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CONSPECTUS: Resulting from biochemical iron−NO interactions, dinitrosyl
iron complexes (DNICs) are small organometallic-like molecules, considered to
serve as vehicles for NO transport and storage in vivo. Formed by the interaction
of NO with cellular iron sulfur clusters or with the cellular labile iron pool,
DNICs have been documented to be the largest NO-derived adduct in cells,
even surpassing the well-known nitrosothiols (RSNOs). Continuing efforts in
biological chemistry are aimed at understanding the movement of DNICs in and
out of cells, and their important role in NO-induced iron efflux leading to
apoptosis in cells.
Intrigued by the integrity of the unique dinitrosyl iron unit (DNIU) and the
possibility of roles for it in human physiology or medicinal applications, the
understanding of fundamental properties such as ligand effects on its ability to
switch between two redox levels has been pursued through biomimetic
complexes. Using metallodithiolates and N-heterocyclic carbenes (NHCs) as ligands to Fe(NO)2, the synthesis of a library of
novel DNICs, in both the oxidized, {Fe(NO)2}

9, and reduced, {Fe(NO)2}
10, forms (Enemark−Feltham notation), offers

opportunity to examine structural, reactivity, and spectroscopic features.
The raison d’etre for the MN2S2·Fe(NO)2 synthesis development is for the potential to exploit the ease of accessing two redox
levels on two different metal sites, a property presumably required for achieving two electron redox processes in base metals.
Hence such molecules may be viewed as synthetic analogues of [NiFe]- or [FeFe]-hydrogenase active sites in nature, both of
which use bridging thiolates for connection of the two centers. A particular success was the development of an Fe(NO)N2S2·
Fe(NO)2

+/0 redox pair for proton reduction electrocatalysis.
Monomeric, reduced NHC-DNICs of the L2Fe(NO)2 type are synthesized via the Fe(CO)2(NO)2 precursor, and oxidized
thiolate-containing forms are derived from the dimeric (μ-RS)2[Fe(NO)2]2. Monomeric NHC-DNICs are four coordinate,
pseudotetrahedral compounds with planar Fe(NO)2 units in which the slightly bent Fe−NO groups are directed symmetrically
inward at both redox levels. They serve as stable analogues of biological histidine binding sites. In agreement with IR data,
Mössbauer spectroscopic parameters, and DFT computations, the prototypic NHC-DNICs indicate extensive delocalization of
the electron density of iron via π-backbonding. Such π-delocalization presents an unusual reaction path for the one electron
process of RS−/RSSR interconversion. Comparisons with imidazole-DNICs find NHCs to be the “better” ligands to Fe(NO)2
and prompted investigations in (a) possible relationships between such imidazole- and NHC-containing DNICs, (b) systems that
might mimic the reactivity of DNICs with the endogenous gaseotransmitter CO, and (c) mechanistic details of such processes.
In a broader context, these studies aim to further describe the behavior of the {Fe(NO)2} unit as a single molecular entity when
subjected to various ligand environments and reaction conditions.

■ INTRODUCTION

The simplest of ligands in a coordination chemist’s toolbox,
CO, CN−, and NO, are known to play extremely important
roles in biology. That their fundamental bonding abilities range
from strong to weak and from spectators to “non-innocent”
redox assistants of metals is consistent with nature’s amazing
ability to manipulate common molecules to achieve the most
sophisticated functions. Our knowledge has expanded from
recognition of the effects of such diatomics as toxins to
biological research of enzyme mechanisms in which CO and
CN− are deliberately added as inhibitors. As detectors of
bioactive metals, the use of CO for its vibrational spectral
signature and of NO as an EPR active spin label has become the
fundamental basis of breakthroughs that identified their

endogenous roles as signaling and regulatory agents. Later
discoveries that CO and CN− were biosynthesized in a highly
controlled fashion for the purpose of building the hydrogenase
(H2ase) enzyme active sites came as a profound (and
delightful) surprise to biochemists and organometallic chemists
alike.1

The pyramidal Fe(CO)(CN)2 unit of the [NiFe]-H2ase
active site and the diiron unit within the H2-producing H-
cluster of the [FeFe]-H2ase active site have inspired synthetic
modifications of readily accessible small molecule mimics.6 An
isoelectronic analogue of the pyramidal [FeII(CO)(CN)2] or
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FeI(CO)3 units, the redox active dinitrosyl iron units (DNIUs)
[Fe(NO)2]

0 or [Fe(NO)2]
+, were early described as

possibilities for building biomimetics of H2ase active sites
(Figure 1).5,7 While the first report of a [NiFe]-H2ase active site

model making use of such a dinitrosyliron unit saw no catalytic
activity, a recent one purportedly mimicking features of the
[FeFe]-H2ase catalytic site is a modest catalyst for proton
reduction (Figure 1).4 The latter takes advantage of the two
redox levels of DNIUs, described in Figure 2 according to the
Enemark−Feltham electron counting scheme8 and also by the
oxidation state approach of Ye and Neese.9

The notable ability of the DNIU to exist as an intact
organometallic entity in biology is revealed by the existence of
four-coordinate tetrahedral dinitrosyl iron complexes (DNICs),
first identified by a characteristic EPR signal at gavg = 2.03,
readily related to dithiolates, (RS)2Fe(NO)2

−.10 Derived from
the action of nitric oxide on the cellular, chelatable iron pool11

or by NO degradation of iron sulfur clusters,12 it has been
suggested that there exists equilibria between intracellular
protein-bound DNICs and low molecular weight forms, the
latter composed of amino acid or small peptide-complexed
DNIUs.13 As a highly reactive radical, free NO has a short life
span of 2 ms to 2 s.14 Stabilization for NO transport and
storage in vivo is presumed to need small biomolecule-
complexed entities. Studies involving the multidrug resistance
protein 1 (MRP1) and the glutathione-S-transferase group of
enzymes have reported that DNICs are involved in the
transport and storage of endogenous NO.14 This suggestion is
supported by a protein crystal structure of the glutathione-S-

tranferase enzyme containing Fe(NO)2, provided to the
transferase in the form of a diglutathione complex, imbedded
within the glutathione-binding site (Figure 3).15

Despite the extensive literature devoted to the chemistry and
biochemistry of DNICs,16,17,10 the fundamental features that
control redox level interconversion of the intact Fe(NO)2 unit
or NO release in biologically relevant ligating environments
remain incompletely defined. We have employed two main
types of unique ligand sets that are able to impart stability on
the resulting dinitrosyl iron complexes (DNICs): MN2S2 and
N-heterocyclic carbene (NHC) ligands. The former has
enabled us to exploit the redox versatility of the DNIU in
models of hydrogenase active site mimics. The NHC ligands
have been used as analogues of histidine, offering stable models
of the biological N-bound, neutral ligands. Intrigued by the
integrity of the unique DNIU and the possibility of roles for it
in human physiology or medicinal applications, our studies
target the understanding of fundamental properties of this
significant bio-organometallic entity as revealed through
biomimetic complexes.

■ METALLODITHIOLATE LIGANDS TO Fe(NO)2
The stabilization of Fe(NO)2 in its two redox levels by identical
donors has been accommodated by only a few ligands.17,18 The
metallodithiolates used by us involve a contiguous arrangement
of nitrogen and sulfur donor sites that mimic the Cys-Gly-Cys
or Cys-Ser-Cys peptide motifs and thiolate-S/amido-N “back-
bone” binding sites.19,20 Such N2S2 sites, for which extensive
literature is available, are known to ligate Ni2+, iron (as
Fe(NO)2+ or by the Enemark−Feltham notation8 {Fe(NO)}7),
and cobalt (as Co(NO)2+, or {Co(NO)}8) within a largely
planar N2S2 binding pocket.21 The cis-dithiolate sulfurs have
available lone pairs that are well oriented to further serve as
mono- or bidentate ligands to exogeneous metals and in fact
can control aggregation of up to four exogeneous metals per
MN2S2.

21 The versatility of such metallodithiolate ligands has
been demonstrated in the formation of a variety of
heterometallic, S-bridged structures, including those in which
the Fe(NO)2 unit has produced heterobimetallic NiFe and
heterotrimetallic NiFe2 complexes as well as higher order
neutral, adamantyl cage clusters.21,22 This collection of
complexes has indicated an intricate interplay of DNIU redox

Figure 1. (top) Depictions (generated using PyMOL) of active sites of
[FeFe]-H2ase

2 and [NiFe]-H2ase.
3 (bottom) Corresponding Fe-

(NO)2-containing model compounds.4,5

Figure 2. Correlation of valence electron count (Enemark−Feltham
approach8) with Ye and Neese9 analysis of oxidation states in oxidized
and reduced DNIUs.

Figure 3. Glutathione-DNIC trapped within the active site of
glutathione transferase.15 Figure generated using UCSF Chimera.
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levels and the stability of the MN2S2 donor/Fe(NO)2 acceptor
adducts.
We focus on diazacycles as frameworks for attachment of

mercaptoethane arms that yield stable, readily modifiable,
neutral MN2S2 metalloligands. Table 1 lists examples of DNICs
in two redox levels; the first four entries, 1, 2, 3+, and 4, contain
{Fe(NO)2}

9 with traditional ligands as well as the NHC and
MN2S2 ligands. The second group, 5−8 and 3, are {Fe-
(NO)2}

10 derivatives. The sensitivity of ν(NO) to ligand effects
on the Fe is clearly seen in the successive replacement of CO by
the good electron-donating NHC ligands, entries 5−7.

Similarly, in the oxidized regime, the ν(NO) in {Fe(NO)2}
9

responds as expected in complexes 1 and 4. Such regular
responses within the redox levels are critical in classifying the
metallodithiolates as ligands.
Entries 3+ and 3 of Table 1 are examples of identical

formulations of MN2S2·Fe(NO)2 in two redox levels. Electro-
chemical and spectroscopic (EPR data) data and DFT
computations suggest that the reduction of 3+ to 3 involves
localizing the added electron to the DNIU, generating
{Fe(NO)2}

10.4 The ν(NO) report of electron densities and π
backbonding from the Fe(NO)2 units find a ca. 100 cm−1 shift
to lower values in the {Fe(NO)2}

9 to {Fe(NO)2}
10 reduction.4

In addition, the ν(NO) values of the {Fe(NO)}7 unit
imbedded in the N2S2 binding pocket is also displaced by ca.
100 cm−1 to lower values, approaching the ν(NO) value of the
free N2S2Fe(NO) ligand, implying that less electron density is
drained from the {Fe(NO)}7 by {Fe(NO)2}

10 compared with
the {Fe(NO)2}

9 acceptor. Complex 3 is very air and thermally
sensitive, in strong contrast to the stability of the oxidized
complex 3+. In fact, several reactions have found the Fe2(NO)3

+

motif of 3+ to be a common, sometimes unexpected, byproduct,
reflecting its thermodynamic stability, vide inf ra. Interestingly,
the oxidized analogue of complex 8 cannot be isolated, despite
the ranking of the Ni(bme-daco) ligand as a better electron
donor than the Fe(NO)(bme-daco) dithiolate ligand, which
was expected to better stabilize {Fe(NO)2}

9.

■ THE [Fe(NO)N2S2·Fe(NO)2]+ COMPLEX, 3+, AS
ELECTROCATALYST FOR H+ REDUCTION

The possibility that MN2S2·Fe(NO)2 complexes might serve as
functional models of hydrogenase active sites was realized in
complex 3+. Reversible waves in the cyclic voltammogram are
assigned to the individual redox active units, {Fe(NO)2}

9/10 and
{Fe(NO)}7/8, at −0.78 and −1.41 V (referenced to Fc/Fc+

couple), respectively (Figure 4). These assignments, consistent
with comparisons of monomeric counterparts, were supported
by theory and spectroscopy. For example, the EPR spectrum of
the one-electron reduced 3+, that is, complex 3, well matched

Table 1. Selected {Fe(NO)2} Complexes Containing NHC/
MN2S2 Ligands

aν(NO) data for the Fe(NO)2 unit with ν(NO) or ν(CO) of
additional diatomic in parentheses.

Figure 4. Cyclic voltammogram of 3+ with the first wave highlighted.
Scan rate is 200 mV/s, 2 mM CH2Cl2 solutions of 3+ under Ar,
referenced to Fc+/Fc.4
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that of the {Fe(NO)}7 in monomeric, S = 1/2, (NO)Fe-
(N2S2).

4

The more positive event in the cyclic voltammogram of
complex 3+/3 was found to have a linear response to added
equivalents of the HBF4 acid (Figure 5), and analysis of the gas

produced from bulk electrolysis identified H2 as product.4

Computational approaches (DFT) to the mechanism found
multiple sites for electron delocalization and protonation.
Although turnover numbers and catalytic efficiency for the 3+

reduction/protonation cycle were poor, the proof of principle
provided by this molecular platform encourages studies in
catalyst optimization.

■ SYNTHETIC APPROACHES TO THE MN2S2Fe(NO)2
PLATFORMS

Figure 6 displays synthetic routes to several DNICs making use
of the reduced Fe(CO)2(NO)2 synthon, especially for the
MN2S2·Fe(NO)2 derivatives. Simple mixing with Ni(bme-
dach) yields the NiN2S2·Fe(NO)2(CO) complex, replacing

only one CO with NiN2S2 in a monodentate binding mode.
26 A

“one-pot” mixture of the [Fe(bme-dach)]2/Fe(CO)2(NO)2
with NO+ leads to loss of CO with formation of complex
3+.4 Addition of I2 to Fe(CO)2(NO)2 generates the iodide-
bridged, oxidized {Fe(NO)2}

9 dimer, which itself can be used
to generate Fe(NO)2I derivatives of the NHC, the vanadyl-
N2S2, or the NiN2S2 metalloligand, Figure 6.

27 Notably, the (μ-
I)2[Fe(NO)2]2 dimer28 is the analogue of the so-called
“Roussin’s red ester” (RRE), (μ-RS)2[Fe(NO)2]2,

29 described
later as a useful synthon for thiolate-containing DNICs.
An especially useful synthon for the preparation of MN2S2-

DNIC derivatives has been the NHC trinitrosyl iron complex, a
TNIC, shown in Figure 7 (and further discussed later).

Addition of dimeric [(bme-dach)M]2, M = Co and Fe, results
in NO transfer to the metals of the dimers with subsequent loss
of the NHC in the case of Fe, generating the very stable
complex 3+.30 For M = Co, known to be an even better
scavenger of NO than the Fe complex, the Co(NO)N2S2
metallothiolate produces monodentate S-binding (complex
9), as shown in Figure 7.31 The reason why the displacement
of the NHC is not favored for this metallodithiolate ligand is
not clear, because it has been established to have almost
identical spectroscopic and electrochemical properties as its
iron analogue, with the exception that the {Fe(NO)}9 unit is
paramagnetic, S = 1/2, while the {Co(NO)}10, reasonably
formulated as a CoIII(NO−) unit, is diamagnetic.

■ A BIOMIMETIC DESIGN
The ability of the N2S2 ligand to sequester Fe(NO) was used to
advantage in the exploration of NO release from {Fe(NO)2}

9.
As a biomimetic for protein-bound Fe(NO)2, the protonated
bme-daco ligand, with two anionic thiolates available for
bonding, was used as an analogue of the sulfurs in -Cys-Xn-Cys-
motifs that are expected to account for Vanin’s hypothesis13 for
a protein-bound, high molecular weight DNIC, Figure 8. The
(H+-bme-daco)Fe(NO)2 complex 10, prepared from the
reaction of the free ligand as a dithiol with [I2Fe(NO)2]

−,
was isolated and crystallized at low temperatures, and its
structure was determined by X-ray diffraction.32 Solution
studies found that in the presence of a NO acceptor such as
an iron porphyrin, serving as a model for the active site of
soluble guanylyl cyclase (a primary target of NO in cells), a NO

Figure 5. Electrochemical response of complex 3+ in CH2Cl2 solution
to added equivalents of HBF4 (8 equiv range; 0 (black line) to 8 (blue
line) at the first reduction event (−0.78 V), where 3 is the product,
referenced to Fc+/Fc.4

Figure 6. Synthetic routes via the Fe(CO)2(NO)2 synthon.

Figure 7. Synthetic routes via the NHC trinitrosyl iron complex.
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was removed from the DNIC. As indicated in Figure 8, the
remaining Fe(NO) slipped into the N2S2 binding site, forming
the highly stable Fe(NO)N2S2.

32,33 To our knowledge, the
analogous biochemical process expressed in Figure 8 (left
panel), that is, the formation of the mononitrosyl derivative as a
product concurrent with NO transfer, has not been proposed
by others. As the signature EPR signal of the Cys-Xn-Cys·
Fe(NO) is expected to be the same as the small molecule
{Fe(NO)}7 model, g = 2.05, such similarity to the characteristic
{Fe(NO)2}

9 signal of g = 2.03 might have prevented its
discovery.
The (H+-bme-daco)Fe(NO)2 complex 10 also served to

model transfer of the intact Fe(NO)2 unit from the protein
bound, high molecular weight DNIC, to a mobile, low
molecular weight form, LMW-DNIC, Figure 8. In the presence
of PhS− as a mimic of thiolates from free cysteine or
glutathione, the (PhS)2Fe(NO)2

− was obtained within time
of mixing.32

■ MONOMERIC SYNTHETIC MODELS OF HISTIDINE
BOUND BIOLOGICAL DNICS

Typical biological DNICs are of the X2Fe(NO)2
−, {Fe(NO)2}

9

type, where X = cysteine or glutathione thiolate S-donors;
synthetic models have also commonly been based on thiolate
ligands, as seen in monomeric, paramagnetic (RS)2Fe(NO)2

−,
as well as the dimeric, diamagnetic (μ-RS)2[Fe(NO)2]2,

16

where the {Fe(NO)2}
9 units of the latter are spin coupled

(Fe···Fe ≈ 2.7 Å).34 The DNICs containing N-donor ligand
sets, primarily of the neutral L2Fe(NO)2 ({Fe(NO)2}

10) and
L(X)Fe(NO)2 ({Fe(NO)2}

9) types are of interest because such
ligands mimic the coordination of histidine to Fe(NO)2. While

cysteine coordination can be considered as a straightforward
thiolate ligand binding, histidine coordination to metals is
relatively more complex due the possibility of two N-binding
sites: a nitrogen base and a second imidazole amine nitrogen
that can be deprotonated.
Li et al. prepared a series of six imidazole-DNICs as

surrogates of histidine-DNICs by reaction with Fe-
(CO)2(NO)2, the common starting precursor for {Fe(NO)2}

10

DNICs.35,36 Within the series, only Fe(NO)2(1-MeIm)2 (1-
MeIm = 1-methyl imidazole) could be isolated and
characterized in its reduced, {Fe(NO)2}

10, form.35 All
derivatives were found to have in solution EPR signals with a
g value of ca. 2.03, indicative of the formation of the oxidized
species. Therefore, this study revealed that despite its obvious
structural similarity to histidine, imidazole and its derivatives
had limited success at stabilizing reduced DNICs.
The versatile and extremely useful N-heterocyclic carbenes

are synthesized by deprotonation of the appropriate imidazo-
lium salts.37,38 One of our studies, driven by the presence of
histidine donors in binding sites of Ni-containing biomolecules,
explored orientational preferences of such monodentate, flat
ligands as imidazoles and NHCs bound to planar [N2SNi

+]
moieties, finding no significant differences in metric parameters
and the orientation of the plane of the ligand with respect to
the N2SNi plane.39 Such fortunate correlations between
imidazoles and NHCs prompted us to investigate the suitability
of NHC ligands in the synthesis of stable model DNICs in
different redox levels and reactivity studies thereof.

■ A NEW FAMILY OF N-HETEROCYCLIC CARBENE
STABILIZED MONOMERIC DNICs

Explorations of the suitability of NHC ligands to stabilize the
{Fe(NO)2}

9 and {Fe(NO)2}
10 redox levels of DNICs has

mainly been based on the prototypes shown in Figure 9.

Scheme 1 summarizes the synthetic design. Among these, the
neutral {Fe(NO)2}

10 compounds are of the L2Fe(NO)2 type
and can be accessed readily through CO/L ligand exchange for
L = NHC and precursor Fe(CO)2(NO)2. The mono- and bis-
NHC-substituted, reduced DNICs can be obtained in this way
via appropriate stoichiometric control (the steric constraints of
bulky NHC ligands such as IMes prevent disubstitution).24 The
cleavage of dimeric (μ-RS)2[Fe(NO)2]2, with the relevant
NHC results in stoichiometric conversion of the RRE to
neutral, oxidized L(X)Fe(NO)2 type DNICs. While this is the
more clearly defined route to oxidized, NHC-bearing DNICs,
the reaction of neutral bis-NHC DNICs with oxidants such as
O2 and NO+ also results in the formation of L2Fe(NO)2

+,
{Fe(NO)2}

9 compounds.24

Figure 8. (right panel) The (H+-bme-daco)Fe(NO)2 complex as a
biomimetic for protein-bound Fe(NO)2. (left panel) Proposed
analogous biochemical process.32,33

Figure 9. Prototypic NHC-DNICs in two redox levels.
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For comparison to NHC-DNICs, the analogous imidazole
bound DNICs were prepared (Scheme 1). The monosub-
stituted {Fe(NO)2}

10 complex was obtained using 1 equiv of
imidazole; however, contrary to the NHCs, addition of excess
imidazole resulted in the formation of interesting imidazolate-
bridged, tetrameric [(Imid)Fe(NO)2]4 complexes24,40 with
{Fe(NO)2}

9 units surprisingly similar to [(Imid)Cu(tacn)]4
4+

molecular squares (Figure 10).41 Imidazoles could also cleave

the RRE to yield the monosubstituted {Fe(NO)2}
9 compound

as can NHCs. However, unlike the NHCs, the complete
conversion of the RRE required a large excess of (>14 equiv)
imidazole.

■ STRUCTURAL AND SPECTROSCOPIC STANDARDS

All monomeric DNICs containing NHC ligands are four
coordinate, pseudotetrahedral compounds with average ∠C−
Fe−NO angles in the range of 106−110°. The ∠N−Fe−N
values range from 110.9° to 121.9°, with the reduced
compounds at the larger end of the range.24,30,42−44 These
values compare well with the metrics of Li’s bis-imidazole
DNIC, (Imid-Me)2Fe(NO)2, in which the ∠Nimid−Fe−NO
averages ca. 112.0° and the ∠N−Fe−N is 116.6°.35 The Fe−
N−O angles in the NHC-DNICs are largely linear with the
reduced forms averaging to 174° and the oxidized forms slightly
less (ca. 168°). The bis-imidazole complex (Imid-Me)2Fe-
(NO)2 also has ∠avg(Fe−N−O) = 168°. In both the oxidized
and reduced NHC-DNICs, deviation from linearity is in the
form of the NO ligands bending symmetrically toward each
other within the coplanar Fe(NO)2 unit. Interestingly, such an
“attracto” orientation8,45,46 is maintained in bimetallics and
clusters that were previously discussed.
The IR stretching frequencies of the diatomic ligands such as

NO and CO in selected monomeric DNICs are shown in Table
1. Extensive compilations of ν(NO) values, of which Table 1 is
a subset, find that ν(NO) values that define the {Fe(NO)2}

10

NHC-DNICs are in the 1620−1750 cm−1 range, shifting to
much more positive values, from 1710 to 1790 cm−1, in the
oxidized {Fe(NO)2}

9 form.24,30,42−44 Back-bonding arguments
account for these results, which are also consistent with metric

Scheme 1. Synthetic Approachesa

aRefer to Figure 9 for identity of R and R′. bThe imidazoles shown as well as benzimidazole have been used.

Figure 10. Capped stick renditions of (left) [(Imid-benz)Fe(NO)2]4
and (right) [(Imid)Cu(tacn)]4

4+ molecular squares.40,41

Table 2. Mössbauer Parameters and ν(NO) Values of Selected DNICs

redox level δ (mm/s) ΔEQ (mm/s) ν(NO) (cm‑1) ref

[(NHC-iPr)2Fe(NO)2]
0 {Fe(NO)2}

10 0.045 1.34 1619, 1664 40
[(NHC-iPr)2Fe(NO)2]

+ {Fe(NO)2}
9 0.114 0.265 1723, 1791 40

[(Ar-nacnac)Fe(NO)2]
1− {Fe(NO)2}

10 0.22 1.31 1567, 1627 18
[(Ar-nacnac)Fe(NO)2]

0 {Fe(NO)2}
9 0.19 0.79 1709, 1761 18

[(NHC-iPr)(CO)Fe(NO)2] {Fe(NO)2}
10 0.022 0.818 1696, 1738 40

[(NHC-iPr)(SPh)Fe(NO)2] {Fe(NO)2}
9 0.151 0.513 1712, 1757 40

[Fe(CO)2(NO)2] {Fe(NO)2}
10 0.027 0.332 1807, 1762 40, 24
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data. As with four-coordinate DNICs containing ligands other
than NHCs,16 ΔνNO (ΔνNO = the difference between the
ν(NO) band positions) falls into the range around 40−60
cm−1. Although quite similar, the IR stretching frequencies for
the imidazole-containing DNIC counterparts of the NHCs
imply that the latter are the better donors.
The presence of the notoriously noninnocent NO ligands

gives rise to ambiguity in the assignment of oxidation states to
the iron center of DNICs, which Mössbauer data might be
expected to resolve. However, Lippard’s reduced and oxidized
[ ( A r - n a c n a c ) F e (NO) 2 ]

− / 0 c omp l e x e s ( [ ( 2 , 6 -
diisopropylphenyl)NC-(Me)]2CH = (Ar-nacnac)) were re-
ported to have similar isomer shift values (Table 2).18

According to the computational studies on this system by Ye
and Neese,9 the {Fe(NO)2}

9 unit is best described by two
resonance structures: a high spin-Fe(III) (HS-Fe(III)), d5

antiferromagnetically coupled to two triplet NO− ligands and
a HS-Fe(II), d6 antiferromagnetically coupled to an overall
quartet from two NO− ligands, see Figure 2. The {Fe(NO)2}

10

species is described as a HS-Fe(II) center, S = 2,
antiferromagnetically coupled to two triplet NO− ligands.
Computations further find that counteracting forces of
oxidation state of the metal and backbonding abilities of the
ligands result in the similar isomer shift values.9

In contrast to Lippard’s (Ar-nacnac)-DNICs, the Mössbauer
spectroscopic parameters of the prototypic NHC-DNICs in
Figure 9 show that the oxidized {Fe(NO)2}

9 complexes have
larger positive isomer shifts than the reduced {Fe(NO)2}

10

analogues (Table 2).40 For example, the isomer shift of the
reduced DNIC [(NHC-iPr)(CO)Fe(NO)2], 0.022 mm/s, is
consistent with recorded data for (Ph3P)(CO)Fe(NO)2 and
(Ph3P)2Fe(NO)2. In contrast, the oxidized DNIC [(NHC-
iPr)(SPh)Fe(NO)2] has an isomer shift of 0.151 mm/s,
matching that of the analogous {Fe(NO)2}

9 complex,
[(PhS)2Fe(NO)2]

−, δ = 0.18 mm/s. The lower isomer shifts
of the reduced compounds (containing CO in place of a −SPh
in the above example), are indicative of greater delocalization of
the electron density of iron via π-backbonding.40

These studies involving structural and spectroscopic
characterization of the series of NHC-DNICs confirmed the
suitability of NHC ligands as mimics of imidazole/histidine in
stable model DNICs of different redox levels. A fundamental
expectation, experimentally observed, is that the Fe−NO bond
should be stronger in the reduced complexes and NO release is
favored in the oxidized {Fe(NO)2}

9 form.24,30

■ ESTABLISHING CORRELATIONS IN REACTIVITY
PATTERNS BETWEEN NHC-DNICs AND
IMIDAZOLE-DNICs

Reactivity studies involving NHC-DNICs and Imid-DNICs,
Scheme 1, showed that while NHCs were capable of readily
displacing imidazoles from both the oxidized (Imid-R)(SPh)-
Fe(NO)2 and the reduced (Imid-R)(CO)Fe(NO)2 compound;
the reverse process, that is, the displacement of NHCs by
imidazole ligands on the corresponding NHC-DNICs, did not
take place.24 These competition studies indicated that the
stronger donor NHCs appear to be “better” ligands to
Fe(NO)2 than imidazoles. Building on this premise, and
intrigued by a DFT study by Crabtree et al. that suggested a
metal dependent preference for C- vs N-binding of
imidazoles,47 we investigated the possibility of conversion of
an imidazole to an NHC on a dinitrosyl iron scaffold.

A mesityl-imidazole bound {Fe(NO)2}
10 DNIC,

[(MesitylIm)(CO)Fe(NO)2], was treated with a strong base
as means of initiating a possible isomerization.44 The changes
that accompanied this process were monitored by IR
spectroscopy. As shown in Figure 11, deprotonation at the

C2 position of the imidazole ring of 11 by the base resulted in
the formation of unstable intermediate species, proposed as
12a/12b. Subsequent alkylation resulted in the formation of
the NHC-bound DNIC, (NHC-Me-Mes)Fe(CO)(NO)2 (com-
plex 13), thereby completing the N-bound imidazole to C-
bound carbene switching process. It is noteworthy that the
resulting DNIC contains an asymmetric NHC, thereby
suggesting this to be a possible route for such syntheses, as
well as further conversion to the corresponding TNIC, [(NHC-
Me-Mes)Fe(NO)3]

+ by isoelectronic replacement of CO by
NO+.44

This model study demonstrated the impressive stability of
the dinitrosyliron unit under base treatment, while supporting
the isomerization of metal-bound imidazole to an NHC ligand.
To our knowledge, only a few other examples of such
interconversions exist in the organometallic literature.

■ MIMICKING REACTIVITY OF DNICs WITH THE
ENDOGENOUS GASEOTRANSMITTER48 CO

We found the NHC-stabilized DNICs to be suitable for
detailed studies with biologically relevant molecules; a
particularly interesting case being the reactivity with CO.42

Figure 12 summarizes the reaction of an NHC-stabilized
{Fe(NO)2}

9 DNIC, (sIMes)(SPh)Fe(NO)2, with CO, pro-
ceeding under mild conditions and, interestingly, involving a
{Fe(NO)2}

9/{Fe(NO)2}
10 redox conversion. The process

resulted in the bimolecular reductive elimination of disulfide
from the oxidized thiolate DNIC, concomitant with the
formation of the reduced {Fe(NO)2}

10 DNIC, (sIMes)(CO)-
Fe(NO)2. The involvement of thiol−disulfide conversion as
triggered by CO was intriguing because it could be viewed as a
potential model for intracellular, thiol-complexed DNICs,
exposed to intracellular CO. In situ IR spectroscopy permitted
kinetic analysis, which suggested an overall bimolecular process.
The small ΔH⧧ value and large negative ΔS⧧ value are
indicative of an associative mechanism, consistent with the
second order rate expression (Figure 12).42

Computational investigations carried out in pursuit of a
possible mechanism indicated a unique role for the delocalized
frontier molecular orbitals of the Fe(NO)2 unit, permitting
ligand exchange of ·SR and CO through an initial side-on
approach of CO to the electron-rich N−Fe−N site (Figure
12a,b). This interaction resulted in a five-coordinate, 19-
electron intermediate with an elongated Fe−SR bond, while the
NO ligands bend in accommodation of the excess charge.42

Figure 11. Base promoted imidazole to NHC conversion on a
{Fe(NO)2}

10 moiety (R = mesityl, R′ = methyl, R′+ = Me3O
+).44

Adapted with permission from ref 44, 2013 The Royal Society of
Chemistry.
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In order to experimentally test the mechanistic proposal from
computations, {Fe(NO)2}

9 derivatives in the form of [(NHC)-
(p-S-C6H4X)Fe(NO)2] complexes were prepared, with system-
atic variation of the para- substituents X from electron donating
to electron withdrawing groups (p-OCH3, p-CH3, p-Cl, p-CF3
and p-NO2).

43 Hammett analyses were carried out using
infrared spectroscopic and cyclic voltammetric data as
indicators of the electron density at the {Fe(NO)2} unit, as a
result of the changes made through the aryl substituent. In a
manner similar to the unsubstitued species, each derivative on
reaction with CO showed conversion to the reduced (sIMes)-
(CO)Fe(NO)2 species, with the elimination of the correspond-
ing substituted disulfide. Systematic changes in the rates of
reaction of each derivative with CO as visualized via Hammett
analyses were consistent with the electronic changes at the
{Fe(NO)2} unit. From such data a ρ value of −0.831 was
obtained, indicating rate retardation by electron-withdrawing
substituents. These results were in agreement with the unique
role proposed in the computations for the delocalized π frontier
molecular orbitals of the Fe(NO)2. There is loss of negative
charge at the Fe(NO)2 unit as a result of its initial interaction
with an incoming CO molecule via the empty π* orbital of CO.
As an aside, the involvement of the DNIC redox couples in
RS−/RSSR interconversions is mirrored by d9-CuII/d10-CuI

couples.42

■ A UNIQUE SUBSET: NHC-TRINITROSYL IRON
COMPLEXES (NHC-TNICs)

Although NHC-DNICs constitute a larger component of our
contribution to metal-nitrosyl complexes, success in this area
stemmed from the synthesis and isolation of a trinitrosyl iron

complex, stabilized by an NHC.30 Previous reports of synthetic
TNICs present them as inherently thermally unstable species.49

Berke et al. studied [(R3P)Fe(NO)3]
+ compounds in the

context of nitric oxide releasing prodrugs; however the overly
rapid release of NO would be a drawback in the intended
application as prodrugs.50 A superior possibility, the [(NHC-
Mes)Fe(NO)3]

+ complex, sterically encumbered by the wing-
tips of the 1,3-bis(2,4,6-trimethylphenyl)imidazol-2-ylidene
(IMes) ligand, could be readily isolated and manipulated in
solution under ambient conditions.30 The trinitrosyl iron
moiety is diamagnetic and can be described as {Fe(NO)3}

10.
This is consistent with the fact that the synthesis of the TNIC
was carried out by isoelectronic replacement of CO in [(NHC-
Mes)Fe(NO)2(CO)] by NO+ (Figure 13). The substitutional
lability of one NO ligand rendered the TNICs extremely
valuable synthons as previously described.

■ CONCLUDING REMARKS
Amply displayed in the chemistry revealed by our studies is the
capability of Fe(NO)2 to exist in two redox levels while
maintaining its integrity as a sterically rigid and intact, electron-
delocalized unit. Its distinctive EPR (in its oxidized form) and

Figure 12. (top) CO induced elimination of disulfide in a {Fe(NO)2}
9 NHC-DNIC (R = Ph). (bottom) A sketch of the calculated collision complex

(a, R′ = Me), involved in the rate-determining step. DFT computations find this to proceed through a five-coordinate intermediate I, to structure b,
in which, as the Fe−CO bond becomes linear, the Fe−SR bond lengthens and releases a thiyl radical either by direct homolytic Fe−S bond cleavage
or via homolytic C−S cleavage from a transient metallothioester group.42

Figure 13. Synthesis of NHC-TNIC.30
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IR (in both oxidized and reduced forms) spectroscopic
signatures suggest more extensive investigations to better
define roles for it in biochemistry and biology, as well as to
develop its potential for identification of binding sites in
proteins or other biomolecules.
With metallodithiolates as ligands to Fe(NO)2, we uncovered

a diiron complex with at least some ability for proton reduction
electrocatalysis. The spectroscopic signatures, aided by
computational support, helped define a mechanism that
implicated redox activity in the DNIU as well as the redox
active metallodithiolate ligand. Remaining ill-defined are the
positions of proton uptake, the factors that might favor
expansion of the DNIU coordination sphere and the breaking
of symmetry of the Fe(NO)2 unit, and the role of hemilability
of the MN2S2 ligands. Pragmatically, the known MN2S2 ligands
offer a library of potential catalysts, for which the synthetic
approaches we have outlined will be valuable. Thoughtful
choices and educated guesses will optimize chances of success.
The ligand support afforded to the DNIU by NHCs

demonstrated superior bonding compared with imidazoles,
indicating stabilization by remote steric constraints likely
realized for histidine in the restrictions of protein matrices.
Such stabilization was critical for development of NHC-
trinitrosyl iron complexes as valuable synthons and also as a
controllable NO-release agent. The well-known ease of
modifying the NHC ligands, for water solubilization, attach-
ment to biomolecules, and immobilization on supports suitable
for drug delivery, as well as possible expansion into other
organometallic processes as evidenced by the observed
tautomerization of imidazoles into NHCs, present vast
opportunities for development.
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