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CONSPECTUS: Dinitrosyl iron complexes (DNICs) have been recognized as storage
and transport agents of nitric oxide capable of selectively modifying crucial biological
targets via its distinct redox forms (NO+, NO• and NO−) to initiate the signaling
transduction pathways associated with versatile physiological and pathological
responses. For decades, the molecular geometry and spectroscopic identification of
{Fe(NO)2}

9 DNICs ({Fe(NO)x}
n where n is the sum of electrons in the Fe 3d orbitals

and NO π* orbitals based on Enemark−Feltham notation) in biology were limited to
tetrahedral (CN = 4) and EPR g-value ∼2.03, respectively, due to the inadequacy of
structurally well-defined biomimetic DNICs as well as the corresponding spectroscopic
library accessible in biological environments.
The developed synthetic methodologies expand the scope of DNICs into nonclassical
square pyramidal and trigonal bipyramidal (CN = 5) and octahedral (CN = 6)
{Fe(NO)2}

9 DNICs, as well as two/three accessible redox couples for mononuclear
{Fe(NO)2}

9/10 and dinuclear [{Fe(NO)2}
9/10−{Fe(NO)2}9/10] DNICs with bio-

logically relevant S/O/N ligation modes. The unprecedented molecular geometries and electronic states of structurally well-
defined DNIC models provide the foundation to construct a spectroscopic library for uncovering the identity of DNICs in
biological environments as well as to determine the electronic structures of the {Fe(NO)2} core in qualitative and quantitative
fashions by a wide range of spectroscopic methods. On the basis of 15N NMR, electron paramagnetic resonance (EPR), IR, cyclic
voltammetry (CV), superconducting quantum interference device (SQUID) magnetometry, UV−vis, single-crystal X-ray
crystallography, and Fe/S K-edge X-ray absorption and Fe Kβ X-ray emission spectroscopies, the molecular geometry, ligation
modes, nuclearity, and electronic states of the mononuclear {Fe(NO)2}

9/10 and dinuclear [{Fe(NO)2}
9/10−{Fe(NO)2}9/10]

DNICs could be characterized and differentiated. In addition, Fe/S K-edge X-ray absorption spectroscopy of tetrahedral DNICs
deduced the qualitative assignment of Fe/NO oxidation states of {Fe(NO)2}

9 DNICs as a resonance hybrid of
{FeII(•NO)(NO−)}9 and {FeIII(NO−)2}

9 electronic states; the quantitative NO oxidation states of [(PhS)3Fe(NO)]
−,

[(PhS)2Fe(NO)2]
−, and [(PhO)2Fe(NO)2]

− were further achieved by newly developed valence to core Fe Kβ X-ray emission
spectroscopy as −0.58 ± 0.18, −0.77 ± 0.18, and −0.95 ± 0.18, respectively.
The in-depth elaborations of electronic structures provide credible guidance to elucidate (a) the essential roles of DNICs
modeling the degradation and repair of [Fe−S] clusters under the presence of NO, (b) transformation of DNIC into S-
nitrosothiol (RSNO)/N-nitrosamine (R2NNO) and NO+/NO•/NO−, (c) nitrite/nitrate activation producing NO regulated by
redox shuttling of {Fe(NO)2}

9 and {Fe(NO)2}
10 DNICs, and (d) DNICs as H2S storage and cellular permeation pathway of

DNIC/Roussin’s red ester (RRE) for subsequent protein S-nitrosylation. The consolidated efforts on biomimetic synthesis,
inorganic spectroscopy, chemical reactivity, and biological functions open avenues to the future designs of DNICs serving as
stable inorganic NO+/NO•/NO− donors for pharmaceutical applications.

■ INTRODUCTION

Under physiological control, NO plays versatile roles in
important biological functions. In physiological conditions,
nitric oxide acts as the endothelium-derived relaxation factor for
smooth muscle relaxation, the secondary messenger for signal
transduction pathways and the activator or inhibitor for
metalloenzymes.1 In pathological conditions, nitric oxide serves
as the precursor for the formation of reactive oxygen and

nitrogen species (OONO−, OH•, NO2
•, etc.) to defend against

the invasion of foreign pathogens.1

The diverse physiological and pathological functions
mediated by nitric oxide originate from its intriguing physical
and chemical properties. Nitric oxide readily switches among
three accessible redox levels NO+, NO•, and NO−, and each of
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the redox states possesses unique chemical reactivity toward
biological targets. Specifically, NO+ may primarily exert post-
translational modifications of S-nitrosylating cysteine residues.
The formation of SCys−NO of the NMDA (N-methyl-D-
aspartate) receptor has been reported to downregulate its
activity and result in neuroprotective effects in the central
nervous system.2 In comparison, NO• is inert to amino acid
residues; however it may bind transition metals. Coordination
of NO• to the ferrous center of soluble guanylate cyclase
induces a conformational rearrangement and triggers subse-
quent signal transduction pathways for smooth muscle
relaxation.3 Although NO− is capable of initiating post-
translational modification on cysteine residues and coordinating
to transition metals, orthogonal biological functions compared
with NO+ and NO• have been reported. It is also known that
NO− undergoes an addition reaction with cysteine residues and
reductive nitrosylation of ferric proteins to form the
corresponding disulfide/sulfinamide and ferrous−nitrosyl com-
plexes, respectively.4

To accommodate the short-lived nitric oxide in complex
biological systems, nature has evolved two transitory derivatives
of NO, RSNO (S-nitrosothiol) and DNICs (dinitrosyl iron
complexes), in addition to its biologically inert metabolite
nitrite ([NO2]

−), to serve as storage and transport of NO to
specific targets.5,6 DNICs were first proposed as [L2Fe(NO)2]

n

with a characteristic electron paramagnetic resonance (EPR)
signal g value of ∼2.03 from the reaction of FeII salt, NO(g), and
anionic ligands.7,8 Interestingly, nitric oxide-derived cellular
adducts with a similar EPR signature have been ubiquitously
observed in biology including in the coculture of stimulated
macrophage, tumor-target cells, lipopolysaccharide-treated rat
aorta in the presence of N-acetylcysteine, and the nitrosylation
product of [Fe−S] clusters.5 Despite the prevalence of the
characteristic EPR signal (g ≈ 2.03) in various physiological and
pathological events, the chemical reactivity and biological
functions of DNICs have not been elucidated at a molecular
level due to the lack of biomimetic studies on structurally well-
defined DNIC models.
This Account mainly focuses on the recent progress of

biomimetic studies on the transformation among classical and
nonclassical mononuclear {Fe(NO)2}

9/10 and dinuclear [{Fe-
(NO)2}

9/10−{Fe(NO)2}9/10] DNICs with biologically relevant
S/N/O ligation modes,9 the development of a spectroscopic
protocol for the identification of DNICs in complex biological
systems, and the elucidation of electronic structures of the
[Fe(NO)2] motif in various DNICs, as well as their
contributions to chemical reactivity. Also, the delineated
geometry−electronic structure−reactivity relationships provide
insights to elaborate the pivotal roles of DNICs in the following
fields: (1) the essential roles of DNICs modeling the
degradation and repair of [Fe−S] clusters under the presence
of NO, (2) transformation of DNICs into S-nitrosothiol
(RSNO)/N-nitrosamine (R2NNO) and NO+/NO•/NO−, (3)
nitrite/nitrate activation producing NO regulated by redox
shuttling of {Fe(NO)2}

9 and {Fe(NO)2}
10 DNICs, and (4)

DNICs as H2S storage and the cellular permeation pathway of
DNICs and Roussin’s red esters (RREs) for subsequent protein
S-nitrosylation.

■ SYNTHESIS AND CLASSIFICATION OF DNICs
The biomimetic studies provide a valuable way to unambigu-
ously delineate the correlation between molecular structures
and chemical reactivity of DNICs. Three distinct pathways to

synthesize mononuclear {Fe(NO)2}
9/10 and dinuclear [{Fe-

(NO)2}
9/10−{Fe(NO)2}

9/10] DNICs were developed to
explore the possible binding modes of biologically relevant S-,
N-, and O-containing ligands toward the [Fe(NO)2] motif and
redox states of DNICs (Scheme 1).10−24 Three distinct reaction

pathways of dinuclear DNICs modulated by the bridging
ligands and the nature of nucleophiles have been demonstrated:
(1) bridged-thiolate cleavage to generate neutral S,NIm- and
anionic S,S-bound mononuclear DNICs from the reaction of
imidazole (σ-donor)/thiolate (π-donor) and dinuclear DNICs,
respectively;10,11 (2) deprotonation of amide and carboxylic
acid groups by phenolate (weak base) to yield the anionic
S,Namide- and S,OCOO-chelated mononuclear DNICs, respec-
tively;11 (3) electron reduction to produce the one- or two-
electron reduced [{Fe(NO)2}

9/10−{Fe(NO)2}9/10] dinuclear
DNICs.12,21 By adopting the developed synthetic method-
ologies, the mononuclear {Fe(NO)2}

9/10 DNICs and dinuclear
[{Fe(NO)2}

9/10−{Fe(NO)2}
9/10] DNICs with biologically

relevant S/O/N ligations modes were successfully synthesized
and characterized by single-crystal X-ray crystallography
(Scheme 2).10−24 The biomimetic studies on interconversion
of the structurally well-defined DNICs allow us to determine
the binding affinity of biologically relevant ligands toward the
{Fe(NO)2}

9 motif to be thiolate (SR−) > imidazolate (Im−) >
phenolate (OPh−) > carboxylate (COO−) > nitrite (NO2

−) >
nitrate (NO3

−). The order of binding affinity of these ligands
toward the {Fe(NO)2}

9 core may provide a general guideline
for the possible ligation modes of DNICs under the presence of
multiple coordinating amino acid residues in biological
environments.15 In addition to the classical four-coordinate
DNICs, the nonclassical DNICs with either five- or six-
coordinating ligands were found to be stabilized by multi-
dentate ligands including bidentate (the κ2-ONO binding mode
from nitrite; the κ2-O2NO binding mode from nitrate),14,17,20,25

tridentate (N3 donor ligation from iPrPDI where iPrPDI = 2,6-
[2,6-iPr2−C6H3NCMe]2C5H3N); N2S donor ligation from
PyImiS where PyImiS = 2-[2-(C5H4N)CMeN]C6H4S), and
tetradentate (N4 donor ligation from TPA where TPA = 2-
[CH2−C5H4N]3N) ligands, which extend the molecular
geometries of DNICs from conventional tetrahedral (CN =
4) to square pyramidal and trigonal bipyramidal (CN = 5) and
octahedral (CN = 6).19 Interestingly, the homoleptic nitrosyl
{Fe(NO)2}

9 DNIC, [Fe(NO)4]
− with two nitroxyls attached to

a delocalized {Fe(NO)2}
9 motif, was also synthesized.26 The

comprehensive biomimetic DNIC models with biologically
relevant ligation modes and molecular geometries provide the
foundation to establish the spectroscopic references (15N NMR,

Scheme 111,12,21
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EPR, IR, nuclear resonance vibrational spectroscopy (NRVS),
and X-ray absorption (XAS) and X-ray emission spectroscopy
(XES)) that are accessible in biological environments to signify
the existence and monitor the transformation of the various
DNICs in biological systems. Furthermore, the roles of
coordinated ligands and molecular geometry of DNICs in
modulating their electronic structures and chemical reactivity
could also be investigated.

■ SPECTROSCOPIC REFERENCES AND ELECTRONIC
STRUCTURES OF DNICs

The spectroscopic methods covering the energies from radio
frequency to X-ray provide comprehensive descriptions of
electronic structure associated with the local environment of
nuclear spin, the distribution of unpaired electrons, the
vibrational motion of molecules, and the oxidation states of
atoms. Specifically, the local environment of atoms possessing
nuclear spin ≥1/2 is characterized by chemical shift (δ) in
NMR. The distribution of unpaired electrons under the
magnetic field is parametrized by g-value and hyperfine splitting
in EPR. The types of molecular movements and the strengths
of chemical bonds are related to vibrational frequencies in IR
spectroscopy. The oxidation state of atoms can be probed by
the energies of core-level electronic transitions obtained from
K-edge X-ray absorption (XAS) and X-ray emission spectros-
copy (XES). Beyond the static portrait derived from single-

crystal X-ray crystallography, the characteristic features of
complementary spectroscopic methods provide credible
guidance to uncover molecular geometries as well as
coordination environments in a dynamic regime and to provide
insights to electronic structures dictating chemical reactivity
and biological functions.

■ SPECTROSCOPIC REFERENCES TO DISCRIMINATE
DNICs

Combinations of different spectroscopic features unique to the
geometric and electronic structures offer a superior level of
uncovering the molecular identity in complex environments.
The spectroscopic measurements of structurally well-defined
biomimetic DNIC models indicate that the chemical shift of
15N NMR,23,27 g-value and hyperfine splitting patterns in
EPR,17,19 separation of νNO in IR,17,19−21,28,29 and pre-edge
energy in Fe/S K-edge XAS15,21,28,30 could be utilized to
establish the spectroscopic references for discriminating
molecular geometries (tetrahedral vs square pyramidal vs
octahedral), ligation modes (terminal vs bridging), nuclearity
(mononuclear vs dinuclear), and electronic states ({Fe-
(NO)2}

9/10 vs [{Fe(NO)2}
9/10−{Fe(NO)2}9/10]) of DNICs

(Scheme 3).

Molecular Geometry

Four-coordinate and five- or six-coordinate DNICs exhibit
characteristic g-values of ∼2.03 and ∼2.012−2.018 with

Scheme 2
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A(14NO)/A(15NO) ≈ 0.7, respectively.19 Furthermore, ΔνNO
values (ΔνNO = the separation of NO stretching frequencies) of
four-coordinate DNICs fall into the range around 40−60 cm−1.
The ΔνNO values of five-coordinate and six-coordinate
mononuclear DNICs have been determined to be ∼80 and
∼100 cm−1, respectively. Therefore, a combination of g-value
and ΔνNO allow us to differentiate molecular geometries among
four-, five-, and six-coordinate DNICs.

Ligation Modes

The terminal and bridging binding modes of nitric oxide
toward [Fe(NO)2] core exhibit distinct

15N chemical shift (δ).
That is, terminal NO and bridging NO of dinuclear DNICs
show diagnostic chemical shift around 20−80 ppm and ∼200
ppm in 15N NMR,23,27 respectively.

Nuclearity

On the basis of IR νNO spectra of the biomimetic DNICs, the
mononuclear and dinuclear DNICs display characteristic ΔνNO
around 40−105 cm−1 and 15−38 cm−1, respectively. These
features provide definitive spectroscopic evidence to distinguish
the nuclearity of DNICs.11,17,19,21

Electronic States

The mononuclear DNICs, in general, show reversible one-
electron redox couple shuttling between {Fe(NO)2}

9 and
{Fe(NO)2}

10 electronic states, and the dinuclear DNICs
consisting of two [Fe(NO)2] motifs display three distinct
[{Fe(NO)2}

9/10−{Fe(NO)2}
9/10] electronic states.12,21 In

contrast to the EPR-silent dinuclear [{Fe(NO)2}
9−{Fe-

(NO)2}
9] DNICs, the reduced-form dinuclear [{Fe(NO)2}

9−
{Fe(NO)2}

10] DNICs display the diagnostic axial EPR signal of
g⊥ ≈ 2.009, g∥ ≈ 1.965 at 77 K. Monitoring the changes of EPR
signal and the shift of νNO (decrease by ∼100 cm−1 for one-
electron reduction of mononuclear and dinuclear DNICs), the

EPR-silent mononuclear {Fe(NO)2}
10 and double-reduced

[{Fe(NO)2}
10−{Fe(NO)2}10] DNICs could be identified. In

addition, the combination of aqueous IR νNO and EPR spectra
can serve as an efficient tool to characterize and distinguish
chelate- or monodentate-cysteine-containing peptide-bound
DNICs/RREs.28,29 Additional evidence is provided by the
pre-edge energy of Fe K-edge XAS showing the characteristic
electronic transitions around 7113.4−7113.9 eV and 7113.1−
7113.3 eV for {Fe(NO)2}

9 and {Fe(NO)2}
10 DNICs,

respectively.15,21 Also, S K-edge pre-edge absorption energy
and pattern are useful as criteria to discriminate and
characterize mononuclear and dinuclear DNICs containing
bridged thiolate or sulfide.30

■ DETERMINATION OF THE Fe AND NO OXIDATION
STATES IN DNICs AND MONONITROSYL IRON
COMPLEXES (MNICs)

The assignment of Fe and NO oxidation states in Fe−nitrosyl
complexes has been complicated by the noninnocent nature
resulting from similar energy levels between the Fe 3d manifold
and low-lying NO π* orbitals.31 Although Enemark−Feltham
notation ([Fe(NO)x]

n) provides a general way to describe the
electronic structure of Fe−nitrosyl complexes,9 the unambig-
uous determination of Fe and NO oxidation states is essential
for elucidating physical properties and chemical reactivity. The
core-level spectroscopic methods including Fe/S K-edge
XAS15,21,30 and valence to core (V2C) Fe Kβ XES32 coupled
with ab initio DFT calculations provide direct probes for
qualitative and quantitative assignments of Fe and NO
oxidation states in Fe−nitrosyl complexes.33 Complimentarily,
the detailed vibrational spectroscopic studies (IR, rR, NRVS)
coupled with DFT calculations have been demonstrated to
directly probe the strengths of Fe−NO and N−O bonds in

Scheme 3
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Fe−NO complexes providing the insights of Fe−NO bonding
interactions upon the changes of redox states, molecular
geometry, and coordination environments.34,35

The qualitative determination of the electronic structure of
mononuclear {Fe(NO)2}

9 DNICs was derived from the pre-
edge energy of Fe K-edge XAS. The pre-edge energies of
tetrahedral {Fe(NO)2}

9 DNICs with various ligation modes
were determined to be ∼7113.4−7113.9 eV which fall into the
pre-edge energy between FeII (7112.5 eV for [FeII(SPh)4]

2−)
and FeIII standards (7113.8 eV for [FeIII(SPh)4]

− and 7114.2
eV for [FeIII(OPh)4]

−) (Figure 1).14 Therefore, the electronic
structure of {Fe(NO)2}

9 DNICs was qualitatively described as
a resonance hybrid of {FeII(•NO)(NO−)}9 and {FeIII(NO−)2}

9

electronic states. On the basis of DFT calculations, the
contributions from two resonance forms are further modulated
by the nature of coordinated ligands. Specifically, the
coordination of “hard” O-containing ligands tends to polarize
the {Fe(NO)2}

9 core to possess more {FeIII(NO−)2}
9 character

than the corresponding DNICs with “soft” S,S-ligation modes.
In addition, combination of S K-edge pre-edge and thiolate
peak energies establishing the relative energy of the Fe3d
manifold orbitals also supported the {FeIII(NO−)2}

9 electronic
structure for [(EtS)2Fe(NO)2]

− and the [{FeIII(NO−)2}
9−

{FeIII(NO−)2}
9] core for [(μ-EtS)Fe(NO)2]2.

30 The extensive
DFT calculations on {Fe(NO)2}

9 and {Fe(NO)2}
10 DNICs

calibrated by their experimental isomer shifts (δ) and
quadrupole splittings (ΔEQ) of 57Fe Mössbauer spectroscopy
as well as NO stretching frequencies are also consistent with
the resonance hybrid of {FeIII(NO−)2}

9 and {FeII(•NO)-
(NO−)}9 description in {Fe(NO)2}

9 DNICs derived from
Fe/S K-edge XAS. In addition, the electronic structure of
{Fe(NO)2}

10 DNICs is further suggested as {FeII(NO−)2}
10

resulting from high spin FeII (S = 2) antiferromagnetically
coupled with two triplet NO− ligands.31,36

Recently, the NO redox level in Fe−nitrosyl complexes has
been quantitatively determined by the newly developed V2C Fe
Kβ XES (Figure 1).33 Unprecedentedly, the oxidation states of
the coordinated NO of [(PhS)3Fe(NO)]

−, [(PhS)2Fe(NO)2]
−,

and [(PhO)2Fe(NO)2]
− were quantitatively determined to be

−0.58 ± 0.18, −0.77 ± 0.18, and −0.95 ± 0.18, respectively,
derived from the equation ΔEσ2s*−σ2p = −0.550 × (redox level
of NO) + 5.079 where ΔEσ2s*−σ2p represents the energy
separation between σ2s* and σ2p orbitals of Fe-bound nitric
oxide. The consistency of qualitative Fe K-edge XAS and
quantitative V2C Fe Kβ XES measurements unequivocally
settle the assignment of FeIII and NO− redox level and solidify
the critical role of coordinated ligands in modulating the
electronic structure of Fe(NO)2 core in DNICs.

Figure 1. Fe K-edge XAS of [(ONO)2Fe(NO)2]
−, [(PhO)2Fe(NO)2]

−, and [(p-FPhO)2Fe(NO)2]
−; V2C Fe Kβ XES spectra of [(PhS)3Fe(NO)]

−,
[(PhO)2Fe(NO)2]

−, and [(PhS)2Fe(NO)2]
− (note that [FeIII(OPh)4]

−/[FeIII(SPh)4]
− and [FeII(SPh)4]

2− were used as FeII and FeIII standard in Fe
K-edge XAS, respectively).15,26
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■ DEGRADATION OF [Fe−S] CLUSTERS IN THE
PRESENCE OF NO AND REPAIR PROCESSES

The most abundant nitric oxide-derived cellular adducts,
protein-bound DNICs and RREs (Roussin’s red esters), are
demonstrated to be mainly derived from nitrosylation of the
cellular and chelatable iron pool and [Fe−S] proteins.37−40 In
the repair of NO-modified [2Fe−2S] and [4Fe−4S] clusters,
protein-bound DNICs and RREs can be directly transformed
back to the [2Fe−2S] of SoxR by cysteine desulfurase (IscS, S-
donor protein) and L-cysteine in vitro with no need for the
addition of iron and back to the [4Fe−4S] of endonuclease III
or DNA-damage-inducible protein (DinG) under the presence
of external ferrous ion, respectively.39,41 The ubiquity of DNICs
and RREs in biology provides a compelling reason to search for
mechanistic understanding of degradation and repair of [Fe−S]
clusters by models that inform the contributions of the
{Fe(NO)2} motif to the overall interconvertable processes.
As shown in Scheme 4, upon nitrosylating the biomimetic

oxidized and reduced form rubredoxin [Fe(SR)4]
−/2− (R = Et,

Ph), {Fe(NO)2}
9, [(RS)2Fe(NO)2]

−, is generated via {Fe-
(NO)}7 mononitrosyl iron complexes (MNICs), [(RS)3Fe-
(NO)]−. Intriguingly, DNICs, [(RS)2Fe(NO)2]

−, and RREs,
[(RS)2Fe(NO)]2, are chemically interconvertible by protona-
tion of {Fe(NO)2}

9 DNICs and thiolate-nucleophilic cleavage
of RREs, respectively.42

The [Fe2S2(SR)4]
2−-to-DNIC-to-[(NO)4Fe2(μ-SR)(μ-S)]

−-
to-[(NO)2Fe(μ-S)]2

2− conversion provides a facile pathway for
repair of the NO-modified [Fe−S] clusters back to the original
biomimetic [Fe−S] clusters via reductive sulfide transfer of
HSCPh3 followed by NO radical−thiyl radical exchange (or
nitroxyl−thiolate exchange) reaction (Scheme 5).43,44

Repair of DNICs derived from nitrosylation of a biomimetic
[4Fe−4S]-cluster, [Fe4S4(SPh)4]2−, back to the original [4Fe-
4S] cluster can be achieved via preassembled cluster
[Fe4S4(NO)4]

2− generated in the course of intermolecular
NO radical−thiyl radical exchange (or nitroxyl−thiolate
exchange) between [Fe4S3(NO)7]

2− (reduced-form Roussin’s
black salt (RBS)) and [Fe(SPh)4]

2− accompanied by oxidative
addition of sulfur. The sequential capture of [Fe(SPh)4]

− by
[Fe4S4(NO)4]

2− yields [Fe4S4(SPh)4]
2− and DNIC (Scheme

6).45

■ TRANSFORMATION OF DNICs INTO
S-NITROSOTHIOL (RSNO)/N-NITROSAMINE
(R2NNO) AND NO+/NO•/NO−

The redox-interrelated forms of nitric oxide (NO+/NO•/NO−)
have been demonstrated to play vital roles in a variety of
physiological and pharmacological functions, such as vaso-
dilation, apoptosis, and antitumor activity.46,47 In particular, a
dinuclear DNIC containing glutathione has been developed as a
commercial hypotensive drug (pharmacological name: Ox-
acom).46 DNICs not only donate NO(g) or nitroxyl (NO

−) to
metal active sites, but also behave as [NO]+-donor for S-
nitrosation or N-nitrosation.48,49 In addition to the redox levels
of the intrinsic NO ligands of DNICs regulated by the
coordinated ligands, as shown in Scheme 7, release of the
distinct NO redox-interrelated forms (NO+/NO•/NO−),
derived from the unique {Fe(NO)2}

9 DNIC [(NO)2Fe-
(C12H8N)2]

− (C12H8N = carbozolate), are modulated by the
distinct incoming substitution ligands with oxidizing capability
and mediated or driven by the formation of {Fe(NO)}7

MNIC.16

Recently, several reports have suggested that the protein-
bound DNIC is a dominant species for producing cellular
protein-bound S-nitrosothiols (RSNOs) via an O2-independent
pathway.48 In biomimetic study, in contrast to the trans-
formation of one-thiolate-containing {Fe(NO)2}

9 DNIC
[(NO)2Fe(1-MeIm)(SR)]− (R = alkyl) into {Fe(NO)}7

MNIC [(NO)Fe(S2CNMe2)2]
− along with the release of NO

triggered by bis(dimethylthiocabamolyl) disulfide ([DTC]2),
the transformation of the Brønsted acid-stable one-thiolate-

Scheme 442

Scheme 543,44

Scheme 645
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containing {Fe(NO)2}
9 DNIC [(NO)2Fe(1-MeIm)(SR)]− into

RSNO promoted by the incoming ligand [DTC]2 demonstrates
that Brønsted acid is a prerequisite to trigger DNIC-to-RSNO
conversion accompanied by the transformation of {Fe(NO)2}

9

[(NO)2Fe(1-MeIm)(SR)]− into {Fe(NO)}7 [(NO)Fe-
(S2CNMe2)2]

− (Scheme 8).18 The results of this model study

may rationalize that the known Cys−SNO sites of protein
derived from DNICs are characterized to locate near acidic and
basic motifs (i.e., Glu/Asp/His/Lys/Arg at a distance of 3−9
Å).18

■ NITRITE/NITRATE ACTIVATION PRODUCING NO
REGULATED BY {Fe(NO)2}

9/10 DNICs AND
{Fe(NO)}6/7 MNICs

Nitrite ([NO2]
−) and nitrate ([NO3]

−), ubiquitous molecules
in vivo, are known to serve as intravascular NO storage and
transport species to transduce NO bioactivity in blood
circulation. The nitrate → nitrite → NO pathway is emerging
as an important mediator of cell signaling, blood flow
regulation, and tissue responses during physiological and
pathological hypoxia.50 Although heme iron and copper have
been identified as active sites of nitrite reductases (NiRs),51

non-heme [4Fe−4S] clusters and deoxyhemerythrin under the
treatment of nitrite also trigger nitrite reduction to generate
DNIC and deoxyhemerythrin-MNIC, individually.52,53

As shown in Scheme 9, a model study demonstrates that the
distinct electronic structures of {Fe(NO)2}

9/10 DNICs ({Fe-
(NO)2}

9 vs {Fe(NO)2}
10 motifs) play key roles in modulating

nitrite binding modes to trigger nitrite-to-nitroxyl-to-nitric
oxide conversion and nitrite-to-nitrosonium-to-nitric oxide
conversion, respectively. Specifically, the nonbiological PPh3
triggers O atom abstraction of the O-bound chelating nitrito of
{Fe(NO)2}

9 [(1-MeIm)2(κ
2-NO2)Fe(NO)2] to produce NO(g)

along with the formation of {Fe(NO)2}
10 [(1-MeIm)(PPh3)-

Fe(NO)2] (Scheme 9a).14,17,54,55 In comparison, protonation
of N-bound nitro of {Fe(NO)2}

10 [(PPh3)(η
1-NO2)Fe(NO)2]

by HOAc leads to the generation of NO(g) and {Fe(NO)2}
9

[(AcO)2Fe(NO)2]
− (Scheme 9b).17

Mononitrosyl iron complexes (MNICs) also display nitrite-
reductase activity. MNICs [(κ1-ONO)3(κ

2-O2N)Fe(NO)]2−

and [(Et2NCS2)2(η
1-NO2)Fe(NO)] are considered as reduced

and oxidized forms of MNICs ({Fe(NO)}7 vs {Fe(NO)}6); the
binding modes of nitrite exhibit O-bound nitrito for {Fe-
(NO)}7 MNIC [(κ1-ONO)3(κ

2-O2N)Fe(NO)]2− and N-
bound nitro for {Fe(NO)}6 MNIC [(Et2NCS2)2(η

1-NO2)Fe-
(NO)] (Scheme 10). The nitrite reduction of MNICs [(κ1-
ONO)3(κ

2-O2N)Fe(NO)]2− and [(Et2NCS2)2(η
1-NO2)Fe-

(NO)] is achieved by means of O atom abstraction to yield
{Fe(NO)2}

9 [(κ1-ONO)2Fe(NO)2]
− and {Fe(NO)}7

[(Et2NCS2)2Fe(NO)] along with NO via the proposed
intermediates containing nitroxyl-coordinate ligands, respec-
tively.17,20

Scheme 716

Scheme 818

Scheme 914,17

Scheme 1020
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Compared with the N- and S-nitrosation of the coordinate
N- and S-ligand of DNIC tirggered by (Me2NCS2)2 (Schemes
7a and 8b), disulfide ((S2CNEt2)2) triggering “NO3-nitro-
sation” of [(κ1-ONO2)2Fe(NO)2]

− and subsequent NO2
addition to [(Et2NCS2)2Fe(NO)] followed by Me2S-promoted
oxygen-atom transfer of {Fe(NO)}6 [(Et2NCS2)2(η

1-NO2)Fe-
(NO)] lead to the formation of complex [(Et2NCS2)2Fe(NO)]
along with release of NO (Scheme 10b).20 This model study
shows that {Fe(NO)2}

9 DNIC [(κ1-ONO2)2Fe(NO)2]
− acts as

an active center to modulate nitrate-to-nitrite-to-NO con-
version promoted by disulfides.

■ DNICs FOR H2S STORAGE
In addition to the diatomic NO, it has been recently proposed
that hydrogen sulfide (H2S) also functions as an endogenously
produced biological signaling molecule in the cardiovascular
and nervous systems. The heme iron-mediated cross-talk
between NO and H2S was suggested as a potential pathway
for the generation of HSNO.56 Efforts to understand the
cooperative interaction of H2S and NO in biological environ-
ments continues to be a challenge, highlighting the importance
of the interplay between DNICs and H2S. As shown in Scheme
11, [(HS)2Fe(NO)2]

−, [(HS)3Fe(NO)]
−, and [Fe(SH)4]

−,

obtained from reactions of H2S and [(EtS)2Fe(NO)2]
−/

[(EtS)3Fe(NO)]−/[Fe(SEt)4]
−, respectively, spontaneously

dimerized into the structurally characterized [(NO)2Fe(μ-
S)]2

2−, [(NO)(HS)Fe(μ-S)]2
2−, and [Fe2(μ-S)2(SH)4]

2− along
with release of H2S probed by NBD-SCN (NBD = nitro-
benzofurazan) in protic solvent (H2O, MeOH) at room
temperature.22 DFT computation and the experimental
reduction potentials (E1/2) of complexes [(HS)nFe(NO)m]

−

(n = 4, 3, 2; m = 0, 1, 2) and [(HS)n(NO)mFe(μ-S)]2
2− (n = 0,

1, 2; m = 2, 1, 0) suggest that triplet NO− bound to the
[(HS)Fe] motif acts as an effective regulator to reduce the Zeff

of iron to prevent the reductive elimination of the coordinated
hydrosulfide ligands. In contrast to [(HS)2Fe(μ-S)]2

2− slowly
converting into [Fe4S4(SH)4]

2−, the stabilization of [(HS)-
(NO)Fe(μ-S)]2

2− and [(NO)2Fe(μ-S)]2
2− suggest that [(HS)-

(NO)Fe(μ-S)]2
2− and [(NO)2Fe(μ-S)]2

2− are tailored to
preserve the [FeIII(μ-S)2Fe

III] oxidation state, modulated by
the NO-coordinate ligands. These results signify that the
hydrosulfide-coordinated DNICs and MNICs may serve not
only for H2S storage and transport but also as an alternative
sulfur source for the synthesis of [Fe−S] clusters.22,57

■ CELLULAR PERMEATION PATHWAYS OF
DNICs/RREs FOR SUBSEQUENT PROTEIN
S-NITROSYLATION

The development of a NO-releasing agent for physiological use
is a significant goal. It is known that the physiologically
beneficial concentration of nitric oxide is in the picomolar to
nanomolar range. Much current research is directed toward the
development of DNICs/RREs capable of controlled delivery
and release of NO for specific pharmacological applications.
EPR spectroscopic analysis demonstrated that the structurally
characterized, water-soluble RRE [(NO)2Fe(SC2H4COOH)]2
may permeate cell membranes and then convert into protein-
and cysteine-bound DNICs to induce NO-dependent upregu-
lation of cellular heat shock protein 70 (HSP70), and in vivo
protein S-nitrosylation. The detection of intracellular {Fe-
(NO)2}

9 DNICs in the absence of serum and L-cysteine also
supports the direct transport of [(HOOCH4C2S)Fe(NO)2]2
RRE into cells accompanied by its transformation into
{Fe(NO)2}

9 protein- and cysteine-bound DNICs. The
capability of the long half-life NO-donor [(HOOCH4C2S)Fe-
(NO)2]2 to induce HSP70 overexpression may signify its
potential to exert a cardioprotective effect in vascular
endothelial cells.13

■ CONCLUSION AND PERSPECTIVES

The research on DNICs, reflecting the merit of bioinorganic
chemistry, integrates interdisciplinary efforts consisting of
biomimetic synthesis, inorganic spectroscopy, molecular
catalysis, and biological applications to investigate their versatile
molecular geometries and electronic structures as well as the
development of spectroscopic references for tracking the
existence and transformation of DNICs. The fundamental
knowledge was progressively conveyed to provide insights on
nitrite/nitrate activation generating nitric oxide and selective
nitrosylation (NO+, NO•, or NO−) of biologically relevant
targets from the coordinated nitric oxide of DNICs.
The intriguing chemical reactivity and potential biological

functions open avenues to explore the uncharted territory of
DNICs associated with molecular catalysts and pharmaceutical
applications. The flexibility and hemilability of coordination
numbers among four-, five-, and six-coordinate DNICs
promising binding and releasing of substrates, reversible
interconversion of {Fe(NO)2}

9/10 DNICs, and transient
reduction species of {Fe(NO)2}

10 DNICs serving as electron
reservoir for the delivery and uptake of electrons and the
incorporation of proton relay from chelating coordinate ligands
of DNICs initiating the subsequent substrate activation
rationalize the uniqueness of DNICs acting as efficient
molecular catalysts. Also, the controlled nitrosylation of critical
biological targets by coordinated NO of DNICs modulating the
physiological responses via selectively triggering NO-dependent
signaling pathways may be employed for pharmaceutical
applications. Inspired by the unambiguous assignments of the
Fe and NO oxidation states as {FeIII(NO−)2}

9, DNICs as
storage and transport agents of stable inorganic NO−/HNO
donors for treating acute cardiac arrest in patients with
congestive heart failure could be a promising direction for the
future design of cardiac medicine.3 The continuous journey
from the fundamental understandings of DNICs to their
applications as molecular catalysts or pharmaceutical drugs
hopefully sheds light on the prospects for human health in the
future.

Scheme 1122
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Karlin, K. D. Nitric Oxide in Biological Denitrification: Fe/Cu
Metalloenzyme and Metal Complex NOx Redox Chemistry. Chem.
Rev. 2002, 102, 1201−1234.
(52) Reddy, D.; Lancaster, J. R., Jr.; Cornforth, D. P. Nitrite
Inhibition of Clostridium botulinum: Electron Spin Resonance
Detection of Iron-Nitric Oxide Complexes. Science 1983, 221, 769−
770.
(53) Yi, J.; Heinecke, J.; Tan, H.; Ford, P. C.; Richter-Addo, G. B.
The Distal Pocket Histidine Residue in Horse Heart Myoglobin
Directs the O-Binding Mode of Nitrite to the Heme Iron. J. Am. Chem.
Soc. 2009, 131, 18119−18128.
(54) Khin, C.; Heinecke, J.; Ford, P. C. Oxygen Atom Transfer from
Nitrite Mediated by Fe(III) Porphyrins in Aqueous Solution. J. Am.
Chem. Soc. 2008, 130, 13830−13831.
(55) Patra, A. K.; Afshar, R. K.; Rowland, J. M.; Olmstead, M. M.;
Mascharak, P. K. Thermally Induced Stoichiometric and Catalytic O-
Atom Transfer by a Non-Heme Iron(III)−Nitro Complex: First
Example of Reversible {Fe−NO}7↔FeIII-NO2 Transformation in the
Presence of Dioxygen. Angew. Chem., Int. Ed. 2003, 115, 4655−4659.
(56) Miljkovic, J. L.; Kenkel, I.; Ivanovic-Burmazovic, I.; Filipovic, M.
R. Generation of HNO and HSNO from Nitrite by Heme-Iron-
Catalyzed Metabolism with H2S. Angew. Chem., Int. Ed. 2013, 52,
12061−12064.
(57) Tran, C. T.; Williard, P. G.; Kim, E. Nitric Oxide Reactivity of
[2Fe-2S] Clusters Leading to H2S Generation. J. Am. Chem. Soc. 2014,
136, 11874−11877.

Accounts of Chemical Research Article

DOI: 10.1021/ar500459j
Acc. Chem. Res. 2015, 48, 1184−1193

1193

http://dx.doi.org/10.1021/ar500459j

