SE e N
Fe e/IMes Fe N/ ~IMes
T NJ/AN Mes™ N\J N
s " MMes s” NMes
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Figure 2. A) Synthesis of the mononitrosylated [Fe,S,] cluster [1-NO]*.
B) Solid-state structure of [1-NO]" from single-crystal XRD analysis.
The thermal ellipsoids are shown at the 30% probability level.
Hydrogen atoms, solvent molecules, and disorders are omitted for
clarity.
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features a strong band corresponding to the N—O stretching
mode at vyo=1728 cm™' (Figure 2B and Figure 3C; see
below). Variable-temperature SQUID magnetometry meas-
urements revealed an S=1 ground spin state (Figure S15);
in contrast, most even-electron [Fe,S,] clusters are S=0,*!
and this unusual property of [1-NO]™" is discussed further
below.

The cyclic voltammogram of [1-NO]" shows two rever-
sible waves at E;,=—-1.49V and —0.11 V (vs. Fc/Fc™) that
correspond to one-electron reduction and one-electron
oxidation, respectively (Figure 3B). Accordingly, we under-
took the synthesis of the reduced and oxidized congeners of
[1-NO]*. Reaction between [1-NO]" and CoCp*, in
benzene resulted in the formation of [(IMes);Fe,S,(NO)] (1-
NO) as characterized by the lower vy, at 1657 cm™' (Fig-
ure 3A,C). Single-crystal XRD analysis (Figure 3E) con-
firmed the structure as a neutral, mononitrosylated [Fe,S,]
cluster, and revealed linear NO coordination (/Fe—-N-O=
170.6(2)°). Compared with [1-NO]*, 1-NO has a longer
average Fe—S bond length (2.282(2) A vs. 2.272(3) A), which
is consistent with reduction of the [Fe,S,] core. The X-band
EPR spectrum of 1-NO at 15K features a rhombic signal
with g=[2.094, 2.058, 2.014] (g, =2.055), indicative of an
S="/, ground spin state (Figure S12A).

One-electron oxidation of [1-NO]* using [Cp,Fe][BAr",]
resulted in the formation of the isostructural, dicationic
cluster [(IMes);Fe,S,(NO)][BAr",], ([1-NOJ**) (Figure 3A).
The value of vyo (1802 cm™) is higher than that of [1-NO]*
(1728 cm™!; Figure 3C). Similarly to 1-NO and [1-NO]",
linear NO coordination (/Fe-N-O=177.5(2)°) was ob-
served from single-crystal XRD analysis (Figure 3F). Oxida-
tion of the [Fe,S,] core was evidenced by a significantly
shorter average Fe—S bond length (2.222(2) A) compared to
[1-NOJ* (2.272(3) A). The X-band EPR spectrum of [1-
NOJ*" at 5K features a broad, pseudo-axial signal whose
crossing point (dy”/dB=0) occurs at g=1.73 (Figure S12B).
The EPR spectra of [1-NO] and [1-NOJ*" thus reveal an S=
!/, ground spin state for both clusters with 8ave Values above
and below g, respectively. Although the direction that g,,,
deviates from g, is often a signature for the [Fe,S,] cluster
core charge state (with [Fe,S,]" and [Fe,S,’" clusters
typically exhibiting g,., <g. and g, > g.. respectively)*’ we
note that such trends do not hold in all cases, particularly for
clusters with m-acidic ligands,* and we therefore do not
further interpret the g,,, values for [1-NO] and [1-NOJ**.

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 3. Synthesis and characterization of the three-member redox series. A) Synthetic scheme. B) Cyclic voltammograms of [1-NO]* (2 mM) in o-
difluorobenzene towards negative (top) and positive (bottom) potentials. Scan rate, 0.1 Vs™'; electrolyte, 0.1 M [Bu,N][PF¢]. C) FT-IR spectra of 1-
NO (top), [1-NO]* (middle), and [1-NOJ** (bottom). N—O stretching frequencies are labeled. D) Zero-field *’Fe M&ssbauer spectra (80 K) of 1-NO
(top), [1-NOJ* (middle), and [1-NOJ** (bottom) with experimental data (circles), total simulation (solid line; see Supporting Information for
details), and spectral centroid (giving J,,, as indicated). DFT-calculated 0,,, values are shown in parenthesis (see Supporting Information for
details). E) Solid-state structures of 1-NO and F) [1-NOJ’* from single-crystal X-ray crystallography. The thermal ellipsoids are shown at the 50%
probability level. Hydrogen atoms, solvent molecules, and disorders are omitted for clarity.

Angew. Chem. Int. Ed. 2022, 61, €202213032 (3 of 7) © 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH



GDCh
=

Having prepared and characterized the three-member
redox series of mononitrosylated [Fe,S,] clusters, we next
undertook a comparative analysis of the clusters’ properties
to gain insights into their electronic structures. Although the
bonding in these species is exceptionally complicated owing
to the possibility for redox-noninnocence of the nitrosyl
ligand (i.e., NO~, NO®*, or NO™) and the multiconfigura-
tional nature of both Fe—S clusters and Fe—NO complexes,
the spectroscopic data, particularly analysis of vyo, allows us
to comment on the major resonance contributors to the
electronic structures of the [1-NOJ” series.

The difference in NO stretching frequency (Avyo) across
the redox series is approximately 70 cm™ per one-electron
redox event (Figure 3C), indicative of modest changes in
N-O =* orbital population. Indeed, the magnitude of Avyg is
much lower than that observed for redox series of iron
nitrosyls in which the redox events are thought to be
localized at NO (Avyo=200-300 cm™; see Table S8).4
Redox series of mononuclear iron nitrosyl complexes having
smaller Avyo values of ca. 90-150 cm™' have been reported,
and in these cases the redox events are thought to occur
primarily at Fe orbitals not involved in Fe-NO n-
bonding.®* The even smaller value of Avyo for the [1-
NOJ" series indicates that the electron transfer events do not
occur primarily on the nitrosyl group, and instead points to
substantial changes in charge at the [Fe,S,] cluster core. This
conclusion is supported by the decrease in average Mossba-
uer isomer shift (d,,) across the [1-NO]" series, from
0.47 mms™' for 1-NO to 0.40 and 0.26 mms' for [1-NO]*
and [1-NOJ*", respectively (Figure 3D). The decrease in d,,,
across the series is comparable to what has been reported
for [Fe,S,] clusters that undergo cluster-centered oxidation
events (typically, a decrease in J,, of approximately
0.1 mms~" per electron).””) Note that other mononitrosy-
lated [Fe,O] or [FeVs] clusters have been characterized in
multiple charge states, with Avyo values of ca. 30—
40 cm ;% in these examples, the lower Avy, values are
consistent with weaker coupling between the redox-active
metals and the Fe—NO fragment than in the [1-NO]" series.

The N-O stretching frequency for the middle member of
this series, [1-NO]" (vyo=1728 cm™") is strikingly similar to
that reported for its structurally closest mononuclear ana-
logues: the four-coordinate, thiolate-supported [(SR);Fe-
(NO)]™ complexes (vyo=1731 and 1704 cm™* for R=Ph and
Bu, respectively),* %! which likewise feature nearly linear
Fe-N—-O angles. The mononuclear complexes adopt a
dominant Fe’"-[NO]~ configuration, where the ['NOJ~
ligand is antiferromagnetically coupled to a high-spin Fe*"
ion.”™ Based on the structural and spectroscopic similarities
between [(SR);Fe(NO)]~ complexes and the NO-bound Fe
in [1-NO]", as well as the modest change in vyy across the
[1-NO]" series, we conclude that the NO-bound Fe centers
in the [1-NO]" series are best described as high-spin Fe"
ions antiferromagnetically coupled to [’NO]" ligands. Pre-
vious computational studies!®! have also favored an
antiferromagnetically coupled, high-spin Fe’"-[’NO]~ con-
figuration for the iron-nitrosyl fragments in polynitrosylated
Fe—S clusters, and this assignment is likewise supported by
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our DFT calculations on the mononitrosylated clusters
reported herein (see below).

Broken symmetry density functional theory (BS-DFT)
calculations (TPSSh/DKH-def2-TZVP) were performed on
models derived from the crystallographic coordinates (Mes
groups were truncated to H, and all H atom positions were
optimized; see Supporting Information for details). We first
note that the calculated Mossbauer parameters align with
the experimental ¢,,, values for all members of the series
(Figure 3D and Table S6). Localized molecular orbital
(LMO) analysis of the lowest-energy BS-DFT determinants
of 1-NO, [1-NO]", and [1-NOJ** reveals a ['NO]" ligand
bound to [Fe,S,]'", [Fe,S,*", and [Fe,S,]*" cluster cores,
respectively (Figure 4 and Figure S14).° Specifically, 1-
NO is comprised of a ferrous pair (2xFe’") and a mixed-
valent pair (Fe’*/Fe’") leading to the S='/, ground state of
typical [Fe,S,]'" clusters, and the cluster is further antiferro-
magnetically coupled to the ['NO]" ligand to give overall an
S="'/, ground state (Figure 4A). The mixed-valent pair has
an asymmetric coordination sphere (one bound to [NOJ~
(Fel) and the other to IMes (Fe2)), resulting in asymmetric
electron delocalization and substantial Fe** character at the
Fel center.”® Lowdin population analysis of this LMO
(represented as the blue electron in Figure 4A) shows 18 %
and 74 % contributions from Fel and Fe2, respectively. The
near-localization of Fe®" character at Fel is also supported
by our preferred (albeit tentative) simulation of the
Mossbauer spectra (Figure S6 and Table S6), where Fel is
distinguished by the lowest isomer shift (0.37 mms™, versus
0.48-0.52 mms" for the other iron sites).

LMO analysis of [1-NO]* reveals that the ferric charac-
ter of Fel is maintained upon oxidation of 1-NO (Table S5;
see Supporting Information for detailed computation re-
sults). For [1-NO]*, two mixed-valent pairs—typical for an
[Fe,S,** cluster® —are now found, with the Fel-Fe2 pair
again exhibiting polarization of the itinerate electron,
resulting in Fe** character for Fel (Figure 4B). As expected,
the other mixed-valent pair (Fe3/Fe4, each with an identical
primary coordination sphere) exhibits symmetric valence
delocalization (electron indicated by the purple arrow in
Figure 4B). The unusual, experimentally observed S=1
ground state is rationalized in the computations by standard,
pairwise antiferromagnetic coupling within the [Fe,S,*"
core, and further antiferromagnetic coupling to the [’NO]~
ligand (Figure 4B).

We were not able to clearly identify a single low-energy
BS configuration for [1-NOJ]**, and we are therefore
reluctant to discuss the most plausible resonance forms of
[1-NOJ** (see Figure S14 for details). Nevertheless, the two
nearly isoenergetic, lowest-energy configurations exhibit an
[Fe,S,J*"-[’NO]~ configuration with substantial Fe*" charac-
ter for the nitrosylated Fe, in line with our spectroscopic
analysis.

Lastly, we explored the reactivity of [1-NO]" toward
additional NO equivalents. Previous work?" has shown that
[Et,N],[Fe,S,(SPh),] reacts with excess NO and [Et,N][SPh]
to yield the DNIC [Et,N][Fe(NO),(SPh,)] and that a similar
reaction takes place with trityl thionitrite (Ph;CSNO) as an
NO donor in the presence of excess thiophenol and [Et,N]-

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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Figure 5. Reactivity of [1-NO]* with additional NO. A) Reaction resulting in the formation of a DNIC. B) EPR spectrum of the reaction mixture with

a characteristic DNIC signal.

[SPh].P¥ The production of DNICs by these synthetic
models therefore mimics aspects of the reactivity of bio-
logical [Fe,S,] clusters toward NO; however, the mechanisms
of such reactions remain unclear. Given this precedent, we
added excess Ph;CSNO to [1-NO] " in the presence of excess
thiophenol and [Et,N][SPh] to see if a DNIC would be
formed. Rapid consumption of [1-NO]" was observed,
accompanying a color change from brown to dark red. EPR
spectroscopic characterization of the reaction mixture
revealed a distinct axial EPR signal at g,,=2.03 (Figure 5
and Figure S11) that is a signature of a DNIC.'*®! Addition-
ally, the IR spectrum of the product features two strong
absorptions at 1740 and 1691 cm™' (Figure S10), further
confirming the generation of [Et,N][Fe(NO),(SPh,)]."
Based on these findings, we conclude that the mononitrosy-
lated cluster [1-NO]* is a competent intermediate en route
to DNIC formation.
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Conclusion

In summary, a mononitrosylated [Fe,S,] cluster was synthe-
sized by the addition of NO to a 3:1 site-differentiated
[Fe,S,] cluster, and a three-member redox series was
generated by subsequent one-electron reduction and oxida-
tion. While these clusters are highly multiconfigurational,
experimental and computational studies suggest that the
major resonance contributors to the electronic structures of
the [1-NO]" (n=0, 1+, 2+) series are [Fe,S,]*-[NO]",
[Fe,S,J*"-[NO]", and [Fe,S,]**-[NO]", respectively; the iron
nitrosyl fragment is best described as an {Fe-NO}’ species
(PNOJ™ antiferromagnetically coupled to high-spin Fe*")
regardless of the cluster charge state. The finding that each
member of the redox series features a reduced NO ligand
suggests that biological [Fe,S,] clusters, regardless of their
core charge state, likely bind NO with formal one-electron

© 2022 The Authors. Angewandte Chemie International Edition published by Wiley-VCH GmbH
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oxidation of the cluster. This behavior resembles that
observed in O, chemistry, where O, coordinates to metal
centers with formal electron transfer.” Finally, the finding
that a DNIC is generated upon reaction of [1-NO]* with
excess NO lends additional credence to the intermediacy of
mononitrosylated [Fe,S,;] intermediates in biological NO
sensing.
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