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Abstract

Nitric oxide is one of the most important signalling and regulatory molecule in all animal and plant organisms. Various iron com
are involved in numerous steps of nitric oxide metabolism; most of these complexes contain diverse sulfur ligands. Nitric oxide is n
generated from the amino acid arginine in the reaction catalyzed by an enzyme called nitric oxide synthase. The active centre of thi
contains an iron porphyrin complex with one thiolate axial ligand. Iron nitrosyls and nitrosothiols are the most relevant agents respon
storage and transport of the NO and related compounds. Most of the target receptors of nitric oxide also contain iron centres and/or thi
Nitrosothiols and metal nitrosylcomplexes belong to the most important external sources of nitric oxide (NO-donors). The most c
interactions are observed in ternary iron–sulfur–nitrosyl systems. Depending on the nature of the bond, the ternary iron–sulfur–nitrosy
may be classified into two groups, (i) iron complexes with theS-nitrosothiol ligand, containing the{Fe–N(SR)O}moieties and (ii) RS–Fe–NO
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compounds, where both NO and sulfurs are coordinated to the Fe-centre. Irrespective of the structure distinctness, the mutual interactions of
all components are very strong due to considerable bond delocalization within both ternary systems. Some differences appear, however, in
their sensitivity to the R nature.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

In recent years, the biochemical behaviour of nitric oxide
is in the limelight of the world research[1–11]. It was
also one of the principal interests of our research group.
The interest was especially related to bioinorganic pro-
cesses and included thermal[12–51] and photochemical
[12–20,32–39,49–61]reactions of some nitrosyl complexes
of transition metals, mainly iron. This research was aimed
at the elucidation of the chemical mechanism of NO biosyn-
thesis[62], the NO-donor metabolism[16,23,24,46–48,63]
and improvement on therapeutic strategies of NO deliv-
ery [13,19,46,54,55,59,63,64]. Special attention was also
paid to understanding the basic properties and reactivity
patterns of nitrosyl complexes[12–48,51–58,60]. Recently,
our research was expanded toS-nitrosothiols[16,24] and

Biological functions of nitric oxide and its redox forms
are inherently related to the chemistry of thiol groups[70]
and transition metal (mostly iron) centres[71] present in
various biomolecules. All these three classes of compounds
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2. Physiological importance of nitric oxide (NO•)
and its related forms (NO+, NO−, ONOO−)

Nitric oxide, a simple stable radical, has emerged as one
of the most fundamental molecules in biology and medicine
[2–4,72]. Its wide spectrum of activity includes blood pres-
sure control, smooth muscle relaxation, regulation of immune
system, neurotransmission and countless other physiological
effects [1,73–79]. Nitric oxide controls activity of differ-
ent enzymes[16,70,71,74,80]via reversible coordination to
iron (heme and non-heme) centres[71,80–85]and interaction
with thiol groups[16,70].

Interactions of nitric oxide with biomolecules may be
divided into three categories: protective, regulatory and dele-
terious (Fig. 2) [74,86]. Due to the relatively low oxidation
state of the nitrogen atom, nitric oxide possesses significant
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carbon-centred radicals in DNA resulting in formation of
C-nitroso compounds. Such a modification of DNA strands
prevents repair mechanisms and leads to mutations. This
process is responsible for sensitization of cells to ionizing
r ative
i xic
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r

F itric
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ossess their distinct biochemical characteristics. Re
ory properties of nitric oxide are based on interact
ith iron and sulfur moieties, redox properties of i
entres are in turn significantly modulated with prote
ound thiols and nitric oxide. They interact with each o
nd these mutual interactions may be responsible for
f the observed physiological and pathophysiological
esses (Fig. 1); thus, the activity of binary and terna
ron–sulfur–nitrosyl systems is responsible for nitrosa
egulation of metalloenzymes (I), nitric oxide storage
ransport asS-nitrosothiols (II), redox tuning of iron–sulfu
lusters and cytochrome P450-type enzymes (III), and r
ation of immune system, NO biosynthesis storage (IV).
hemistry and photochemistry ofS-nitrosothiols, iron nitro
yl complexes, iron–sulfur centres and iron–nitrosyl–su
omplexes are useful and versatile tools that help u
nderstand the overwhelming diversity of biological p
esses.

This review article summarizes the ongoing researc
he field of biologically relevant nitrosyl species in relat
o various sulfur and iron compounds.
adiation and alkylating agents. The process has neg
nfluence on living cells and is responsible for the cytoto
ffect of nitric oxide. It is, thus, used to support antican
adiotherapy and chemotherapy[87,88].

ig. 1. Interplay between biologically important iron complexes, n
xide and sulfur ligands: iron nitrosyl complexes (I);S-nitrosothiols (II);

ron–sulfur centers in proteins (III); iron–sulfur–nitrosyl complexes (IV
iron–sulfur clusters[52,65,66], whose biological activity
is fairly well established and consists mainly in their co-
operation with nitric oxide. Experimental work in model
systems as well as in vitro experiments on cell cultures[52]
and tissues[22] were supplemented with theoretical investi-
gations[12,18,21,22,24,62,66–69].

antioxidative properties, whereas its free radical chara
allows it to rapidly and effectively scavenge oxidizing rad
cals. NO reacts with a series of highly deleterious oxidan
such as hydrogen peroxide, alkyl peroxides, superoxide
lipid-derived peroxides. The free radical reactivity of nitr
oxide has some negative aspects too. It reacts easily
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Fig. 2. Multifaceted biological effects of nitric oxide[13,54,64,74,86].

Interaction of nitric oxide with metal centres of enzymes
results in changes of their activity: activation or deactivation.
Guanylate cyclase, hemoxygenase and TfR protein are acti-
vated due to reaction with nitric oxide, while cytochrome
oxidase, catalase, cytochrome P450, nitrile hydratase and
proteases are inhibited. One of the most important enzymes
utilizing nitric oxide is soluble guanylate cyclase[89,90].
This enzyme is responsible for cGMP synthesis, which is
one of the most important NO-related signalling molecules.
Reaction of nitric oxide with iron–sulfur centres may result
in irreversible deactivation of their reactivity, one of the con-
sequences of which is inhibition of mitochondrial respiration
[71,73,86].

The extremely rich biological activity and chemical reac-
tivity of nitric oxide suggest, that not only NO•, but also
its reduced (NO−) and oxidized (NO+, ONOO−) forms
must significantly contribute to the nitric oxide biochemistry
[91–97]. Redox reactions of nitric oxide with metalloproteins
(Fig. 3), metal complexes and thiols (Fig. 4) may yield NO−
and NO+ ions[8,16,96,97], whereas reaction with molecular
oxygen yields ONOO− as a reactive intermediate[98]. Thi-
ols react with the NO+ sources yieldingS-nitrosothiols, which
in turn undergo homolytic SN bond cleavage giving rise to
NO• and RS• radicals (vide infra).S-nitrosothiols undergo
nucleophilic attack on the nitrosyl moiety. When thiols or
thiolate anions are the nucleophiles, the process results in the

NO+ transfer (transnitrosation) or formation of nitrosothiyl
radicals, which may be the sources of NO− or N2O (vide
infra) [16]. Metal ions (Cu, Fe, Co) can also induce oxida-
tion or reduction of nitric oxide (Fig. 4).

Nitric oxide was reported to undergo reduction to nitroxyl
anion at physiological pH in reaction with superoxide
dismutase[99–101], reduced cytochromec [102], ubiquinol
[103] and nitric oxide synthase in the absence of tetrahy-
drobiopterin [104]. The NO− anion in aqueous solution

Fig. 3. Theyin-yang of nitric oxide biochemistry. Porphyrin-catalyzed redox
transformations of nitric oxide in biological systems. Adapted from[16].
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Fig. 4. Interconversion of different redox forms of nitric oxide in reactions with biologically relevant reducers and oxidants (M = Fe, Cu, Co). Adapted from
[96].

is unstable and easily converted to N2O [97,105,106].
Nitric oxide-binding to FeII hemoporphyrin proteins or
oxidation of azide by lignin peroxidase also generates the
NO− ion [93]. The protonated form of NO− (HNO) reacts
with cysteine resulting in disulfide and hydroxylamine
formation. The biological function of the nitroxyl anion
is not fully characterized, but its role may involve redox
reactions with glutathione and other intracellular thiols
[107]. Recently, the protective role of nitroxide in heart
diseases was reported[108]. Reaction of NO− and HNO with
molecular oxygen generates a series of reactive oxygen and
nitrogen radical species showing high cytotoxicity. Another
cytotoxic mechanism involves NO−-binding to iron–sulfur
centres[93].

Oxidation of nitric oxide with molecular oxygen is a multi-
step, relatively slow reaction. In contrast, reaction between
nitric oxide and superoxide anion is extremely fast and
yields peroxynitrite anion, ONOO− [92,109]. Despite the
high toxicity of peroxynitrite[110], nitric oxide is a protec-
tive agent against oxidative stress (vide supra)[74]. On the
other hand, formation of higher concentrations of ONOO−
may be responsible for nitric oxide cytotoxicity. Peroxynitrite
induces a series of one-electron oxidation reactions, which
eventually lead to lipid peroxidation. Two-electron oxidation
induced by ONOO− affects aromatic structures in tocopherol
and other biologically important antioxidants. Thiols gener-
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transformations, which are the basis of activity of metal-
free redox enzymes[112]. The redox activity of cysteine and
methionine becomes especially distinct, when one considers
the redox reactivity of a protein as a whole[113–116]. These
amino acids endow proteins with powerful redox moieties
on the side arms of the protein chain. Moreover, in contrast
to most metal ions bound to proteins, which can exist only
in two different oxidation states, sulfur in biological systems
can be present in any oxidation state between−2 and +6
(Fig. 5).

The most abundant thiol in cellular medium is glutathione.
This tripeptide is responsible for the maintenance of the
global intracellular redox potential[117,118]. It also pro-
tects cell components against radical-induced damages and
participates in many electron-transfer, atom-transfer and
thiol/disulfide exchange reactions[119,120]. The latter pro-
cesses are especially important for regulatory purposes (S-
thionylation,S-glutathionylation), cell signalling and enzy-
matic functions.

Thiols react with various highly toxic O-, C-, S- and N-
centred radicals yielding, via electron or hydrogen transfer
reactions, thiyl radicals of lower toxicity than the original rad-
icals (Fig. 6a) [95,112,119–121]. The thiyl radicals undergo,
in turn, a series of reactions (Fig. 6b), but since in biological
systems, the steady-state concentration of RS• is very low,
the dimerization is rather improbable. Thiyl radicals undergo
a and
o
T ction
o pro-
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r ular
o
[ ral
r ng of
d ing
[
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te thiyl radicals (RS•) and S-nitrosothiols; low molecula
hiols and protein-bound thiols are considered as the prin
NOO− scavengers[95,111]. Metalloproteins and seleniu
roteins are also responsible for defence against peroxyn

95,111].

. Physiological role of thiols, disulfides and related
adicals

Sulfur occurs in proteins as a constituent of two am
cids: cysteine and methionine. The rich reactivity of th
pecies allows an amazing variety of post-translational m
fications of proteins and metal-free redox reactions. Un
ny other amino acid, cysteine participates in many re
ddition to molecular oxygen, numerous free radicals
lefins yielding corresponding addition products (Fig. 6).
hey can also oxidize electron donors via electron abstra
r generate secondary radicals in hydrogen abstraction
ess. The fast addition of thiyl radicals to thiolate anions g
isulfide radical anions, RSSR•− [24,121–131]. This anion
adical is a strong reducing agent reacting with molec
xygen, nitric oxide and metal ions and complexes (Fig. 6b)

24,121–131]. The S S bond plays an important structu
ole in many proteins, because of the making and breaki
isulfide bonds are involved in control of the protein fold

112,125,132].
Involvement of nitric oxide and metal ions/complexe

hiol/thiyl radical reactivity pattern broadens significantly
ange of possible biological responses (vide infra).
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Fig. 5. Sulfur-containing amino acids and their redox modifications present in biological systems: cysteine (I); cysteinyl radical (II);S-sulfanyl cysteine (III);
cysteine sulfenic acid (IV); cysteine sulfinic acid (V); cysteine sulfonic acid (VI); cysteineS-sulfate (VII); cystine (VIII); cystineS-monoxide (IX); cysteine
S,S-dioxide (X); methionine (XI); methionine sulfoxide (XII); methionine sulfone (XIII),S-adenosyl methionine (XIV), glutathione (XV); glutathione disulfide
(XVI).

4. Iron complexes in biological systems

Iron is the most abundant transition elements in the
Solar System and Earth crust contains∼6% of iron. The
exceptional abundance of iron is justified by the very high
stability of the Fe-nucleus, because of which iron is the final

product of nucleosynthesis in stars. The abundance of iron
in the Universe is reflected in its biological role. Iron is the
most widespread transition metal in most living organisms
and is involved in a multitude of bioprocesses. Versatility
of its compounds is a result of ready redox FeII /FeIII

transformations and rich coordination chemistry involving
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Fig. 6. Formation (a) and decay (b) pathways of thiyl radicals in biological
systems. Adapted from[95,112,119–121,130].

various ligands present in biological systems: amino acids,
thiols, phenols and porphyrins[133,134]. A human body of
average weight contains approximately 4.8 g of iron[135],
most of which is bound in hemoglobin, the rest is mainly
in the form of ferritin, myoglobin, cytochromes and other
proteins.

Iron ions are very frequently present in the active sites of
enzymes and other important proteins[136]. Iron complexes
in biological systems are involved in the following functions:
(i) stabilization of tertiary and quaternary protein structure;
(ii) iron uptake and storage; (iii) electron-transfer reactions;
(iv) dioxygen-binding and activation (O2 transport and
storage, O2 reduction and O atom insertion); (v) substrate
activation by the electrophilic behaviour of iron[134].
To fulfil all these duties, a large variety of iron coordina-
tion species are engaged which can be divided into four
principal classes: mononuclear iron proteins, dinuclear
iron carboxylates, iron–sulfur clusters and iron porphyrins
(Fig. 7) [137,138]. The most abundant iron complexes in
biological systems are the porphyrin complexes and Fe–S
clusters. Other biologically important complexes include
iron carboxylates and complexes with O- and N-donor amino
acid residues. All these metalloenzymes can be regarded as
classical coordination compounds, where protein counterpart
is a complex supramolecular ligand that keeps all the donor
atoms in desired spatial arrangement, shields the reactive

centre from undesired reagents and provides access channels
and binding sites for proper substrates[134]. In many
cases, the protein ligand modulates the redox properties
of the iron centre, this is especially evident in the case
of iron–sulfur proteins[139,140] and P450-type enzymes
[141,142].

Tetrapyrrolic pigments were developed early during evo-
lutionary processes and still are very common in biological
systems[143,144]. The most common are iron porphyrin
complexes. There are nine different iron-complexing por-
phyrin ligands, which are relevant in biological systems
(Fig. 8) [137,138]. They differ in the number and struc-
ture of terminal substituents and double bonds within the
macrocyclic system. These differences allow for various
anchorages within the protein (covalent via side chains,
coordination through axial ligand or hydrophobic interac-
tions) and versatile biological functions. The principal func-
tions of the heme proteins include oxygen transport, stor-
age and activation, electron-transfer and sensing processes
[81,85,144–147]. Depending on the heme structure and axial
coordination, heme proteins play various functions. Chloro-
cruoroheme and hemeb are most common in globins, which
are responsible for oxygen transport and storage[148–150].
Heme b is also found in cytochromes P450, chloroper-
oxidases, bacterioferritins, nitrophorins, soluble guanylate
cyclases and peroxidases[151,152]. In all these proteins,
F ept
f cys-
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a
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d ction
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e in heme is axially coordinated with histidine, exc
or cytochromes P450 and chloroperoxidases utilizing
eine (vide infra) and bacterioferritins-containing methion
igands. Hemed, with axially coordinated phenolate is
ctive centre of catalases, i.e. enzymes that catalyze

ion of peroxide decomposition. Catalases induce de
osition of hydrogen peroxide yielding molecular oxyg
nd water in the disproportionation reaction[153]. Hemesa
ndo (with axial histidine) are found in cytochromec oxi-
ases, iron–copper enzymes involved in dioxygen redu

154]. Cytochromesc can be defined as electron-transfer p
eins having one or several hemec groups, bound to th
rotein by one or, more commonly two, thioether bo

nvolving sulfhydryl groups of the cysteine residues. A
idine residue always provides the fifth ligand to iron
eme. Cytochromec has a wide range of properties a

s engaged in a large number of different redox proce
155]. Hemed1 is found in cytochromecd1 nitrite reductase

bifunctional enzyme that catalyzes both the one-ele
eduction of nitrite to nitric oxide and two-electron red
ion of oxygen to water. These reactions are key res
ory processes in denitrifying bacteria. The enzyme con
ne covalently bound hemec and a noncovalently boun
emed1, which appears to be the site of nitrite and o
en reduction, whereas hemec accepts the electrons fro
onors, such as azurin, pseudoazurin and cytochromec551

156,157]. The unusual heme P460 is found in hydro
amine oxidoreductase, the enzyme which catalyzes the
lectron oxidation of hydroxylamine to nitrite. It is abund

n a nitrifying chemoautotrophic bacteriumNitrosomonas
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Fig. 7. Classification of the most important iron proteins[137,138].

europaea and is a key enzyme in the respiratory chain
[158].

The most complex iron centre is present in siroheme pro-
teins: nitrite reductase and sulfite reductase. It contains Fe4S4
cubane moiety coupled with the siroheme iron-complex via
cysteine bridge. These enzymes are efficient catalysts in
nitrite and sulfite reduction (vide infra)[159–162].

5. Binary systems

5.1. Thiols and nitric oxide: chemistry of S-nitrosothiols

S-Nitrosothiols (other common name thionitrites) are thiol
derivatives formed via substitution of proton in the –SH group
with nitrosonium cation. Their physiological role is very
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Fig. 8. Molecular structure of various heme moieties found in iron proteins[137,138].
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important; they are the principal stores of nitric oxide; they
participate in NO redox changes (cf.Fig. 4), are the source of
thiyl radicals and are involved in some regulatory processes.

Nitrosothiols are usually formed in reactions between thi-
ols and various nitrosation agents, including nitric oxide in the
presence of electron acceptors, nitrosonium salts, nitrous acid
and inorganic nitrites, metal nitrosyl complexes and many
others[16].

Due to their instability very fewS-nitrosothiols have
been characterized crystallographically[163–165]. The
C–S–N O framework is almost planar and adopts ananti
conformation. The CS bond lengths in the compounds
(182–186 pm) are similar to the CS distance in methio-
nine (181 pm) and aliphatic disulphides (185–186 pm) and
correspond to the single CS bond. The SN distances
(176–186 pm) indicate a single bond and can be compared
with that in sulphaminic acid (177 pm). The NO bond in
RSNO (117–120 pm) should be referred to as a double bond
as it is significantly shorter than in NO− (126 pm) but longer
than in NO+ (106 pm) and even than in NO (115 pm). The
S N O angles (114.0–116.7◦) are in harmony with the dou-
ble N O bond conception. The structural data are, thus,
consistent with the resonance structure (I) presented inFig. 9.
A more detailed comparison of the SN and N O distances
shows, however, a decrease in the SN distance and increase
in the N O bond length in tertiary, and especially,N-acylated
t sed
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u ioxy-
g

R

R

gth
o hat
t unts
2 l

chain structure. In general,S-nitrosothiols are the more sta-
ble the higher contribution of the resonance structure (II)
(Fig. 9), which in turn is effected, e.g. by the electron releasing
substituents. Apart from electronic effects, steric hindrance
affecting the efficiency of thiyl radical recombination (2) also
has its contribution to the stability ofS-nitrosothiols[167].

S-Nitrosothiol irradiation within both its absorption bands
leads to fast photochemical decomposition. As in the thermal
reaction, the primary products are thiyl radicals and nitric
oxide[16].

The biological importance ofS-nitrosothiols is mainly
based on their ability to react with numerous nucleophiles,
including thiols and amines. The reaction may consist in
simple nitrosyl transfer (so calledtransnitrosation, Eqs.(5)
and (6), thiyl radical addition or may involve complex redox
transformations, both under aerobic and anaerobic conditions
(Fig. 10) [16,168–170]. The interactions ofS-nitrosothiols
with metal centres leads to formation of nitrosyl complexes,
while interactions with organic nucleophiles results in the
formation of various nitrosation products. Other possible
pathways include glutathionylation and tyrosine nitration
[16,168–170].

RSNO + R′SH � RS(R′S)NOH (5)

RS(R′S)NOH � RS′NO + RSH (6)
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ertiaryS-nitrosothiols, which is consistent with the increa
ontribution of the structure (II). There is also a spectrosc
vidence for a significant contribution of form (II) in sub
utedS-nitrosothiols[16].

S-Nitrosothiols are usually thermally unstable a
ndergo spontaneous decomposition via homolytic spli
f the S N bond according to the Eqs.(1) and (2):

SNO � RS• + NO• (1)

RS• → RSSR (2

he thiyl radical generated in the first, reversible step is
eactive and can combine to corresponding disulfide (
ndergo addition to various reactants, among others to d
en (3) or thiolate anion (4) (cf.Fig. 6).

S• + O2 → RSOO• (3)

S• + RS− � RSSR•− (4)

The RSNO thermal stability is controlled thus by stren
f the S N bond. Recently, DFT calculations showed t

he S N bond is very weak, its dissociation energy amo
8 kcal mol−1 [166]. In reality, it is affected by the alky

Fig. 9. Resonance structures ofS-nitrosothiols.
The 1,2 addition of thiol toS-nitrosothiol yields an inte
ediate (RS)2NOH (or RS(R′S)NOH), which may decom
ose either heterolytically yielding transnitrosation prod
(5) and (6)) [171,172]or participate in the Tannenbaum re
ion (7) [173,174]yielding ammonia as a final product.

RS)2NOH + 3RSH → RSOH + 2RSSR+ NH3 (7)

The other pathway that can initiate the Tannenbaum
ion is a nucleophilic attack of a thiolate anion on theS-
itrosothiol entity (8).

SNO+ RS− � (RS)2NO− H3O+
−→ (RS)2NOH (8)

ig. 10. Various modes of post-translational reversible and irreversible
fication of proteins induced byS-nitrosoglutathione (and possibly oth
-nitrosothiols). The same processes are also involved in cellular sign
nzymatic regulation, inflammatory processes and others[168–170].
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Fig. 11. General scheme of reactivity in theS-nitrosothiol–thiol system ([16,173]and references therein).

The overall scheme of these reactions is shown inFig. 11.
This possibility was recently analyzed theoretically[24]. The
propensity of the RSNO to undergo a nucleophilic attack of
a thiolate anion is confirmed by the character of the frontier
orbitals of the reactants. The HOMO orbital of the thiolate
anion is localized mainly (90%) on the sulfur atom, while
the LUMO orbital of the nitrosothiol is distributed between
oxygen (15%), nitrogen (50%) and sulfur (30%) atoms[24],
as shown inFig. 12.

These transformations ofS-nitrosothiols, especially the
transnitrosation processes, belong to the very important cel-
lular signalling channels. While phosphorylation (perhaps
the most common signalling process) is enzyme-driven, the
transnitrosation relies only on chemical properties of the reac-
tants[168]. Many transcription factors like NF-�B, hypoxia-
inducible factors (HIF), zinc finger transcription factors,
metalloproteins and others are activated viaS-nitrosation of
cysteine residues. They control many important processes,
like angiogenesis, wound healing, DNA repair and synthesis
and cellular respiration[168].

5.2. Iron–sulfur complexes

Iron–sulfur complexes and clusters are important
prosthetic groups for many metalloenzymes (Fig. 13)
[134,136–138,175–177]. They constitute the most ancient,
u of

enzymes. Their primary function is mediation of one-electron
redox processes, substrate-binding and maintenance of pro-
tein structure. The iron–sulfur proteins may be regarded
as the interface between inorganic and biological world
[161,186,187]. Some hypotheses assume that iron–sulfur
compounds were the first catalytic systems on Earth and
probably were of prime importance to biogenesis, especially
near high-temperature volcanic vents, as iron and sulfur com-
pounds are still the source of energy for chemoautotrophic
organisms living under these extreme conditions[187,188].
Enzymes containing Fe–S cores usually catalyze reactions
involving components of the Earth’s primordial atmosphere,
as N2, CO and H2 [189].

Transition metal ions tend to form cluster complexes with
chalcogenide anions[190–200]. Iron and sulfur are unique
elements in the sense that no other two elements can gen-
erate so large a diversity of cluster structures[199]. This
is the consequence of two stable oxidation states of iron
ions, strong Fe–S bonds of significant covalent character and
bridging multiplicities two to six for sulfide[199]. Moreover,
numerous structures are stable in several oxidation states, and
therefore, these clusters serve as electron reservoirs in bio-
logical systems[201].

Apart from simple monomeric complexes like
[Fe(SR)4]−, numerous oligomeric species containing
2–18 iron ions are formed[193,199,200,202–205]. Struc-
t rted
biquitous, structurally and functionally diverse class
 ures containing infinite polymeric chains are also repo
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Fig. 12. Plot of molecular orbitals: HOMO of cysteinate anion (a) and
LUMO of S-nitrosocysteine (b)[24].

[206]. Despite the structural diversity of iron–sulfur clusters
all of them are built from very few simple building blocks.
The principal constitutional unit for the majority of the
Fe–S clusters is the [Fe2S2] rhomb [191,207,208]. Edge
sharing, Fe-vertex sharing and S-vertex sharing lead to
various complex structures. Also, the cubic core [Fe4S4]
may be treated as a building block in some more complex
structures of higher nuclearity (cf.Fig. 13f and g)[159,209].
In natural systems the protein-bound Fe–S units are usually
coordinated by cysteine ligands, in some cases histidine
and proline ligands are also found. Synthetic analogues of
Fe–S units may contain a large variety of terminal ligands,

Fig. 14. X-ray structures of the most important iron–sulfur–nitrosyl clusters:
(a) [FeS5(NO)2]−; (b) [Fe2(�2–S)2(NO)4]2−; (c) [Fe4(�3–S)3(NO)7]−; (d)
[Fe4(�3–S)4(NO)4]; (e) [Fe6(�3–S)6(NO)6]2−. Based on crystallographic
data from Refs.[210–214].

including thiolates, phosphines, amines, cyclopentadienes,
carbonyls and nitrosyls[193]. Regardless of the cluster
structure, its charge and nature of the terminal ligand, the
Fe S bond lengths, FeS Fe and SFe S bond angles are
very similar. The FeS distance falls within 2.15–2.35̊A, the
acute FeS Fe angle within 74–76◦ and the obtuse SFe S
angle within 103–115◦ [193,207].

Iron–sulfur clusters constitute the integral parts of sev-
eral natural structures occurring in a large family of bio-
logically relevant metalloproteins. The [FeS] units form
there the active sites of enzymes, which play a crucial
role in living organism processes, such as electron trans-

F r centre
[ dimeri
c nitroge ic
c ter fromC om
E

ig. 13. Crystallographic structures of the most important iron–sulfu
178]; (b) dimeric centre in ferrodoxin fromSpinacia oleracea [179]; (c)
entre of ferredoxin fromBacillus schlegelii [181]; (e) cubane cluster of
luster fromAzotobacter vinelandii [183]; (g) nitrogenase octameric clus
scherichia coli [185].
s in proteins: (a) monomeric complex inClostridium pasteurianum rubredoxin
c centre of Rieske protein fromThermus thermophilus [180]; (d) trimeric
nase reductase fromAzotobacter vinelandii [182]; (f) nitrogenase octamer
lostridium pasteurianum [184]; (h) active centre of sulphite reductase fr
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fer in photosynthesis and cellular respiration, nitrogen fix-
ation and many other catalytic reactions; they can also
operate as biosensors of oxidants and iron ions. There are
four principal iron–sulfur structures observed in biologi-
cal systems: [Fe(SR)4]n, [Fe2S2(SR)2]n, [Fe3S4(SR)2]n and
[Fe4S4(SR)4]n [134] (Fig. 13). Centres containing up to eight
iron ions are supposed to be derived from smaller clus-
ters[137] via sulfide or thiolate bridging (vide supra). The
structures of these iron centres are almost preserved in all
iron–sulfur proteins, while their redox potentials vary from
−600 to +500 mV, a range larger than for any other sim-
ple redox cofactor. At the same time, all the bond lengths
and angles within the FeS moiety are almost unchanged. The
same fundamental FeS structures are also maintained in the
Fe S NO systems (Fig. 14, vide infra). This illustrates the
great versatility of the iron–sulfur core, where its interactions
with thiolate ligands effectively tune the redox properties of
the cluster[139,140]. Similar phenomena were observed in
the case of substituted iron dithiocarbamates[215,216].

Iron–sulfur interactions are also very important for the
modulation of the activity of cytochrome P450 enzymes.
The active site of these proteins contains hemeb centre with
axially coordinated cysteine. The principal function of these
enzymes is the oxidative transformation of exogeneous and
endogeneous molecules. The principal reactions catalyzed by
P450 enzymes include: hydroxylation of saturated carbon-
h n of
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the most important messenger molecules[82,226,227]. Other
enzymes, like nitrile hydratase, were found to be reversibly
deactivated by nitric oxide-binding[83,84,228–231]. The
photodissociation of nitric oxide is a key mechanism of nitrile
hydratase regulation. Blood flow and hence oxygen deliv-
ery is also controlled by interaction of nitric oxide with
hemoglobin, both with heme centre and cysteine[232–238].
Interactions between iron centres and nitric oxide may be
also involved in NO transport and storage[239–244]. Various
model systems have been developed to study these interac-
tions and numerous review papers deal with this complex
subject in detail[8,19,30,80,231,245–248]. The structure and
reactivity of iron nitrosyl complexes depends both on co-
ligands and oxidation state of the iron centre. Iron porphyrins
are involved in redox transformations of nitric oxide (vide
infra, cf. alsoFigs. 3 and 4). Details of the biological aspects
of nitric oxide interactions with iron complexes are described
in this volume by Macyk et al.[249].

6. Ternary systems: chemistry of iron–sulfur–nitrosyl
species with the FeN(SR)O framework

The interplay between iron complexes, sulfur-containing
ligands and NO is involved in a multitude of biological
processes like nitric oxide biosynthesis, different regulatory
p rsatile
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ydrogen bonds, epoxidation of double bonds, oxidatio
eteroatoms, oxidation of aromatic systems and other sp
tilizing molecular oxygen as an oxidant. The first step o
eaction includes coordination of molecular oxygen to
educed heme centre followed by heterolytic scission o

O bond and insertion of oxygen atom into the organic
trate[217–222]. The heterolysis of the OO bond is assiste
y synergistic effects of distal and proximal environmen

he heme centre. These interactions are usually calle
pull” and “push” effects, respectively[223]. A detailed theo
etical study shows, that axial thiolate coordination facilit
he O O bond cleavage due to the field effect of the negati
harged ligand and also tunes/modifies the redox prop
f the FeII /FeIII couple[223]. Moreover, the good�-donor
roperties of the thiolate ligand allow for the efficient mix
f resonance forms of the ferryl centre (cf.Fig. 22), which
esults in sensitivity of the active centre towards med
olarity and non-covalent interactions. The versatility of
450-type enzymes is, thus, the result of interactions bet

ron centre, porphyrin ring and thiolate ligand.

.3. Iron nitrosyls in biological systems

Nitric oxide reacts with many transition metal compoun
ut the chemistry of iron complexes is undoubtedly the ric
ne [8,19,30,80,224,225]. In biological systems, the inte
ctions of NO with iron centres is currently believed to

he most important NO signalling mechanism. Revers
inding of nitric oxide by heme iron in guanylate cycla
ctivates the enzyme and induces synthesis of cGMP, o
rocesses and nitrosyl-induced carcinogenesis. The ve
nd complex chemistry and photochemistry of various
logical systems containing iron complexes with sulfur
itrosyl ligands reflects well the complexity of these uni
ystems.

In a majority of these compounds, sulfur and nitric ox
nteractions are indirect, through the iron centre, wh
nables the versatility of the whole (RSFe NO) moiety,
hereas in some other cases, sulfur and nitric oxide i
ct directly, forming the more complex,S-nitrosothiol ligand
(SR)O coordinated to the iron centre,{Fe–N(SR)O}. In

he latter case, the ligand effect is somewhat different
n the former, but its influence on the Fe-centre can be

odified by change of the R-substituent[23,24].
A good example showing the complexity of int

ctions in the iron–nitrosyl–thiol system, FeN(SR)O,
s the thermal and photochemical reactivity of
entacyanonitrosylferrate(2−) complex with aliphatic thiols
his apparently simple system, first described in 1915[250],
hows very rich and complex reactivity.

.1. Thermal reactivity

One of the most studied nitrosyl complexes
entacyanonitrosylferrate(2−), commonly known as nitro
russide. In alkaline solution, nitroprusside reacts with
lates yielding a dark red nitrosothiol complex of the t

Fe(CN)5N(SR)O]3− [23]:

Fe(CN)5NO]2− + RS− � [Fe(CN)5N(SR)O]3− (9)
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The same complex can be obtained in reaction between
thermally stableS-nitrosothiols and pentacyanoferrates(II)
with a labile ligand[23]:

[Fe(CN)5NH3]3− + RSNO→ [Fe(CN)5N(SR)O]3− + NH3

(10)

[Fe(CN)5H2O]3− + RSNO→ [Fe(CN)5N(SR)O]3− + H2O

(11)

In most cases, the product of the reaction is thermally
unstable and undergoes an intramolecular redox reaction
yielding [Fe(CN)5NO]3− and disulfide as the main products
[23,24]. The absorption spectrum of the nitrosothiol complex
is very different from the spectra of the parent compounds
(Table 1). The principal absorption band, localized at
522–528 nm, has dominant MLCT character with some MC
contribution. The energy of this transition is slightly affected
by the thiolate structure (522 nm for glutathione, 528 nm
for 2,3-dimercaptopropanol) and by the nature of cation
present in solution (in the case of mercaptosuccinate 526 nm
for Li+ to 530 nm for N,N′-dimethyl-4,4′-bipyridinum)
[23].

The equilibrium (9) is extremely sensitive to different
stimuli, like pH, cation type and concentration, tempera-
ture, pressure and light[15]. Increasing pH shifts the equi-
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concentration can be achieved only by exchanging monova-
lent anions with divalent ones. Divalent anions can compete
effectively with nitroprusside in ion pair formation. More-
over, increasing ionic strength decreases mean activity coef-
ficients according to Debye–Ḧuckel Eq. [15]. The role of
cation consists primarily in reduction of electrostatic repul-
sion between anionic reagents, thus, shifting the equilibrium
(9) to the right. Moreover, interaction of cations with the
[Fe(CN)5N(SR)O]3− complex stabilizes the weak NS bond
changing charge distribution in the complex. This in turn
increases the [Fe(CN)5N(SR)O]3− stability in the presence
of cations forming stable ion pairs (Table 2) [15,23].

The thermal stability of the [Fe(CN)5N(SR)O]3− complex
also depends strongly on the thiolate structure and the life-
time of these complexes varies from seconds to days[23,24].
Carboxylic groups increase, while amino groups decrease
the thermal stability of the thiolate adduct. This can easily be
associated with the electron density shift within the thiolate
molecule due to the inductive effect of the substituent. Elec-
tronegative carboxylates depleting electron density of sulfur
atoms inhibit electron transfer to the iron centre and thus sta-
bilize the complex. The opposite effect is exerted by amino
groups. Esterification of –COOH and acylation of –NH2
groups reduces their effect, while methylation of the amino
groups enhances destabilization of the [Fe(CN)5N(SR)O]3−
complex. Beside the electronic density shift, the thiol struc-
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dentical with the titration curve of the specific thiol. T
ffect of ionic environment is more complex. Increasing io
trength at constant cation concentration shifts the eq
ium (9) to the left, while increasing cation concentra
o the right. Increasing ionic strength at constant ca

able 1
pectroscopic characteristics ofS-nitrosomercaptosuccinate, nitropruss
nd the [Fe(CN)5N(SR)O]3− complex

max (nm) εmax (M−1 cm−1) Transition Reference

-Nitrosomercaptosuccinate
230 5100 � → �* [16]
336 840 nO → �* [16]
546 16 nN → �* [16]

Fe(CN)5NO]2−
200 24000 MLCTFe→ CN [251]

237 700 �CN → �*NO [12]
MC [252,253]

264 900 MLCTFe→ NO [12]
MC [252,253]

330 50 MC [253,254]

393 25 MC + LC [12]
MLCTFe→ NO [252–254]

497 8 MC [12]
MLCTFe→ NO [252–254]

Fe(CN)5N(SR)O]3−, RS− = mercaptosuccinate
318 1320 MLCT + LC [23]
526 6000 MLCT [23]
ure can enhance the complex stability by formation
ix-membered ring, as is illustrated inFig. 15. The lifetime
f the [Fe(CN)5N(SR)O]3− complex decreases in the ser
Table 3) [23]:

N-acetylcysteine > cysteine > ethyl cysteinate;
mercaptoethanol > cysteamine >N,N-dimethylcysteamine
mercaptosuccinate > 2-mercaptopropionate > 3-
mercaptopropionate.

The thermal decomposition of the [Fe(CN)5N(SR)O]3−
pecies is a complex process. A detailed kinetic study sh
hat the presence of oxygen and excess of any of the rea
as an enormous influence on the reaction mechanism[24].
he principal product, the [Fe(CN)5NO]3− complex, is

ormed in homolytic splitting of the NS bond (Fig. 16).
In excess of nitroprusside, the reaction(12) proceed

ccording to first-order kinetics and follows the rate law
he system with pre-equilibrium(13).

Fe(CN)5N(SR)O]3− � [Fe(CN)5NO]3− + RS• (12)

NP
obs = K9k12[NP]

1 + K9[NP]
+ k−12 (13)

The rate of innersphere decomposition of
Fe(CN)5N(SR)O]3− complex (k12 + k−12) depends o
he thiolate structure, which is consistent with previou
bserved inductive effect[23,24]. The formation of a
ix-membered ring byN-acylated thiols[16] results in
trengthening of the SN bond at the expense of weaken
f the N O bond (Fig. 15). This effect may contribut
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Table 2
Thermodynamic functions for the formation of the [Fe(CN)5N(SR)O]3− (RS = mercaptosuccinate) complex in presence of different cations (0.2 M aqueous
solutions) at pH 10[15]

Cationa Radius (pmb) �H (kJ mol−1) �S (J mol−1 K−1) �V (cm3 mol−1)

Li+ 307 −31.1 −89.5 −14.9
Na+ 292 −24.1 −62.7 −14.2
K+ 279 −29.7 −77.0 −13.45
Cs+ 277 −45.9 −125.3 −11.3
Me4N+ 298 −72.5 −226.2 −15.5
Et4N+ 320 −43.4 −136.6 −20.4
Pr4N+ 362 −21.8 −71.0 −13.0
Bu4N+ 396 −12.1 −38.6 −7.9

a Introduced as chloride or bromide.
b Mean ionic radii existing in solution (hydrated or naked), calculated according to the data from Ref.[255].

also to the increased stability (the lowestk12 + k−12 values)
in the case of thiols with a substituted amino group (i.e.
N-acetylcysteine and glutathione). Moreover, the strength of
the S N bond in the [Fe(CN)5N(SR)O]3− complex corre-
lates well with the strength of the SH bond in thiols. The
higher pKa value of the thiol dissociation, the less probable is
spontaneous decomposition of the [Fe(CN)5N(SR)O](n+2)−
complex. In this case, oxygen has no effect on the kinetics
of the reaction studied.

In excess thiolate, the decomposition of the
[Fe(CN)5N(SR)O]3− complex proceeds much faster
(up to two orders of magnitude) and the kinetic traces
indicate some autocatalytic behaviour. The main process
responsible for this effect is the reaction between thiolate
anions (present in large excess) and the thiyl radicals
(generated in reaction 12)[24,121–131].

RS• + RS− � RSSR•− (14)

Disulfide radical anions are very strong electron donors
and nucleophiles, so they can efficiently react with both com-

plexes present in the system (i.e. the [Fe(CN)5NO]2− and
[Fe(CN)5N(SR)O]3− complexes) (Eqs.(15)–(17), Fig. 16).

[Fe(CN)5N(SR)O]3− + RSSR•−

� [Fe(CN)5N(SR)2O]4− + RS• (15)

[Fe(CN)5N(SR)2O]4− � [Fe(CN)5NO]3− + RSSR•− (16)

[Fe(CN)5NO]2− + RSSR•− � [Fe(CN)5NO]3− + RSSR

(17)

Reactions (15) and (16) provide chain propagation, while
reaction (17) terminates the autocatalytic chain. At very
high thiolate excess, however, the latter is rather insignif-
icant, because equilibrium (9) is strongly shifted towards
the [Fe(CN)5N(SR)O]3− complex. Thiyl radical coupling
and heterolytic decomposition of the [Fe(CN)5N(SR)2O]4−
intermediate yielding [Fe(CN)5N(SR)O]3− and thiolate may
also contribute to the chain termination. The most efficient

Table 3
Influence of thiol structure on the [Fe(CN)5N(SR)O]3− complex stability[23]

Thiol τa
1/2 (s) Thiol τ1/2 (sa) Thiol τ1/2 (sa)
80

25

20

a Half-life time.
450 >130000

140 6500

70 500
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Fig. 15. Model of intramolecular stabilization of the NS bond due to for-
mation of the six-membered rings in the [Fe(CN)5N(SR)O]3− complexes
with theN-acylated thiols (N-acetylcysteine and glutathione)[16,24].

chain terminator is, however, molecular oxygen. In the pres-
ence of oxygen, the [Fe(CN)5N(SR)O]3− decomposition pro-
ceeds only slowly with concomitant oxygen consumption.
When all oxygen is consumed, reaction becomes faster and
proceeds with the rate characteristic for anaerobic system
(Fig. 17) [23,24]. This behaviour can be easily explained
in terms of disulfide radical anion; it reacts with oxygen
(cf. Fig. 6) much faster than with the complexes (Eqs.(15)
and (16)), and therefore, the autocatalytic chain is inhibited.
Rapid removal of oxygen and oxygen-derived radicals results
in increasing concentration of RSSR•− and as a consequence,
decomposition of the [Fe(CN)5N(SR)O]3− complex is accel-
erated.

Considering the influence of the sulfur subunit on the
nitrosylpentacyanoferrate(II) properties, its main impact con-

F the
[ tro-
p thiyl
r
[

sists in changing the electron distribution within the complex,
which results not only in crucial changes in the spectroscopic
properties (cf.Table 1), but also in assisting [Fe(CN)5NO]3−
formation by switching the sp hybridization of N-atom within
the nitrosyl ligand into the sp2 one.

6.2. Photochemistry

The photochemistry of the nitroprusside ion is
well-documented. Exposure to high-energy radiation
(λ ≤ 313 nm) induces photoreduction(18):

[Fe(CN)5NO]2− + solv
hv−→ [Fe(CN)5NO]3− + solv•+

(18)

whereas irradiation with light of lower energy (313 <λ <
500 nm) causes photooxidation–substitution reaction(19).

[Fe(CN)5NO]2− + OH− hv−→ [Fe(CN)5OH]3− + NO•

(19)

The principal products are nitric oxide and the
[Fe(CN)5OH]3− complex (λmax= 392 nm, ε = 1800 M−1

cm−1), but due to the photoreactivity of [Fe(CN)5OH]3−
and/or of its protonated form, prolonged irradiation leads to
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ig. 16. Simplified mechanism of decomposition of
Fe(CN)5N(SR)O]3− complex in the presence of excess of ni
russide (upper panel) and thiolate (lower panel). Reactions involving
adicals and disulfide radical anions are omitted for the clarity (cf.Fig. 6)
24].
ree cyanide, dicyan and other products[33,35,40,53,57,58.
The photochemistry of the [Fe(CN)5N(SR)O]3− com-

lex is more complicated due to secondary r
ions, but photooxidation processes follow a similar
ern. Two principal pathways involve photodissocia
nd photooxidation–substitution modes. The MLCT e

ation populates antibonding orbital of RSNO-liga
hich results in charge separation and yields

FeIII (CN)5{N(SR)O•−}]3− intermediate. Population of th
ntibonding orbital weakens the SN bond and causes
eterolytic splitting.

FeII (CN)5N(SR)O]
3− hv−→ [FeIII (CN)5{N(SR)O•−}]3−

(20)

FeIII (CN)5{N(SR)O•−}]3− → [FeII (CN)5NO]2− + RS−

(21)

This reaction (21) leads to the same products as
everse of reaction (9). Inner sphere photoinduced
ron transfer may also induce other type of reactivity.
FeIII (CN)5{N(SR)O•−}]3− intermediate formally contain
he coordinatedS-nitrosothiyl radical. It is only weakl
onded with the Fe-centre and readily dissociates (Eq.(22)).
he vacant site is then occupied by the thiolate ligand pre

n solution (Eq.(23)).

FeIII (CN)5{N(SR)O•−}]3− → [Fe(CN)5]2− + RSNO•−

(22)
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Fig. 17. Kinetic traces of the [Fe(CN)5N(SR)O]3− complex decomposition observed in the system containing nitroprusside (1 mM) and 2-mercaptopropionate
(50 mM). Dashed curve was recorded under anaerobic conditions, while the solid one was recorded for a solution saturated with oxygen. Circles indicate oxygen
concentration.

[Fe(CN)5]2− + RS− → [Fe(CN)5SR]3− (23)

The resulting [Fe(CN)5SR]3− complex is character-
ized by a strong LMCT absorption band at 700 nm
(ε = 2800 M−1 cm−1). The RSNO•− radical undergoes
numerous reactions yielding RSNO and Fe(SR)2(NO)2]−
[15,55–57]. Its reaction with nitroprusside results in forma-
tion of the [Fe(CN)5NO]3− complex andS-nitrosothiol(24).

[Fe(CN)5NO]2− + RSNO•− → [Fe(CN)5NO]3− + RSNO

(24)

Nitrosothiols are also formed upon reaction of RSNO•−
with oxygen or other oxidants, while reaction with
[Fe(CN)5N(SR)O]3− results in the formation of an iron
dinitrosyl complex and its dimer ([Fe(SR)2(NO)2]−,
[Fe2(SR)2(NO)2]) [16,55–57]. Finally, the nitrosothiyl rad-
ical anion may dissociate yielding thiolate and nitric oxide
[16].

RSNO•− → RS− + NO• (25)

Photolysis of the [Fe(CN)5N(SR)O]3− complex within
313 and 600 nm in the presence of mercaptosuccinate yields
almost equal amounts of the [Fe(CN)5SR]3− complex and
S-nitrosomercaptosuccinate as main products with quantum
yield ranging from 0.005 to 0.25, depending on irradiation
w -
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Fig. 18. Catalytic cycle for photochemical nitrosation of mercaptosuccinate.
Side reactions were omitted for clarity.

Moreover, the second principal product is now RSNO, instead
of NO, as in the case of the FeNO system.

7. Ternary systems: Chemistry and photochemistry
of compounds with the S Fe NO framework

7.1. Biosynthesis of nitric oxide

Nitric oxide can be synthesized on several pathways.
Plants use a non-enzymatic strategy in photochemical reac-
tion between NO2− and carotenoids or other plant metabo-
lites. The enzymatic pathway involves reduction of nitrite
with nitrite reductase and animal-like nitric oxide synthase
[256–258]. The most common way of NO synthesis in animal
organisms involves a family of enzymes called nitric oxide
synthases (NOSs). The biosynthesis of nitric oxide is a good
example of mutual interaction of iron centre, thiolate ligand
and nitric oxide.

The NOS enzymes are members of the heme-containing
super-family of enzymes called monooxygenases[7].
Depending on the structure, expression and activity, the
NOS enzymes can be divided into three categories: endothe-
lial NOS (eNOS), neuronal NOS (nNOS) and inducible
NOS (iNOS) [1,137,259,260]. The nNOS and eNOS are
avelength and the presence of oxygen[55–57]. The addi
ion of nitrite significantly decreases the quantum yield
he FeIII complex but at the same time, the quantum y
f RSNO increases. The [Fe(CN)5SR]3− complex react
ith nitrite in the presence of excess of the thiolate yield

Fe(CN)5N(SR)O]3− with quantitative yield. These observ
ions allow postulating a catalytic cycle for photochem
eneration ofS-nitrosothiols in alkaline solution (Fig. 18).

Although the overall photochemical mode in pentacya
errate(II) with NO or N(SR)O has similar character, the p
nce of the sulfur component significantly shifts the spe
copic range of photooxidation towards longer wavelen
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Fig. 19. Schematic structure of nitric oxide synthase dimer. Arrows indicate
electron-transfer pathways. Adapted from[264].

involved in maintaining the homeostasis in neural and vascu-
lar systems, respectively, while iNOS is expressed in cardiac
myocytes, smooth muscle cells and macrophages upon stim-
ulation with cytokines, interferones, endotoxins and inflam-
matory mediators[7,256,261,262]. The iNOS generates NO
in amounts two to three orders of magnitude higher than other
NOS isoforms, exerting strong cytotoxic and antimicrobial
activity. All these enzymes are composed of two subunits:
reductase and oxygenase (Fig. 19). The reductase subunit is
very similar to other reductases, e.g. cytochromec reductase.

It is located at the C-end of the polypeptide chain and has
a modular structure consisting of a series of binding sites
for electron donor (NADPH) and flavin molecules (FAD and
FMN, Fig. 20), thus creating an electron-transfer chain. The
N-end of the protein constitutes the oxygenase unit with bind-
ing sites for heme moiety, tetrahydrobiopterin andl-arginine.
The structure and properties of oxygenase subunit are closely
related to that of cytochrome P450. The iron porphyrin is
tethered to the protein backbone via cysteine coordinated
to iron as axial ligand. This arrangement is typical for the
whole class of cytochrome P450 proteins and is responsible
for oxygen activation and stabilization of the oxidized form
of the protein. Axial thiolate ligand provides electron den-
sity preventing�-back bonding of the oxygen atom[263].
Both domains are connected via Ca2+/calmodulin (CaM)-
binding site[264]. The active form of the enzyme is a dimer,
in which reductase subunit of one molecule is tightly bound
with the oxygenase subunit of the other molecule via a series
of hydrogen bonds[259,261,264]. The zinc–cysteine com-
plex, located close to the surface of the protein plays a crucial
role in stabilization of the dimeric structure[260]. During NO
productions electron transfer occurs from the reductase frag-

F
(

ig. 20. Nitric oxide synthase cofactors: (a) nicotinamide adenine dinucleot
FMN); (d) tetrahydrobiopterin (H4B); (e) [Zn(S-cys)4]2− complex[137].
ide (NADPH); (b) flavin adenine dinucleotide (FAD); (c) flavin mononucleotide
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Fig. 21. Molecular structure of arginine (a),N-hydroxyarginine (b) and cytruline (c).

ment of one molecule to the oxygenase subunit of the other
(Fig. 19) [7,259,261,264–266].

Biosynthesis of nitric oxide requires two catalytic cycles,
first oxidizing l-arginine to intermediateN-hydroxy-l-
arginine and subsequentlyN-hydroxy-l-arginine to cytruline
and nitric oxide[7,62,256,259,261,264–267](Fig. 21). The
primary step of NO biosynthesis encompasses reduction of
ferric heme, coordination of dioxygen and electron-transfer
reactions resulting in overall two-electron reduction of oxy-
gen molecule. Axial thiolate ligand stabilizes highly oxi-
dizing perferryl, [FeO]3+, centre (vide infra)[7,263]. The
perferryl oxidizesl-arginine via oxygen insertion into the
N H bond within guanidine moiety (Fig. 22) [7,62].

While the mechanism ofN-hydroxy-l-arginine formation
is well-elucidated, much controversy arises around the sec-
ond oxidation step. The most accepted mechanism assumes
two-electron reduction of oxygen with one electron com-
ing from NADPH and the other fromN-hydroxy-l-arginine.
ResultingN-hydroxy-l-argininyl cation radical reacts with
Fe-coordinated peroxide yieldingl-cytruline and nitric oxide

atalyze

[7] (Fig. 22). The exact mechanism of this process is still
unclear and is a subject of intense research[7].

Axial coordination of the iron–heme complex in nitric
oxide synthase is of crucial importance for proper activ-
ity of this enzyme. Numerous oxidoreductases possess
iron porphyrin complex containing axially coordinated cys-
teine or methionine in their active site[7,141,263]. Such
structures are found in cytochrome P450-type enzymes
[141,217,218,263,268–272]and various siroheme proteins
like nitrite reductases and sulfite reductases (cf.Fig. 13h)
[159]. These sulfur-containing axial ligands play an impor-
tant role in stabilizing high-valent iron porphyrin com-
plexes in cytochrome P450-type enzymes. Electron-rich sul-
f rryl
(
t zy-
m -
c racter
[ his
i lfur-
Fig. 22. General mechanism of NO biosynthesis c
 d by nitric oxide synthase. Based on Refs.[7,62,264,266].

ur centre together with porphyrin ligand stabilizes fe
FeO2+) moiety due to resonance (Fig. 23) [141,263]and
hus enhances its electrophilicity, which is crucial for en
atic activity of these species[270]. DFT calculations indi

ate that the sulfur ligand possesses partial radical cha
268,271,272], which supports the resonance model. T
llustrates the astonishing but general tendency of su
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Fig. 23. Resonance stabilization of the ferryl ion with contribution of por-
phyrin and thiolate axial ligand[263].

containing ligands to stabilize high oxidation states of tran-
sition metals[216,273].

7.2. Other biochemical systems utilizing the S Fe NO
framework

One of the most important physiological processes is oxy-
gen delivery to cells and tissues. One theory assumes an
important role of nitrosyl transfer between heme iron and
�93 cysteine of hemoglobin. It was assumed that allosteric
changes of the protein may induce NO release from nitrosoth-
iol moiety thus increasing blood flow in hypoxic tissues
[238,274]. Some recent work, however, does not support
this hypothesis[275–279]. The process is undoubtedly very
important but its understanding requires further research.

Reduction of nitric oxide can be catalyzed by nitric oxide
reductase (P450nor), an enzyme closely related to nitric oxide
synthase[97,280,281]. This unusual enzyme, despite struc-
tural analogy to cytochrome P450, cannot activate molecular
oxygen. Instead it binds nitric oxide and reduces it to N2O.
The proposed mechanism includes several steps and inter-
mediates, which are stabilized via resonance. In the first step
nitric oxide is bound to the FeIII heme centre. The complex is
stabilized by two resonance forms FeII NO+ and FeIV NO−.
Two-electron reduction by NADH and addition of two pro-
t III d-

ical. Addition of nitric oxide yields an intermediate, which
produces N2O and water (Fig. 24) [97,280,281]. As in the
case of nitric oxide synthase, the high-valent iron centres are
stabilized by interaction with axial cysteine.

Nitrite reductase is another example of a com-
plex enzymatic system involving mutual interactions in
iron–nitrosyl–sulfur system. The active site of the enzyme
contains iron ion coordinated inside a siroheme macrocycle
coupled with Fe4S4 core via cysteine bridge[97,282]. Sub-
strate (NO2

−) binds to the porphyrin iron and the iron–sulfur
cluster served as an electron reservoir. The detailed mech-
anism of the process remains unclear, but nitrosyl, nitroxyl
and hydroxylamine complexes were identified as intermedi-
ates[282].

Nitrophorins are a group of proteins found in the saliva
of two species of blood-sucking insects, kissing bug (Rhod-
nius prolixus) [239–243]and a bedbug (Cimex lectularius)
[283–285]. The latter one is especially interesting, as it
involves both heme iron and a proximal cysteine for nitric
oxide storage and can store (and transfer) two NO molecules
within one protein molecule. NO-binding involves two steps.
First NO is bound to FeIII heme yielding an unstable interme-
diate complex. Reaction with a second NO molecule accom-
panied with electron transfer yields the stable FeII nitrosyl
complex andS-nitrosothiol moiety (Fig. 25) [284,285].

An unique iron–sulfur–nitrosyl complex was found in
t s
a ntial
m ngi,
w ole
s onu-
c lyze
h rre-
s used
f rile
a

de redu
ons yield Fe centre with coordinated hydroxylamine ra

Fig. 24. Proposed mechanism for nitric oxi
he active site of nitrile hydratase[286]. Nitrile hydratase
re hydrolytic enzymes responsible for the seque
etabolism of nitrile compounds in some bacteria and fu
hich are capable of utilizing aliphatic nitriles as the s
ource of nitrogen and carbon. Nitrile hydratases are mon
lear iron or (non-corrinoid) cobalt enzymes that cata
ydration of a large number of diverse nitriles to their co
ponding amides. These enzymes have been efficiently
or the industrial production of acrylamide from acrylonit
nd for removal of nitriles from wastewater[287,288].

ction with P450NOR. Adapted from[97,280,281].
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Fig. 25. Proposed mechanism for reversible NO-binding byCimex lectular-
ius nitrophorin. Adapted from[284,285].

The active site of these enzymes contains a low spin FeIII

centre. The first coordination sphere consists of two amide
nitrogen atoms from protein skeleton and three sulfur atoms
from cysteine. Two of the three-cysteinate ligands are mod-
ified; the active form of the enzyme contains one sulfenic
(cys-SOH) and one sulfinic (cys-SO2H) form of cysteine
(cf. Fig. 5). The sixth coordination site is occupied by a
water molecule or hydroxide anion (in the active form of the
enzyme) or nitric oxide (in the inactive form)[289,290]. Light
is an essential factor regulating activity of nitrile hydratase. In
the dark, active enzyme is deactivated by nitric oxide, while
irradiation of the inactive form results in photosubstitution,
which restores the enzyme’s activity[291].

Due to their industrial importance, the systems mim-
icking nitrile hydratase have been extensively studied
[231,292–297]. These model compounds can reproduce
spectroscopic properties of the enzyme[231,293], some of
them are able to reversibly bind nitric oxide (to iron ion)
[295,296] or oxygen (to sulfur atoms)[295]. Recently, a
model compound-binding reversible nitriles has been found
[294]. Some of these compounds are closely related to
Roussin’s red esters (vide infra)[296].

7.3. Chemistry and photochemistry of
iron–sulfur–nitrosyl clusters
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The interaction of NO with the natural [FeS] clus-
ters gives rise to the iron–sulfur cluster nitrosyl com-
plexes[71]. These include: [Fe2(�2–S)2(NO)4]2− (dianion of
‘Roussin’s red salt’, RRS), [Fe2(�2–SR)2(NO)4] (Roussin’s
red esters, RRE, R = alkyl or aryl), [Fe4(�3–S)3(NO)7]−
(heptanitrosyltri-�3–sulfido-tetraferrate, ‘Roussin’s black
salt’ anion, RBS), [Fe4(�3–S)4(NO)4] (tetranitrosyl-tetra-
�3-sulfidotetrahedro-tetrairon, ‘cubane’) and other cubane-
like clusters like [Fe4(�3–S)2(�3–NCMe3)2(NO)4] and
[Fe4(�3–S)3(NO)4(PR3)3]. Clusters of higher nuclearity, e.g.
[Fe6(�3–S)6(NO)6]2+ were also reported[210,308](Fig. 14).
The compounds occur in a variety of geometrical forms, con-
taining different numbers of metal centres, varied Fe:NO:S
ratios and various co-ligands, a number of factors can influ-
ence their proneness to behave as the NO-carriers. Interac-
tions with solvents and external ligands easily leads to the
interconversion of clusters (Fig. 26). The bond lengths and
angles are quite similar in all the clusters within this family
(Table 4).

7.3.1. Mononuclear nitrosylthiolatoferrates
The family consists of the tetrahedral [Fe(SR)x(NO)4−x]−

complexes, wherex = 2 or 3. Those withx = 2 are known
as responsible for storage and transport of NO in biolog-
ical tissues and their trivial name is dinitrosyl iron com-
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The first iron–sulfur–nitrosyl clusters ever synthesi
ere nitrosylthiolatoferrates[298–300]. In contrast to clus

ers containing solely terminal thiolate ligands, these nitr
omplexes are usually air and moisture stable compo
213]. They are known to form both mononuclear co
lexes and clusters containing two-, three-, four- and

ron centres, which are recognized or considered, to p
ole of NO-donor in biomedical systems[90,213,301–304.
he complexes are reported to act as NO-donor drugs

hey are also generated under (patho)physiological c
ions (e.g. during nitrosative stress or when relatively h
oses of iron and nitrite are supplied with food); som

hem, e.g. [Fe2(�2–SCH3)2(NO)4], can be found in na
ral sources[9,301,305]. The food-preserving properti
f nitrate and nitrite are also associated with forma
f iron–sulfur–nitrosyl species showing extreme toxi

owards anaerobic food spoilage bacteria (e.g.Clostridium
otulinum) [306,307].
lexes (DNICs)[301]. Their chemical reactivity and spe
roscopic characteristics have been studied in some
55,56,301,311,312,317–319].

All [Fe(SR)2(NO)2]− and other [FeL2(NO)2]− complexes
re paramagnetic, their EPR spectra depend only slight

he ligand structure and can be regarded as a fingerpri
his class of compounds (Table 5). Theg|| < g⊥ indicates tha
he ground state is largely confined to dz2 orbital [56].

Recently, these properties were interpreted using de
unctional calculations[66]. The DFT calculations confirme
he experimentally measured integral spin value ofS = 1/2
55,56,301,311,312,317–319]. Moreover, the low spin con
guration, not typical for the tetrahedral or pseudotetrahe
omplexes, finds its interpretation in the antiferromagn
oupling between the FeIII centre and the NO− ligands. The
escription of the iron centre as FeIII or Fe−I is, however
implistic, as the calculated spin densities point at the
er, whereas the net chemical behaviour is consistent

he latter approximation.
The [Fe(SR)2(NO)2]− complexes are reactive spec

hose stability in solution is maintained only in the pr
nce of a large excess of RS− [56,301,311,312,317–319.
therwise, the ions readily undergo condensation to a

lear structure via formation of two RS-bridges and rele
ther two RS− ligands in the reversible reaction:

[Fe(SR)2(NO)2]− � [Fe2(�2–SR)2(NO)4] + 2RS− (26)

The DFT calculations[66] allowed one to understand t
endency to form the double-bridged species (Eq.(26)). The
OMO orbitals of [Fe(SR)2(NO)2]− are mostly localized a
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Fig. 26. Thermal transformations of iron–sulfur nitrosyl complexes and clusters[213,309–312].

the sulfur atoms with a large space extent, whereas LUMO’s
are mainly of the d character; thus, the effective overlap of the
orbitals of two entities can result in formation of the first RS-
bridge. The distorted tetrahedral geometry of the complex
[317] as well as polarization of the SC bond enhanced in
the polar solvent can favour the step. The next reaction step,
i.e. formation of the second RS-bridge and release two RS−
ligands may be realized in a concerted process.

The [Fe(SR)2(NO)2]− complexes are able, as well, to
transfer its NO-ligands to other molecules, e.g. to thiol dis-
tinct from that coordinated to the iron centre. In such a case
the thiolS-nitrosation could be observed.

[Fe(SR)2(NO)2]− + R′SH

→ R′S NO + decomposition products (27)

The reaction (27) was documented for the systems, where
RS =l-cysteine or GSH and R′S = albumin)[301,318]. This
behaviour is responsible for the role of the [Fe(SR)2(NO)2]−
complexes in NO-storage and NO-transport occurring in vivo
[301]. The DFT calculations[66] have shown that in the
polar solvent the charge separation within the NO-ligands
is significant. In consequence, the charge localized on the N-
atom becomes more positive enabling a nucleophilic attack,
which is known to initiate nitrosation in the case of numerous
nitrosyl complexes[55,56,213,312]. A considerable contri-
bution of the�*

NO to the LUMO orbitals assists the attack
and enables the consecutive FeNO bond cleavage.

Although experimental data for the [Fe(SR)3(NO)]−
complexes are scarce, behaviour similar to that of
[Fe(SR)2(NO)2]− can be expected, based on the DFT cal-

Table 4
Structural parameters for various FeS NO clusters

Compound Crystallographic parameters References

Bond lengths (̊A) Bond angle (◦)

Fe–N Fe–S N O Fe N O Fe S Fe S Fe S

[Fe(SR)3NO]−a 1.684 2.319 1.188 157.4 – 109.7 [66]
[Fe(SR)2(NO)2]−a 1.655 2.273 1.165 169.8 – 109.2 [66]
[S5Fe(NO)2]− 1.678 2.287 1.177 165.9 – 107.7 [214]
[Fe2(�2 S)2(NO)4]−a 1.618 2.266 1.208 163.2 73.7 106.3 [330]
( .16
[ .17
[ .155
[ .168
[ .161
[ .176
[ .184
[ .165
[ .208
Me4N)2[Fe2(�2 S2O3)2(NO)4] 1.669 2.258 1
Fe2(�2 SR)2(NO)4] 1.67 2.27 1
Fe4(�3 S)4(NO)4] 1.663 2.217 1
Fe4(�3 S)4(NO)4]− 1.659 2.231 1
Fe4(�3 S)3(NO)7]− 1.667 2.241 1
Fe4(�3 S)3(NO)7]2− 1.646 2.249 1
Fe6(�3 S)6(NO)6]2− 1.665 2.219 1
Fe4(�3 S)2(�3 NCMe3)2(NO)4] 1.661 2.223 1
Fe4(�3 S)2(�3 NCMe3)2(NO)4]− 1.608 2.254 1

a From DFT calculations.
b In axial position.
c In equatorial or basal position.
169.6 73.59 106.4 [313]
167.8 74 106 [314]
177.6 73.43 109.37 [212]
177.5 74.33 103.62 [212]
178.3b 166.4c 74.34 105.62 [315]
177.6b 167.9c 75.79 104.18 [315]
174.1 73.12 108.88 [210]
178.4 71.63 104.05 [316]
176.5 71.85 101.9 [316]
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Table 5
Experimental EPR parameters of various [FeL2(NO)2]n− complexes[56]

Ligands 77 K Room temperature References

g⊥ g|| giso Aiso (14N) Aiso (1H)

Mercaptosuccinate 2.0406 2.0120 2.0295 2.42 0.97 [56]
Glutathione 2.04 2.01 – – – [320]
Cysteine 2.04 2.01 – – – [321]
Cysteine 2.039 2.013 2.028 1.2 1.2 [322]
(CH3)2CHS− – – 2.028 2.5 0.5 [322]
(CH3)2CHS− – – 2.027 2.5 1.3 [213]
CH3CH2CH(CH3)S− – – 2.028 2.5 0.5 [322]
HS− – – 2.028 2.7 0.5 [213]
CH3S− – – 2.028 2.1 2.1 [213]
(CH3)3CS− – – 2.027 2.7 – [213]
C6H5CH2S− – – 2.027 2.4 1.4 [213]
CH3CH2CH2S− – – 2.028 1.2 1.2 [322]
CH3CH2CH2CH2S− – – 2.028 1.2 1.2 [322]
CH3(CH2)10CH2S− – 2.028 1.2 1.2 [322]
HOCH2CH2S− – – 2.028 1.2. 1.2 [322]
Homocysteine – – 2.028 1.2 1.2 [322]
2-Mercaptobenzimidazole-S 2.039 2.013 2.028 2.5 – [322]
2-Mercaptobenzimidazole-N 2.040 2.012 2.029 2.5 – [322]
2-Mercaptobenzoxazole-S 2.040 2.013 2.029 ∼2 – [322]
1,2,3-Benzotriazole – – 2.027 2.5 – [322]
DMF – – 2.033 2.4 4.0 [213]
DMF, (CH3)2CHS− – – 2.027 2.6 1.3, 4.6 [213]
DMA – – 2.033 2.5 – [213]
DMA, (CH3)2CHS− – – 2.027 2.5 1.3 [213]
Pyridine – – 2.031 2.2, 4.5 – [213]
DMSO, CH3S− – – 2.032 6.0 3.2 [213]
2,6-Dimethylpyridine – – 2.031 2.3, 4.6 – [213]
Quinoline – – 2.032 2.2, 4.4 – [213]
(CH3CH2)2NH, CH3S− – – 2.030 4.0 2.0 [213]
Pyrrolidine, CH3S− – – 2.029 4.2 2.0 [213]
Piperidine, CH3S− – – 2.029 4.2 2.1 [213]
Pyrrolidine, C6H5CH2S− – – 2.029 4.2 2.0 [213]

Abbreviations: DMF, dimethylformamide; DMA, dimethylacetamide; DMSO, dimethylsulfoxide.

culations[66]. In this complex, similarly, as in DNICs, the
integral spin is reduced due to antiferromagnetic coupling
between the iron centre and the NO-ligand, the tetrahedral
geometry is strongly distorted and polar solvent exerts a sig-
nificant impact on ligand polarities. Thus, the negative charge
is mostly localized on the oxygen atom of the NO-ligand
and DFT calculation showed a moderate positive charge
on the nitrogen atom. A slightly longer FeN distance and
smaller Fe N O angle, than in the DNICs, may point at
some stronger contribution of the FeIII NO− structure, and
in consequence, a slightly weaker nitrosation capacity the
[Fe(SR)3(NO)]− complexes, although it should not entail a
meaningful difference in the chemical reactivity.

Calculations of electronic spectra[66] revealed that all
bands of the [Fe(SR)x(NO)4−x]− complexes are of the
CT-type, whose character changes with the increase in
the transition energy from LLCT (S� → �*

NO) + LMCT
(S� → d) to LMCT (�*

NO → d + S� → d) and at last to
MLCT (d → �*

NO). It may then be presumed that the effec-
tiveness of nitrosation should be enhanced upon irradiation.
This hypothesis needs, however, requires experimental veri-
fication.

7.3.2. Dinuclear complexes
The family of dinuclear iron–sulfur–nitrosyl complexes

includes: [Fe2(�2–S)2(NO)4]2− (dianion of ‘Roussin’s red
salt’, RRS) (Fig. 14a), [Fe2(�2–SR)2(NO)4] (Roussin’s red
esters, RRE, R = alkyl or aryl) and complexes, where bridging
sulfide serves as a ligand to other transition metal ions, like
Ni2+, Pt2+ or Hg2+ [324,325]. Some dimeric iron nitrosyls
with extended bridging ligand based on the NC S frame-
work were also reported[326].

The [Fe2(�2–S)2(NO)4]2− anion (RRS) is sta-
ble in alkaline medium, whereas in acidic medium,
it undergoes an electrophilic attack generating pro-
tonated intermediates [Fe2(�2–S)(�2–SH)(NO)4]−
and [Fe2(�2–SH)2(NO)4] [245,327], which aggregate
readily yielding the poly-nuclear cluster struc-
tures: [Fe4(�3–S)3(NO)7]−, [Fe5(�3–S)4(NO)8]− or
[Fe7(�3–S)6(NO)10]− [245,301,305]. The aggregation
reactions are accompanied by the formal release from the
initial RRS of one S2− and 1, 2 or 4 NO− ligands for tetra-,
penta-, and hepta-nuclear species, respectively. RRS is also
well known to react readily with halogenoalkanes, and this
reaction has been extensively exploited for the synthesis of
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the RRE[328,329]. It reacts also with nickel, platinum and
mercury complexes yielding multinuclear heterometallic
compounds[324,325].

A theoretical analysis[330] gives a good account of
this behaviour. The electrophilic attack, which initiates the
RRS reactivity, takes place on the bridge sulfur atoms. This
assumption is consistent with the character of the HOMO
orbitals, which are mostly localized on the S-atoms. Associ-
ation of the electrophile is facilitated by the negative charges
of both sulfur atoms in RRS.

Photochemical reactivity of [Fe2(�2–S)2(NO)4]2−, upon
355-nm excitation, leads in the presence of O2 to generation
of [Fe4(�3–S)3(NO)7]−. Although the photoproduct is the
same as product of the thermal reaction, mechanism of the
photoreaction suggested from the flash experiments is quite
different [88,331]. The photochemical aggregation is initi-
ated by dissociation of one of the NO groups and formation
of the [Fe2(�2–S)2(NO)3]2− intermediate. The DFT calcula-
tions show that the transitions ascribed to the band at 374 nm
in the experimental spectrum are mostly of the�*

NO → d
LMCT character with admixture of the minor d→ �*

NO
transitions. Thus, the reactive decay of the states should lead
readily to the FeNO bond cleavage.

Opposite to RRS, the [Fe2(�2–SR)2(NO)4] esters are
known to undergo a nucleophilic attack on the bridge S atoms,
which leads to ring-opening and formation of mononuclear
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[305] can be substantiated only by its initial transformation
into the [Fe(SR)2(NO)2]− monomers in reaction with the
thiolates present in the human body (Eq.(28)), followed by
nitrosothiols production (Eq.(27)).

The quite different reactivity of the FeNO bond is
demonstrated, when RRE solutions are excited by 355 nm
radiation [323]. Then RRE undergoes photodissociation
of the NO group, followed (in aerated medium) by a
complete decomposition. Such behaviour is substantiated
by the DFT method[330]: excitation by radiation within
the 370-nm band, assigned to the d→ �∗·NO, �∗

NO →
�∗·NO and �∗·NO → d transitions, should result in a weak-
ening, and in consequence cleavage, of the FeNO bond.

The contrasting chemical behaviour of RRS and RRE,
which are structurally similar species, finds its explanation
in charge distributions and character of their frontier orbitals.
The most outstanding difference in charge distribution con-
cerns the sulfur atoms, which are negative in RRS, and
positive in RRE. This distinction is reflected in their oppo-
site susceptibility to undergo an electrophilic/nucleophilic
attack. In accordance with this, the character of the frontier
orbitals favours the electrophilic attack in the case of RRS,
whereas the nucleophilic attack in the other case. Contrary
to the mononuclear [Fe(SR)x(NO)4−x]n− complexes (x = 2
or 3), the dinuclear clusters do not reveal a tendency for
the homolytic cleavage of the Fe–NO bond in thermal reac-
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aramagnetic complexes. In the presence of the thi
nions, this reaction results in formation of the monom

Fe(�2–SR)2(NO)2]− complexes (28).

Fe2(�2–SR)2(NO)4] + 2RS− � 2[Fe(SR)2(NO)2]− (28)

Alternatively, the ring-opening can be followed by
apid substitution of both RS− ligands by other nucleophil
nions or solvent molecules, generating the sporadi
etectable mono-substituted [Fe(�2–SR)X(NO)2]− interme-
iates, which are transformed into the stable di-substi

FeX2(NO)2]− complexes (where X = Br−, I−, SCN−, N−
3 ,

CO−, NO−
2 , DMF, DMSO)[301,311](cf. Table 4).

[Fe(�2 − SR)X(NO)2]− X−→
−RS− [Fe(�2 − SR)X(NO)2]−

X−→
−RS− [FeX2(NO)2]− (29)

The nucleophilic attack engages the LUMO orbital, wh
s mostly localized on the Fe and S atoms[330]. Associa
ion of a nucleophile is facilitated by the positive charge
oth the S atoms in RRE. Splitting of the S-bridges, wh

ollows the nucleophilic attack and leads to formation
he monomeric [FeX2(NO)2]− complexes (Eq.(29)), is sub-
tantiated by the antibonding FeS character of the LUMO
rbital, as well as by the relatively long FeS bond in RRE
227 pm).

In thermal reactions, the Fe–NO bond
Fe2(�2–SR)2(NO)4] is inactive, and thus, its role
romoting the carcinogenic properties of other substa
ions. The behaviour is substantiated by a higher charg
he N-atoms in the former case, enabling the cleavag

nucleophilic attack[332]. They can, however, behave
ndirect NO-donors due to reactivity of the products of t
hermal reactions, which split easily the FeNO bonds: i.e
BS in the case of RRS and the [Fe(SR)2(NO)2]− monome

or RRE.
Both dinuclear complexes demonstrate, however,

lar photochemical reactivity consisting in photodisso
ion of the NO group, because in both cases, the tr
ion responsible for the photochemical reactivity is of
NO → d LMCT character. Similar behaviour was recen
bserved for the supramolecular system containing
imeric [Fe(�2–SR)2(NO)2] moiety linked with protopor
hyrin IX chromophore. Near infrared irradiation of t
ompound within the absorption of the porphyrin ch
ophore results in nitric oxide liberation in two-photon p

ess[333,334].
The different reactivity of the RRS and RRE dinucl

pecies has its origin in the differences in charges loca
n the bridging S atoms. This illustrates well the versatilit

he (S Fe NO) moiety, in which charge shift between th
tom and NO group through the Fe-centre can happen re
hanging the nucleophilic or electrophilic character of th

igands.

.3.3. Tetranuclear clusters
Among the iron–sulfur–nitrosyl complexes, there

lso tetranuclear clusters [Fe4(�3–S)3(NO)7]− (‘Roussin’s
lack salt’ anion, RBS,Fig. 14b), [Fe4(�3–S)4(NO)4]
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(tetranitrosyl-tetra-�3-sufidotetrahedro-tetrairon, ‘cubane’,
Fig. 14c), [Fe4(�3–S)2(�3-NCMe3)2(NO)4] and [Fe4
(�2–S)3(NO)4(PR3)3]. The most important and the best
recognized is RBS, whose structural, photochemical
and reactivity properties have been widely investigated
[245,315,335–337].

The geometry of RBS (Fig. 14b) shows that four Fe-
atoms are bound by three�3-sulfur bridges and coordi-
nated terminal NO-ligands. The cluster consists of three
[Fe(�3–S)2(NO)2] constitutional units (basal Fe atoms),
whereas one of the Fe-atoms (apical Fe1 atom) is dis-
tinguished by its direct coordination sphere, which is
[Fe(�3–S)3NO]. The structural difference is reflected in the
Fe N O angles, which for the apical Fe1 atom are more
close to 180◦, than in the other cases[315,337], suggesting
the highest contribution of the NO+ form in the NO bonded
to Fe1 (Table 4).

RBS may be viewed as composed of{Fe(NO)}7 unit with
S = 3/2 antiferromagnetically coupled to three{Fe(NO)2}9

units withS = 1/2 giving a total spin of the moleculeS = 0. In
the{Fe(NO)}7 unit, the Fe3+ (S = 5/2) ion is antiferromagnet-
ically coupled to one NO− ion (S = 1), which leads toS = 3/2
of the fragment, in{Fe(NO)2}9 high spin ferric ion is anti-
ferromagnetically coupled to two NO− (S = 1) ions, which
leads to spinS = 1/2 [338].

In the dark, the [Fe(� –S) (NO) ]− solutions are stable,
p BS
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[Fe4(�3 S)4(NO)4] complex (32).

[Fe4(�3 S)4(NO)4] + 12RS− → 4[Fe(SR)3NO]− + 4S2−

(32)

As the behaviour resembles that observed for the RRE, its
interpretation could be analogous.

The [Fe4(�3 S)3(NO)7]− complex undergoes two
consecutive, reversible one-electron reductions, yield-
ing relatively unstable [Fe4(�3 S)3(NO)7]2− and
[Fe4(�3 S)3(NO)7]3− complexes [315]. Reduction
populates an antibonding orbital of the cluster, which results
in elongation of the FeS bonds and distortion of the
core resulting in symmetry change from C3v to Cs. The
[Fe4(�3 S)4(NO)4] complex also undergoes two reversible
one-electron reductions yielding corresponding mono- and
di-anions: [Fe4(�3 S)4(NO)4]− and [Fe4(�3 S)4(NO)4]2−
[212]. Reduction of the cubane cluster induces analogous
bond length and symmetry changes as that observed in
the case of RBS: while the [Fe4(�3 S)4(NO)4] cluster has
perfect tetrahedral Td symmetry, anionic form is significantly
distorted to D2d [212]. The Fe S distances are somewhat
longer, as the antibonding orbital localized at the Fe4 core is
partially occupied (Table 4).

Oxidation of the [Fe4(�3 S)3(NO)7]− anion results in
complete destruction of the cluster core, the only exception
i lfur,
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rovided that the pH is not very high. Otherwise, the R
ecomposition to dinuclear RRS is observed[213].

Fe4(�3 − S)3(NO)7]− OH−
−→ [Fe2(�2 − S)2(NO)4]2− (30)

This behaviour can be interpreted in terms of a nu
philic attack of the OH− ion on the NO-ligand coordinate

o Fe1, which seems to have a major contribution of the+

orm, not only due to the FeN O angle close to 180◦ but
lso because its N-atom charge, which is somewhat less
tive, than in the remaining NO-ligands[338]. On the othe
and, the LUMO orbitals are spread over all the Fe atom
n the basal, not apical, NO-ligands, what could rationa

he nucleophilic attack on any of the NO-ligands[338]. The
ucleophilic attack should be followed by cleavage of s
f the Fe1 �3 S bonds and formation of the second�3 S
ridge between two other Fe atoms.

The [Fe4(�3 S)3(NO)7]− cluster is susceptible as w
owards nucleophilic attack on FeS bonds. As a result, th
onomeric complexes of the structure [Fe(SR)3NO]− and

Fe(SR)2(NO)2]− are formed according to Eq.(31) [312].
ulfide ligands are replaced with thiolates, while nitrosyl
nds remain unchanged (Fig. 26).

Fe4(�3 S)3(NO)7]− + 9RS−

→ 3[Fe(SR)2(NO)2]− + [Fe(SR)3NO]− + 3S2− (31)

The [Fe(SR)2(NO)2]− complex originates from basal iro
toms, while the [Fe(SR)3NO]− is formed form the ap
al one. A similar type of reactivity was observed for
s observed in the case of oxidation with elemental su
hen the reaction in toluene yields the [Fe4(�3 S)4(NO)4]
ubane complex[310].

The synthesis of novel mixed-ligand clusters invo
eactions of the cubane [Fe4(�3 S)4(NO)4] cluster with
riphenylphosphine[309]. Reductive desulfurization of th
e4S4 core yields the incomplete cubane core Fe4S3
oordinated with phosphine and nitrosyl ligands.
tructure of these compounds resembles that of R
ontaining phosphine ligands in place of equatorial nitro
he [Fe4(�3 S)3(NO)4(PR3)3] complex undergoes therm
ecomposition yielding stable prismane cluster com

Fe6(�3 S)6(NO)6]2− [308] (cf. Fig. 26).
The photochemistry of [Fe4(�3 S)3(NO)7]− was studied

epeatedly and complete photodegradation of the clus
ts components was observed during continuous irradi
f aerated aqueous solution[88,335]:

[Fe4(�3 − S)3(NO)7]− hv−→ 3.9Fe2+ + 5.9NO+ 3S3−+?

(33)

The flash photolysis study with time-resolved opt
nd infrared spectroscopic techniques revealed two sep

ntermediates, which both react with nitric oxide. The pr
cts were interpreted in terms of photodissociation e

he apical or one of the basal nitrosyls from the exc
Fe4(�3–S)3(NO)7]− entity [335].

Results of recent DFT calculations[338] have shown tha
xcitation within 350–370 nm should lead mostly to cha
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transfer from the RBS moiety to the apical NO, whereas exci-
tation within 290–320 nm results in charge transfer directed
towards basal and axial NO-ligands. These charge transfers
could be responsible for weakening the relevant bonds and
dissociation of apical and basal (or equatorial) NO-ligands,
respectively.

Attempts to calculate the structures of the oxidized forms
of the photoproducts were unsuccessful, showing their high
instability [338]. This is consistent with the conception of
their formation and prompt decomposition in the presence of
molecular oxygen, which would be responsible for the RBS
photodecomposition under these conditions[335]. Similar
instability found for RBS upon its one electron oxidation
suggests, however, that other photochemical pathways cannot
be excluded[65].

8. Concluding remarks

This review shows that the very rich chemistry of
iron–sulfur–nitrosyl systems has its source in the unique
properties of sulfur and nitric oxide ligands as well as in
the high affinity of these ligands to coordinate to the iron
centre. Co-operative interactions in binary (iron–sulfur,
iron–nitrosyl and sulfur–nitrosyl) and especially, in
ternary systems are the basis for numerous biochemical
p
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