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Introduction

In the last decade, the chemistry of [Fe—S] nitrosyl
complexes has attracted attention because of an impor�
tant role of nitrogen monoxide in bioregulation and im�
munology.1—9 The main targets for NO in vivo are pro�
teins containing, in active sites, metal ions that can easily
coordinate this molecule,10—12 and low�molecular�weight
cellular substrates, such as superoxide anions, oxygen,
amines, thiols, etc.13—15 Reactions of these targets with
NO produce peroxynitrite and other active NOx species,
which induce the formation of carcinogenic S�nitroso�
thiols and nitrosoamines in cells and are responsible for
deamination of DNA bases and inhibition of DNA repa�
ration.16 Iron regulatory proteins play a key role in regu�
lation of redox homeostasis. These proteins are activated
by superoxide radicals, iron, and NO and affect, in par�
ticular, transcription of superoxide dismutase and a num�
ber of other anti�stress proteins. In a typical iron�sulfur
regulon, the active site consists of two [2Fe—2S] clus�
ters.17—20 Nitrosyl complexes of non�heme proteins, along
with low�molecular�weight S�nitroso derivatives of thiols
(cysteine, glutathione, penicillamine, etc.), serve as stable
NO biological reservoirs, which provide transport of ni�
trogen monoxide in cells of living organisms.21—28 Pro�
teins, such as glutathione transferase,29 serve as natural
depots for nitrogen monoxide.30,31 Synthesis of and in�
vestigations into structural analogs of nitrosyl adducts of
non�heme iron are of importance primarily from the
standpoint of fundamental studies of the reaction mecha�
nisms of endogenous NO. Studies of the mechanisms of
action of reducing agents on model [Fe—S] nitrosyl clus�
ters are of particular interest, because nitrosyl non�heme
proteins in cells are involved in redox reactions with bio�
logical electron donors and antioxidants (NADP, cysteine,

glutathione, ascorbate, Trolox C) and perform electron
transport.32,33

Investigations into the structures and physicochemi�
cal properties of synthetic models of active sites of non�
heme [Fe—S] nitrosyl proteins are related to application
of knowledge in practice for the selective delivery of nitro�
gen monoxide in vivo.34—45 In recent years, a search for,
and studies of, new nitrogen monoxide donors have at�
tracted considerable attention of experts in practical medi�
cine. There are several classes of compounds that gener�
ate nitrogen monoxide during metabolic processes.

1. Nitrates, which are the most well�known NO do�
nors (glycerol trinitrate, pentaerythritol tetranitrate,
nicorandil, NO�aspirin, NO�paracetamol), are still most
widely used for treating symptoms of stenocardia.46—50

The efficiency of these pharmaceuticals depends on the
metabolism of the nitro group.

2. Diazenium 1,2�diolates R—[N(O)—NO]–

(NONOates). Depending on the nature of the substituent
R (Et2N, PrHN, SO3

–, etc.), the half�lifes of these com�
pounds vary from 2 s to 20 h.51—54 This highly efficient
class of NO donors does not require additional activation.
However, NONOates are of limited use because of their
high cost.

3. Morpholine derivatives of sydnonimines. One of such
derivatives, viz., molsidomine, is transformed during me�
tabolism into the active metabolite SIN�1 possessing high
vasodilatory activity.55—57 However, these compounds
eliminate nitrogen monoxide along with superoxide an�
ions, resulting in the formation of carcinogenic per�
oxynitrite (ONOO–) and the onset of pathogenic condi�
tions in vivo.

4. S�Nitrosothiols (RSNO, where R is the cysteine,
glutathione, or penicillamine residue) are formed in vivo
as a result of the attack of nitrosonium ion on thiols. The
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physicochemical properties of these compounds were
studied in sufficient detail.13,14 The decomposition rate
depends on the nature of thiol. S�Nitrosothiols are of
limited use because of their storage instability and cyto�
toxicity;6 in the presence of redox agents, thiyl radicals
and nitrosonium ions are formed. The former rapidly re�
combine to disulfides, and nitrosonium ions are hydro�
lyzed to form nitrite anions.

5. Cyanonitrosyl metallates with the composition
[M(CN)xNOy]n. In particular, sodium nitroprusside
Na2[Fe(CN)5NO] is, in certain cases, more efficient than
diazenium 1,2�diolates.58—62 Liberation of NO from the
nitrosyl complexes requires photoactivation or chemical
activation. This is accompanied by in vivo accumulation of
cyanides, which limits the use of cyanonitrosyl metallates
in clinical practice.63

6. Nitrosyl [Fe—S] complexes were discovered in na�
ture in cells of microorganisms, plants, and mammalians.
This class of NO donors remains poorly studied in spite of
essential advantages of these complexes. The use of iron
nitrosyl complexes with sulfur�containing ligands as adju�
vants in chemo� and radiotherapy48,64—66 opens up new
prospects for the efficient treatment of malignant tumors.
These compounds initiate synthesis of stress proteins,
which enhance protective systems in organisms.67 They
can be used for the design of a new class of cardiovascular
drugs, as animal tests have shown them to manifest a
vasodilatory effect.68—71

Mononuclear Dinuclear

Tetranuclear

The present review covers the methods of synthesis
and surveys structures and properties of di� and mono�
nuclear [Fe—S] nitrosyl complexes, which are synthetic
models of active sites of [2Fe—2S] and [1Fe—2S] nitrosyl
proteins serving as natural reservoirs for nitrogen mon�
oxide. These compounds, unlike toxic polynuclear [Fe—S]
nitrosyl clusters (containing four or more iron atoms),
hold promise as inorganic NO donors for biological and
medical investigations.

Methods for the synthesis of [Fe—S] nitrosyl complexes

First synthetic analogs of non�heme iron�sulfur ni�
trosyl proteins, viz., the "black" [Fe4S3(NO)7]– and "red"

[Fe2S2(NO)4]2– salts, were synthesized72 in 1858. Later,
more perfect procedures for their synthesis appeared.73

Photoactivation of both salts leads to NO elimination.
However, experiments on cell cultures, the human neo�
plastic cell line (SK�MEL188), and the mouse neoplastic
cell line (S91)66 demonstrated that the "black" salt is cyto�
toxic.7,36 Therefore, the use of tetranuclear iron�sulfur
clusters as NO donors is of no practical interest.43,74

Roussin's red salt is less toxic and more photoactive. How�
ever, this salt as an NO donor is of limited use because it is
very unstable. In solutions, this complex is transformed
into the "black" salt.73,75,76

2 H+ + 4 Fe2S2(NO)4
2– 

  2 Fe4S3(NO)7
– + 2 S2– + N2O + H2O

Cyclic voltammograms of the tetrabutylammonium
complexes of the "black" (Fig. 1, a, curve 1) and "red"
salts (curve 2)76 are virtually identical both in shape and
peak potentials (Table 1). In solutions, the dianion im�
mediately decomposes followed by the formation of the
tetranuclear complex [Fe4S3(NO)7]–. Quantum�chemi�
cal calculations demonstrated73 that in the cluster with
the tetranuclear anion, the lowest unoccupied molecular
orbital composed primarily of the orbitals of the Fe—Fe
bond is antibonding. Nevertheless, one�electron reduc�
tion of this anion is reversible, which suggests that the
[Fe4S3(NO)7]•2– radical dianion is stable, at least on the
CV time scale. The overall two�electron reduction of the
anion of Roussin's black salt is irreversible. This indicates
that the transfer of the second electron to the cluster
causes substantial structural rearrangements, resulting pre�
sumably in the destruction of the cluster core. Thus, the
reduction mechanism can be written as follows:

[Fe4S3(NO)7]– + e    [Fe4S3(NO)7]•2– + e  

  [Fe4S3(NO)7]3–    Products.

Unlike the "red" salt, the so�called Roussin red salt
esters are more stable. The method for their preparation is
based on the reaction of Roussin's red salt with alkyl
halides.77—80

[Fe2S2(NO)4]2– +2 RHal     [Fe2(SR)2(NO)4]

R = Me, Et, CH2Ph, CH2CH2OH, CH2CH2SO3
–
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The reactions of sulfur�containing ligands (thio�
glycolate, 2�mercaptoethanol, 2�methylpropane�2�thiol)
with NaNO2 and FeSO4 also afford neutral dinuclear ni�
trosyl complexes.81 These compounds are isostructural to
the iron thiosulfate nitrosyl complex, which was prepared
for the first time82 in 1895 in a yield of up to 65% accord�
ing to the scheme

2 FeSO4 + 4 K2S2O3 + 4 NO  

   K2[Fe2(S2O3)2(NO)4] + K2S4O6 + 2 K2SO4

Later, NaNO2 was used as the nitrosating agent.83

However, this method appeared to be less efficient, be�
cause the reaction afforded iron(III) hydroxide as the by�

product, and the nitrosyl product was prepared in 30%
yield.

The cyclic voltammogram of the thiosulfate complex
(see Fig. 1, b)84 shows two cathodic peaks A and B with
nearly equal heights. Stepwise two�electron reduction of
this compound is completely reversible in the first step,
which followed from the equality of both the cathodic (A)
and anodic (A´) peaks (see Fig. 1, b, curve 1) and the
difference ∆Ep = Ep

a – Ep
c (Ep

c and Ep
a are the potentials

of the cathodic (A) and anodic (A´) peaks), which is equal
to 60—65 mV both in CH2Cl2 and MeCN. The equality
of the heights of the peaks A and A´ is indicative of stabil�
ity of the one�electron reduction product (a trianion).
Further one�electron reduction of the mixed�valence
Fe0FeI complex is reversible (see Fig. 1, b, curve 2,
peak B), which provides evidence for instability of the
resulting tetraanion. Its decomposition product is oxi�
dized at potentials of the peak C, which appears in the
anodic branch of the voltammogram only after the poten�
tial of the peak B is achieved. The presence of the peak C
suggests that the Fe0Fe0 tetraanion is unstable. Thus, the
reduction of the thiosulfate nitrosyl complex can be rep�
resented by the following scheme:

[Fe2(µ�S2O3)2(NO)4]2– + e  

   [Fe2(µ�S2O3)2(NO)4]3– + e  

   [Fe2(µ�S2O3)2(NO)4]4–    Products.

The reactions of the mononuclear thiosulfate nitrosyl
complex with the corresponding thiols gave "esters," where
R = Me, Et, Pri, Prn, Bui, Bun, or (CH2)4Me,85 according
to the scheme:

[Fe2(S2O3)2(NO)4]2– + 2 S2O3
2–  

  2 [Fe(S2O3)2(NO)2]3– + 2 RS–  

  4 S2O3
2– + [Fe2(SR)2(NO)4].

Nitrosyl complexes were isolated from the reaction
mixture in yields of up to 60%. Unfortunately, this method
is inapplicable to CH2Cl2�insoluble complexes. Com�
plexes [Fe2(SR)2(NO)4] can also be synthesized accord�
ing to Brauer's method86 in yields of up to 80%. However,
this reaction gives rise to Fe2O3 and, hence, this proce�
dure is inapplicable to thiols with low basicities (pKa):

4 FeSO4 + 8 KOH + 2 RSH + 4 NO  

  [Fe2(SR)2(NO)4] + 4 K2S2O4 + Fe2O3 + 5 H2O

Neutral "esters" can also be prepared by the reaction
of AlkSH with the [Fe2I2(NO)4] complex in the presence
of weak bases87 or by the reaction of Alk2S2 with the
carbonyl complex [Fe(CO)2(NO)2].25 Studies by ESR
spectroscopy demonstrated that these reactions proceed
via mononuclear iron dinitrosyl complexes (IDNC).88

The quantum yields of the reactions resulting in elimi�
nation of NO from Roussin's salt esters containing alkyl

Fig. 1. a, Cyclic voltammograms of the complexes with the
[Fe4S3(NO)7]– monoanion (curve 1) and the [Fe2S2(NO)4]2–

dianion (curve 2) in THF—0.1 M Bu4NPF6 on a Pt electrode
(v = 0.2 V s–1 at 20 °C); b, cyclic voltammograms of the
complexes with the [Fe2(S2O3)2(NO)4]2– dianion (curve 1,
one�electron reduction; curve 2, two�electron reduction) in
MeCN—0.05 M Bu4NPF6 on a glassy�carbon electrode (v =
0.2 V s–1 at 20 °C).
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Table 1. Potentials of the reduction peaks of Roussin's black salt
([Fe4S3(NO)7]–) and Roussin's red salt ([Fe2S2(NO)4]2–) (rela�
tive to a saturated calomel electrode) in MeCN—0.05 M
Bu4NPF6 (an Au electrode) and THF—0.1 M Bu4NPF6 (a Pt
electrode) at v = 0.2 V s–1 and T = 20±2 °C

Complex Peak Е 0 (Ep
c)

with anion
MeCN THF

[Fe4S3(NO)7]– А/А´ –0.72 –0.93

В (–1.68) (–1.74)
В″ (–1.32) (–1.44)

[Fe2S2(NO)4]2– А/А´ –0.72 –0.94
В (–1.72) (–1.69)
В″ (–1.30) (–1.43)

a b



Functional models of nitrosyl [Fe—S]�proteins Russ.Chem.Bull., Int.Ed., Vol. 53, No. 11, November, 2004 2431

substituents are 0.02—0.13. Recent studies89 demonstrated
that one mole of the complex gives 4 moles of NO, unlike
the "black" salt, which generates 3.7 moles of NO per
mole of the salt.66 Data on cytotoxicity of these com�
pounds are lacking in the literature, except for informa�
tion73 on the carcinogenic properties of the neutral
dinuclear complex [Fe2(SMe)2(NO)4].

Mononuclear iron dinitrosyl complexes with natural
thiols (cysteine, glutathione, etc.) are presently used as
stable [Fe—S] donors of NO in biochemical and medical
studies. Such complexes were prepared by passing NO
through a mixture of iron(II) sulfate and the corre�
sponding thiol in a molar ratio of 1 : 2.22,90—94 No mono�
nuclear iron dinitrosyl complexes with natural ligands
have been isolated in the crystalline state so far. It is
known that iron nitrosyl complexes exist in vivo in mono�
nuclear [Fe(SR)2(NO)2]– and dinuclear [Fe2(SR)2(NO)4]
forms.95—97 These forms exist in dynamic equilibrium,
which depends on the concentration of thiols in physi�
ological conditions. Mononuclear iron dinitrosyl com�
plexes are identified in solutions based on the characteris�
tic ESR signal with g ≈ 2.03. The first synthetic analog of
IDNC with a sulfur�containing ligand has the anionic
structure [NEt4][Fe(NO)2(SPh)2] 98 and was prepared by
the reaction of Roussin's black salt with diphenyl disulfide
according to the scheme

[Fe4S3(NO)7]–    (Et4N)[Fe(SPh)2(NO)2]

i. PhSSPh/KOH, 110 °C; Et4NCl/MeOH.

Later, a [1Fe—2S] dinitrosyl complex was prepared by
the reaction of (FeL)2, where L is the N,N�dimethyl�
N,N�bis(2�mercaptoethyl)pro�
pane�1,3�diamine dianion, with
NOPF6 in dichloromethane.99

Because of in vitro instabil�
ity, mononuclear iron dinitrosyl
complexes are very difficult to
crystallize,24 and the structures
and physicochemical properties of these complexes
are difficult to study. Recent extensive studies made
it possible to isolate and characterize single crystals
of new [Fe—S] dinitrosyl complexes with the use of
N,N´�bis(2�mercaptoethyl)�1,5�diazacyclooctane
(H2bme�daco)100 according to the scheme

i. Na0/THF, [N(PPh3)2]Cl/MeOH; ii. I2/THF;
iii. H2bme�daco, THF, 0 °C.

The resulting complex is stable at –35 °C. Storage of
the mononuclear iron complex in solution in air or an
increase in the temperature as well as the presence of
moisture lead to its decomposition.

There is no consensus on the structures and properties
of dinuclear [Fe—S] nitrosyl complexes, and these ques�
tions are actively discussed in the literature. For example,
it was hypothesized101,102 that the dinuclear iron com�
plexes [Fe2(SR)2(NO)4] exist in solution as dimeric asso�
ciates of the mononuclear iron dinitrosyl complexes.

Therefore, a search for new synthetic iron nitrosyl
thiolates and study of their properties are necessary for
understanding of the true structures of these compounds.
We synthesized a stable mononuclear complex by the re�
action of the iron thiosulfate nitrosyl complex with
1H�1,2,4�triazole�3�thiol according to the following
scheme:103

n [Fe2(S2O3)2(NO)4]2– + 2n S2O3
2–  

  2n [Fe(S2O3)2(NO)2]3–  

  n [Fe(STriaz)2(NO)2].

We proposed to use the following bidentate nitrogen�
containing heterocyclic thiols103—105 as ligands for the
synthesis of dinuclear [Fe—S] nitrosyl complexes:104,105

pyridine�2�thiol (1), pyrimidine�2�thiol (2), benzo�
thiazole�2�thiol (3), benzimidazole�2�thiol (4), 1H�1,2,4�
triazole�3�thiol (5), 5�amino�1,2,4�triazole�3�thiol (6),
and 1�methyltetrazole�5�thiol (7). These ligands possess
a high coordination potential106—108 due to the presence
of the µ�N—C—S structural fragment. The functional
properties of the complexes can be varied depending on
the nature of the ligand used.

The method, which we have developed for the synthe�
sis of such complexes, is based on the exchange of the
thiosulfate ligands in iron dinitrosyl complexes84 for the
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hetarylthio ligands in physiological conditions according
to the scheme

[Fe2(S2O3)2(NO)4]2– + n S2O3
2–  

  n [Fe(S2O3)2(NO)2]3–  

    n [Fe2(SR)2(NO)4] + n SR–.

The synthesis of [Fe—S] nitrosyl complexes with
azaheterocyclic thiols is of importance from the stand�
point of studies of the coordination modes of iron by the
thiol in the presence of NO. The ligand can be coordi�
nated to the iron atom in a monodentate fashion through
either the sulfur atom, η1�S (I), or the nitrogen atom,
η1�N (II), in a bridging fashion through either the sulfur
atom, µ2�S (η2�S) (III), or the sulfur and nitrogen atoms,
µ2�S, N (η2�S; η1�N) (IV), in a chelate fashion, µ1�S,N
(η1�S, η1�N) (V), and in combined fashions, µ3�S,N
(η2�S, η1�N) (VI), and µ2�S,N (η2�S, η1�N) (VII).108

Besides, the presence of substituents (NH2, COOH,
OH, etc.) in heterocyclic thiols can additionally extend
the coordination potential of the ligand. Tautomerism107

and, correspondingly, the presence of the tautomer A
or B or sometimes of their mixture affects substantially
the coordination mode of the heterocyclic ligand in the
metal—ligand bonding.

Compounds prepared according to this procedure serve
as models of non�heme iron nitrosyl complexes and con�
tain simultaneously two functional fragments, viz., NO
and RS. Of thiols 1—7 exhibiting antibacterial and inhib�
iting activities, benzimidazole�2�thiol (4) and benzo�
thiazole�2�thiol (3) are of interest. The former serves as a
cAMP phosphodiesterase inhibitor, and the latter is a
polyphenol oxidase inhibitor exhibiting antimicrobial
properties.109 Triazole� and tetrazolethiols possess a broad
spectrum of antimicrobial and fungicidal properties, block
the formation of ribosomes and DNA, and inhibit ribofla�

vin biosynthesis.110—113 It is known that pyridine�2�thiol
(2) serves as a potent antimetabolite of pyrimidine bases
of nucleic acids. Its pharmacological action is analogous
to that of 6�thioguanine and 6�mercaptopurine, which
are used in clinical practice for the treatment of acute
leukemia. For example, an antineoplastic effect was mani�
fested by coordination compounds of metals with pyri�
dine� and pyrimidinethiols.114—117

Structures of [Fe—S] nitrosyl complexes

The anion of the NH4[Fe4S3(NO)7]•H2O complex
can be described as a trigonal pyramid,76 whose vertices
are occupied by iron atoms (Fig. 2, Table 2). The ideal
symmetry of the anion is C3v. The distances between the
Fe atoms can be characterized by two types of contacts:
(1) the contacts between the apical atom Fea (Fe(1))
and the atoms forming the base of the pyramid, Feb
(Fe(2), Fe(3), and Fe(4)) (Fe(1)—Fe(2), 2.693(1) Å;
Fe(1)—Fe(3), 2.696(1) Å; Fe(1)—Fe(4), 2.707(1) Å), and
(2) the contacts between the atoms of the base of the
pyramid Feb (Fe(2)—Fe(3), 3.601(1) Å; Fe(2)—Fe(4),
3.543(1) Å; Fe(3)—Fe(4), 3.563(1) Å). The Feb atoms in
the base of the pyramid are linked through the sulfur
bridges Feb—S—Feb. The sulfur atoms of these bridges
form bonds with the apical Fea atom as well. The average
Fea—S and Feb—S distances (2.205(1) and 2.256(2) Å,
respectively) are consistent with the data published in the
literature118,119 (2.206 and 2.258 Å, respectively). The
apical Fe(1) atom (Fea) is bound to one NO ligand and
three bridging S atoms, whereas each Feb atom (Fe(2),
Fe(3), and Fe(4)) is coordinated by two nitrosyl ligands
and two bridging S atoms.

Analysis of the bond lengths in the nitrosyl ligands
(Table 3) shows that the Fea—N bond (1.651(2) Å) is
shortened compared to the analogous Feb—N bonds in�

Fig. 2. Crystal structure of the anion of Roussin's black salt:
Fe(1) = Fea; Fe(2), Fe(3), Fe(4) = Feb.
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Table 2. Main crystallographic data for single crystals of iron�sulfur nitrosyl complexes

Complex Molecular Crystal Space a, [b], {c} α, [β], {γ} V/Å3 Z d Refer�
weight system group

Å deg
/g cm–3 ence

NH4[Fe4S3(NO)7]•H2O 565.46 Triclinic P1
–

9.451(2) 59.02(3) 797.9(3) 2 2.353 76
[10.000(2)] [68.57(3)]
{10.577(2)} {79.05(3)}

Cs2[Fe2S2(NO4]•2H2O 597.71 Monoclinic P21/c 9.608(2) 90 1319.2(5) 4 3.009 76
[11.402(2)] [107.13(3)]
{12.601(3)} {90}

(Prn
4N)2[Fe2S2(NO)4] 452.39 Monoclinic P21/n 10.455(2) 90 1781.6(7) 2 1.246 123

[13.647(1)] [92.02(3)]
{12.504(3)} {90}

(Me4N)2[Fe2(S2O3)2(NO)4] 604.09 Triclinic P1
–

7.719(2) 83.78(3) 587.6(2) 1 1.708 122
[12.272(2)] [86.30(3)]
{6.513(1)} {73.48(3)}

(Bun
4N)2[Fe2(S2O3)2(NO)4] 868.32 Monoclinic P21/c 20.332(4) 90 4785(2) 4 1.205 83

[13.070(3)] [91.07(3)]
{18.009(4)} {90}

[Fe2(SC5H4N)2(NO)4] 443.98 Monoclinic С2/с 20.935(4) 90 1679.6(6) 4 1.756 124
[7.964(2)] [132.65(3)]

{13.697(3)} {90}
[Fe2(SC4H3N2)2(NO)4] 454.03 Triclinic P1

–
7.675(1) 80.93(1) 397.3(1) 1 1.898 125

[8.423(1)] [85.42(1)]
{6.447(1)} {75.06(1)}

[Fe2(SC2H3N4)2(NO)4]•2H2O 479.95 Triclinic P1
–

8.006(2) 64.42(3) 432.6(2) 1 1.912 105
[7.809(2)] [71.46(3)]
{8.471(3)} {67.01(3)}

[Fe(SC2H3N3)(SC2H2N3)(NO)2]• 326.14 Monoclinic C2/c 18.789(4) 90 2403.7(9) 8 1.802 103
•0.5H2O [9.528(2)] [99.73(3)]

{13.623(3)} {90}

Table 3. Selected average bond lengths (d) and bond angles (ω) in [Fe—S] nitrosyl complexes

Complex d/Å ω/deg Refer�

N—O Fe—N Fe—S Fe—Fe Fe—N—O N—Fe—N
ence

NH4[Fe4S3(NO)7]•H2O 1.160 1.651 2.205 2.697 176.5 116.8 76
(N—O)a (Fea—N) (Fea—S) (Fea—Feb) (Fea—N—O) (N—Feb—N)

1.166 1.669 2.256 3.569 168.1
(N—O)b (Feb—N) (Feb—S) (Feb—Feb) (Feb—N—O)

Cs2[Fe2S2(NO)4]•2H2O 1.148—1.175 1.654—1.675 2.230—2.240 2.700—2.720 163.8—167.9 112.3—114.9 76
{Prn

4N}2[Fe2S2(NO)4]•2H2O 1.176—1.179 1.650—1.655 2.224—2.226 2.704 163.2—163.5 111.5 124
{Me4N}2[Fe2(µ2�S2O3)2(NO)4] 1.150—1.170 1.664—1.675 2.257—2.260 2.70 168.0—171.3 115.6 123
{Bun

4N}2[Fe2(µ2�S2O3)2(NO)4] 1.149—1.170 1.666—1.669 2.250—2.251 2.702 167.5—170.8 117.1—117.6 122
[Fe2(SC5H4N)2(NO)4] 1.125—1.190 1.640—1.660 2.280 2.725 170.9—171.7 119.4 125
[Fe2(SC4H3N2)2(NO)4] 1.131—1.174 1.650—1.684 2.249—2.269 2.726 166.7—172.5 117.1—119.5 126
[Fe2(SC2H3N4)2(NO)4]•2H2O 1.149—1.157 1.669—1.677 2.298—2.318 4.040 168.2—171.5 118.7 105
[Fe(SC2H3N3)(SC2H2N3)(NO)2]• 1.183—1.170 1.658—1.682 2.311 5.225 158.1—171.5 112.5 103

•0.5H2O

volving the peripheral atoms (1.661(6)—1.675(7) Å). All
Fe—N—O fragments are nearly linear; the equatorial
angles are 169.4(1), 171.2(1), and 166.4(1)° (cf. lit.
data118,119: 167.5°). The axial angles in the [Fe4S3(NO)7]–

anion are 166.9(1), 166.9(1), and 168.0(1)° (cf. lit.

data118,119: 166.1°), i.e., these angles are smaller than the
Fea—N—O angle (176.5(1)°; cf. lit. data118,119: 176.3°).
The differences in the bond angles are apparently associ�
ated with the formation of intermolecular NH4

+...ON
(N(NH4

+)...O(21), 3.10 Å; (N(NH4
+)...O(21´), 3.15 Å)
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and H2O...ON (O(H2O)...O(21), 2.99 Å;
O(H2O)...O(21´), 3.11 Å; O(H2O)...O(41), 3.10 Å) hydro�
gen bonds. Interestingly, the N(31)—Fe(3)—N(32) bond
angle (119.1(1)°) is larger than two other bond angles
(N(21)—Fe(2)—N(22), 115.6(1)°; N(41)—Fe(4)—N(42),
115.7(1)°). This change in the geometry is apparently at�
tributable to the formation of a chain of intermolecular
NH4

+...O(32) (N...O, 3.25 Å) and NH4
+...O(31) (N...O,

3.15 Å) hydrogen bonds, which "stretch" the nitrosyl
ligands at the Fe(3) atom, thus causing the observed in�
crease in the bond angle. Apparently, the complexes with
the [Fe4S3(NO)7]– anion are stabilized by three�center
bonds formed by the bridging sulfur atoms.

The dianion of the Cs2[Fe2S2(NO)4] 76 complex
(Fig. 3), like those in isostructural salts with the Me4N+ 120

and Et4N+ 121 cations, has the approximate D2h symmetry.
Two iron atoms are linked through two bridging S atoms.
The bridging S atoms in the dianion, in contrast to those
in the tetranuclear anion, form bonds only with two
Fe atoms. The Fe atoms are coordinated by two bridging
S atoms and two NO ligands. The Fe—N—O fragments
are linear. The Fe—N—O angles are in a range of
164(1)—168(1)°, which is similar to the range of the
Feb—N—O angles in the anion of Roussin's black salt.

A decrease in the bond lengths in the [Fe2S2(NO)4]2–

dianion compared to those in the dianions of the
complexes described earlier10,120—122 (Fe—S,
2.232(3)—2.243(2) Å (2.239—2.250 Å for Me4N+; 2.239
and 2.241 Å for Et4N+, and 2.2245(2) Å for Prn

4N+);
Fe—Fe, 2.702(2) Å (2.713 and 2.716 Å for Me4N+;
2.713 Å for Et4N+, and 2.704 Å for Prn

4N+)) is apparently
attributable to the fact that the Cs+ cation is smaller than
tetraalkylammonium cations, resulting in a decrease in
the degree of electron density transfer from the highest
occupied molecular orbital of the anion to the cation in
the cesium complex. These changes in the geometry of
the anion can be adequately described at the extended
Hückel theory level (EHMO).73

The difference between the N(11)—Fe(1)—N(12)
and N(21)—Fe(2)—N(22) bond angles (114.7(4)° and
112.7(4)°, respectively) is associated with nonequivalence
of the crystal environment. Analysis of the intermolecular
Cs...N contacts showed that the environment of the N(11)
atom (Cs(1)...N(11), 3.35 Å) differs substantially from
those of the other nitrogen atoms (Cs...N, 3.49—3.77 Å).
Analysis of the Cs...O intermolecular contacts revealed
two pairs of nitrosyl ligands, which are in an approxi�
mately equivalent crystal environment.

Analysis of the crystal packing shows that the coordi�
nation number of Cs+ is 12, and the Cs+...L distances
(L is the ligand) are in ranges of 3.165(11)—3.725(13) and
3.112(10)—3.719(11) Å for Cs(1) and Cs(2), respectively.
However, analysis of the Cs...Cs contacts demonstrated
that these contacts in the crystal (Cs(1)—Cs(1), 4.285 Å;
Cs(2)—Cs(1), 4.738 and 5.664 Å; Cs(2)—Cs(2), 4.832 Å)
are shorter than the metal—metal bond (5.440 Å). Appar�
ently, the positive charge in the crystal is only partially
localized on the Cs atoms; otherwise, such Cs...Cs con�
tacts in the crystal would be impossible.

In the diamagnetic dinuclear µ2�S�substituted thio�
sulfate complexes (Fig. 4), the bridging sulfur atom is

Fig. 4. Crystal structure (a) and the packing of the anions and
cations of the [(CH3)4N]2[Fe2(S2O3)2(NO)4] complex (b).
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Fig. 3. Crystal structure of the anion of Roussin's red salt.
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linked with the SO3 group.81,84,122 The distribution of the
bond lengths in this series of compounds is similar to that
in the tetranuclear Feb complexes. In the dinuclear cen�
trosymmetric [Fe2(S2O3)2(NO)4]2– anion, each metal
atom is bound to another iron atom, two µ�sulfur atoms,
and two nitrogen atoms of two NO groups. The dianions
are packed in translational stacks along the z axis. The
molecules of the adjacent stacks are linked through dipole�
dipole interactions (N(1)—O(11´) and O(11a)—N(1a´),
3.34 Å), resulting in the formation of blocks along the
x axis. The channels of the anion blocks formed by the
negatively charged oxygen atoms of the SO3 groups are
occupied by the tetramethylammonium cations (N—O(1),
N—O(2), and N—O(3), 3.7—3.9 Å). Apparently, the pres�
ence of the negatively charged SO3 groups at the bridging
sulfur atoms leads to the electron density distribution
in the thiosulfate complexes compared to the sulfide
[Prn

4N]2Fe2S2(NO)4 complex.123 The SO3 groups in the
[Fe2(S2O3)2(NO)4]2– anion sterically hinder the transfor�
mation of the dinuclear complex into the tetranuclear
[Fe4S3(NO)7]– complex. The thiosulfate complexes are
more storage�stable in the dark and in the absence of
moisture than the corresponding sulfide complexes, which
is confirmed by IR and Mössbauer spectroscopic data.
Simulation of the dimerization process demonstrated that
short Fe—NO and Fe—SO3 contacts (<2 Å) appear when
the atoms approach each other to distances sufficient for
the formation of Fe—S bonds.

In the presence of NO, nitrogen�containing hetero�
cyclic thiols, viz., pyridine�2�thiol (1) and pyrimidine�2�
thiol (2), also form dinuclear µ2�S�substituted iron com�
plexes (Fig. 5).124,125 The geometry of the complexes with
ligands 1 and 2 is similar to that of iron thiosulfate
nitrosyls122,123 and the neutral [Fe2(µ�SR)2(NO)4] com�
plexes (R = Me, Et, n�C5H11, But).80

In the complex with ligand 1,124 two iron atoms
(Fe and Fea) coordinated by the NO groups are linked
to form a dimer through the bridging S and S(0a) atoms.
The distances from the N(3) and N(3a) atoms of
the pyridine ring to the Fe and Fea atoms are ∼3.4 Å,
which indicates that there are no coordination bonds be�
tween the iron atoms and the pyridine nitrogen atoms.
Thus, pyridine�2�thiol manifests the coordination
mode III. A comparison of the interatomic distances
in the complex with ligand 1 and in other related com�
pounds80 revealed no substantial differences. Analysis of
the crystal packing shows that there are two types of
shortened intermolecular contacts: 1) the intermolecu�
lar contact between the "nonequivalent" NO groups
(N(1)—O(1), 1.13(2) Å; N(2)—O(2), 1.19(2) Å) (in�
termolecular N(1)...O(2´) and O(2)...N(1´) distances
are 3.15 Å) and 2) the intermolecular C(3)—H(3)...O(2)
contact (O(2)...H(3), 2.42 Å; C(3)...O(2), 3.36 Å). It
should be noted that only one hydrogen atom (H(3))
was revealed from the electron density map, this be�
ing involved in the interaction with the NO group,

Fig. 5. Crystal structures of [Fe2(SC5H4N)2(NO)4] (A) and [Fe2(SC4H3N2)2(NO)4] (B).
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where the N—O bond is slightly longer (N(2)—O(2),
1.19(2) Å).

In the complex with ligand 2,125 the sulfur atoms also
have a pyramidal configuration. The sums of the bond
angles at the S(1) and S(2) atoms are 288.8° and
289.2°, respectively. As a result, the pyrimidine ring
N(7)N(8)C(5)...C(8) is in the syn orientation with the
nitrosyl groups N(2)O(2) and N(3)O(3) on the same side
of the planar central Fe(1)Fe(2)S(1)S(2) fragment, and
the pyrimidine ring N(5)N(6)C(1)...C(4) is in the syn
orientation with the nitrosyl groups N(1)O(1) and
N(4)O(4) on the opposite side of this fragment. The pyri�
midine rings in the complex with ligand 2 are located non�
symmetrically with respect to the iron atoms in contrast
to the complex with ligand 1, where the nitrogen atom of
the pyridine ring are located at equal distances from the
iron atoms (~3.4 Å). The Fe(1)—S(2)—C(5)—N(7)
and Fe(2)—S(1)—C(1)—N(5) torsion angles (20.3° and
–26.4°) are smaller than the Fe(2)—S(2)—C(5)—N(8)
and Fe(1)—S(1)—C(1)—N(6) torsion angles (82.8° and
79.6°, respectively). In spite of the fact that the intramo�
lecular Fe(1)...N(7) and Fe(2)...N(5) distances (3.418(6)
and 3.476(6) Å) in this structure are shorter than the
Fe(1)...N(6) and Fe(2)...N(8) distances (3.672(6) and
3.707(6) Å), the former distances are rather long and
indicate that the iron atoms are not additionally coordi�
nated by the nitrogen atoms of the pyrimidine rings. How�
ever, this arrangement of the pyrimidine rings leads to
shortening of the intramolecular N...N distances between
the pyrimidine rings and nitrosyl groups (N(7)...N(2),
2.979(8) Å; N(5)...N(4), 3.026(8) Å). The NO groups are
structurally different. Two Fe—N—O fragments have
shorter N—O bonds (N(4)—O(4), 1.141(8) Å; N(1)—O(1)
1.155(7) Å), are less linear (Fe(2)N(4)O(4), 166.3(7)°;
Fe(1)N(1)O(1), 167.6(5)°), and are located on the same
side of the plane of the central fragment. Two other
Fe—N—O fragments have longer N—O bonds
(N(2)—O(2), 1.167(8) Å; N(3)—O(3), 1.174(8) Å),
are more linear (Fe(1)—N(2)—O(2), 172.9(6)°;
Fe(2)—N(3)—O(3), 171.1(7)°), and are located on the
opposite side of the plane of the iron�sulfur ring. Taking
into account high accuracy of X�ray diffraction and IR
spectroscopic data, these small differences can be con�
sidered as physically meaningful. A shortening of the
N—O bonds is accompanied by an elongation of the
Fe—N bonds (Fe(2)—N(4), 1.702(5) Å; Fe(1)—N(1),
1.701(5) Å) compared to the Fe(1)—N(2) and
Fe(2)—N(3) bonds (1.642(5) and 1.637(7) Å, respec�
tively). The Fe—S and Fe—Fe bonds are only slightly
longer than the analogous bonds in the complexes de�
scribed in the studies.81,82,122—124,126

The paramagnetic dinuclear µ�N—C—S complexes of
the "g ≈ 2.03 family" (Fig. 6) with 5�amino�1,2,4�triazole�
3�thiol, 1H�1,2,4�triazole�3�thiol, 1�methyltetrazole�
5�thiol, and benzothiazole�2�thiol, which we have pre�

pared104,105 for the first time, are structurally different
from the above�described compounds. The Fe(1) and
Fe(2) atoms are linked to each other through the
µ�N(3)—C(1)—S(1) and µ�N(3a)—C(1a)—S(1a) struc�
tural fragments characterized by the coordination
mode IV (see Fig. 6). The iron atoms have tetrahedral
configurations and are separated by a distance of 4.04 Å,
unlike the dinuclear complexes, where Fe...Fe ≈
2.7 Å.81,82,124,125,127,128

The dinuclear complexes are linked through intermo�
lecular hydrogen bonds involving the Wa and Wb water
molecules to form dimeric associates. The HN(4) atom of
the triazole ring forms an intermolecular hydrogen bond
with the oxygen atom of the Wa molecule (HN(4)...OWa

,
1.89 Å; N(4)...OWa

, 2.82 Å; N(4)—HN(4)—OWa
, 169.1°),

and the N(5) atom of the triazole ring forms an inter�
molecular hydrogen bond with the H(1)Wb

 atom
(N(5)...H(1)Wb

, 2.08 Å; N(5)...OWb
, 2.79 Å;

N(5)—H(1)Wb
—OWb

, 163.0°). The Wa and Wb molecules
are not involved in hydrogen bonding with each other

Fig. 6. Fragment of the crystal structure of
[Fe2(SC2H3N4)2(NO)4]•2H2O.

N(2) N(1)

Fe(1)

O(2)

S(1)

C(1a)

N(3)Fe(2)

N(3a)

O(1)

S(1)
C(1) C(2)

H(2)

N(6)

H(1)

OWa

HWb
(1)HWa

(2)

N(4)

H(N(4))
N(5)

N(5b)
H(N(4b))

OWb
HWb

(2)
HWa

(1)

N(4b)



Functional models of nitrosyl [Fe—S]�proteins Russ.Chem.Bull., Int.Ed., Vol. 53, No. 11, November, 2004 2437

(OWa
...OWb

, 4.47 Å). The H(2)Wa
 and H(2)Wb

 atoms are
apparently disordered due to the twist of the hydrogen
atom about the OWa

—H(1)Wa
 and OWb

—H(1)Wb
 bonds.

The Fe—S bond (2.305(1) Å) is ~0.04 Å longer than
the bridging η2�S Fe—S bonds in the thionate com�
plexes with ligands 1 and 2 (2.280 and 2.262 Å, respec�
tively).124,125 The C—S bond (1.726(2) Å) is 0.04—0.05 Å
shorter that the corresponding bonds in the complexes
with ligands 1 and 2 (1.810 and 1.790 Å, respectively),
which may be indicative of weakening of the Fe—S
bond.129,130 The Fe—N(3) bond between the iron atom
and the nitrogen atom of the heterocyclic ligand in the
paramagnetic dinuclear [Fe—S] nitrosyl complex is
2.020(2) Å. According to the published data,131—134 the
Fe—N bond in iron complexes is generally formed by a
donor�acceptor mechanism and its length varies over a
wide range depending on the oxidation state of the iron
atom and the size of the heterocycle. A comparison of the
bond lengths in the heterocycles of the complex with
5�amino�1,2,4�triazole�3�thiol provides evidence in fa�
vor of the coordination mode corresponding to the thione
tautomeric form. After proton abstraction, the N(3) atom
forms a Fe—N– bond, and the S atom is involved in a
donor�acceptor Fe←S bond. Analysis of the Fe—N—O
structural fragments shows that they are essentially
nonequivalent. The N—O and Fe—N bonds in the
Fe—N(2)—O(2) fragment are shortened (N(2)—O(2),
1.156(3) Å; Fe—N(2), 1.677(2) Å) and this fragment is
more linear (170.8(3)°). The N—O and Fe—N bonds in
the Fe—N(1)—O(1) fragment are longer (N(1)—O(1),
1.174(3) Å; Fe—N(1), 1.695(2) Å), and the
Fe—N(1)—O(1) angle (157.5(2)°) is the smallest of
all the analogous angles in related complexes studied
earlier122,124,125 due apparently to the intermolecular
Coulomb O(1)...S´ interaction. The difference in the
Fe—N—O angles in this complex is 13.3°, as opposed to
the dinuclear µ2�S�substituted complexes, in which this
difference is, on the average, 2—4°. In addition, the
N(1)—Fe—N(2) angle (112.4(1)°) is 5—7° smaller than
the analogous angles in the dinuclear complexes studied
earlier.

In the neutral mononuclear [Fe—2S] dinitrosyl com�
plex103 with 1H�1,2,4�triazole�3�thiol, the iron atom is
coordinated by two heterocycles and two NO groups
(Fig. 7). The N(3) and N(6) atoms of the triazole rings are
in the syn orientation with respect to the Fe atom. The
triazole rings are linked through an intramolecular hydro�
gen bond (N(6)—H...N(3), 1.817(3) Å; N(6)...N(3),
2.715(3) Å; N(6)—H...N(3), 169.2(2)°). The
Fe—S(1)—C(1)—N(3) and Fe—S(2)—C(3)—N(6)
torsion angles (28.6° and –7.1°) are smaller than the
Fe—S(1)—C(1)—N(4) and Fe—S(2)—C(3)—N(7) tor�
sion angles (153.0° and 176.3°, respectively). The intramo�
lecular Fe...N(3) and Fe...N(6) distances (3.439(2) and

3.446(2) Å, respectively) indicate that the iron atoms are
not additionally coordinated by the nitrogen atoms of the
rings. The main characteristic feature of the structure is
that the heterocycles are coordinated to the iron atom in
two modes, viz., as the anionic ligand (in the thiol form)
and the neutral ligand (in the thione form). This is
confirmed by the difference in the C—S bond lengths
(C(3)—S(2), 1.703(2) Å; C(1)—S(1), 1.725(2) Å) and
the difference in the Fe—S bond lengths (Fe—S(1),
2.298(1) Å; Fe—S(2), 2.318(1) Å). The bond lengths
and bond angles at the C(3) and C(1) atoms of two tri�
azole rings are also noticeably different (C(3)—N(7),
1.353(3) Å; C(3)—N(6), 1.322(3) Å; C(1)—N(3),
1.333(3) Å; C(1)—N(4), 1.334(3) Å; N(7)—C(3)—N(6),
105.4°; N(3)—C(1)—N(4), 108.5°). An increase in the
N(6)—N(8) bond length (1.375(2) Å) compared to
the analogous N(4)—N(5) bond length in another ring
(1.359(3) Å) can be attributable to the presence of the
intramolecular N(6)—H...N(3) hydrogen bond. The dif�
ferences in the geometric parameters of the rings are asso�
ciated with the presence of intermolecular hydrogen bonds
of three types: N(5)...H—N(7) (1.998(3) Å; N(5)...N(7),
2.776(3) Å; N(5)...H—N(7), 174.9(2)°); N(4)—H...O(3)
(2.045 Å; O(3)...N(4), 2.876 Å; O(3)...H—N(4), 160.6°);
and N(8)...H—O(3) (2.207 Å; O(3)...N(8), 2.938 Å;
O(3)—H...N(8), 172.5°).

Spectroscopy of nitrosyl [Fe—S] complexes

With the aim of obtaining additional information on
the structures of sulfur�containing iron nitrosyl clusters, a
series of complex salts with various cations (including
compounds, whose molecular and crystal structures are
unknown), were studied by IR and Mössbauer spectro�
scopy (Table 4). The electron density on the M—NO
bond (M is metal) can be adequately described10 by three

Fig. 7. Fragment of the crystal structure of
[Fe(SC2H3N3)(SC2H2N3)(NO)2]•1/2 H2O
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forms, which exist depending on the nature of the metal
atom and the ligands involved in its environment:

[M(n–1)+—NO+]    [Mn+—NO]    [M(n+1)+—NO]

I II III

In the form I, the electron density is characterized by
short M—NO bonds, high NO stretching frequencies
(1650—1985 cm–1), and electrophilic activity. The elec�
tron density of the form III is, on the contrary, character�
ized by an elongation of the M—NO bonds, a decrease in
NO stretching frequencies (1525—1590 cm–1), and nu�
cleophilic activity. Moreover, the M—NO bonds are char�
acterized by a variety of geometries (Fig. 8). The linear
M—NO bond occurs either due to partial overlap of the
occupied π orbital of NO and the unoccupied dz2 orbital
of the metal ion (NO serves as a σ�donor ligand) or due to
π�back donation from the occupied dπ orbital of the metal
ion to the antibonding π* orbital of NO. This leads to
destabilization of the dz2 orbital (see Fig. 8). The angular
M—NO bond occurs due to overlap of the dz2 orbital and

the π* orbital of NO. This, to the contrary, stabilizes the
dz2 orbital.

In the [Fe—S] nitrosyl complexes (see Table 4), the
NO stretching frequencies are in the 1657—1807 cm–1

region. Formally, the charge on the NO group can be
taken equal to zero, i.e., the iron atom is formally in the
Fe(+1) state (d7, S = 1/2). In this case, the bond angle at
the apical iron atom in the tetranuclear anion is the most
close to 180° (see Table 3). The Mössbauer spectra of the
tetranuclear complexes with the [Fe4(NO)7S3]– anion of
the ammonium (Fig. 9, a) and tetrabutylammonium salts
(Fig. 9, b) were processed as superpositions of two dou�
blets with a fixed integral intensity ratio of 3 : 1 corre�
sponding to the relative weights of two structurally
nonequivalent iron positions, viz., Feb and Fea, in the
[Fe4(NO)7S3]– anion, which differ in the formal charge
and the composition of the coordination sphere. It should
be noted that these parameters for the complex with the
ammonium cation differ substantially (particularly, in the
isomer shift for Fea, δa = 0.25 m s–1) from the parameters
of the Mössbauer spectra of this complex, which have

Table 4. Parameters of the Fe57 Mössbauer spectra of [Fe—S] nitrosyl complexes at 85, 78,a and 296 K b and the average NO
vibrational frequencies

Complex Coordination δFe* ∆EQ** Γ*** νNO ∆νNO Refer�
unit

mm s–1 cm–1 ence

(NH4)[Fe4(µ3�S)3(NO)7]•H2O Feb{S2(NO)2} 0.154 0.957 0.28 1738.7 — 76
Fea{S3(NO)} 0.158 0.733 0.24

(Bun
4)[Fe4(µ3�S)3(NO)7]•H2O Feb{S2(NO)2} 0.141 0.894 0.30 1725.3 — 76

Fea{S3(NO)} 0.166 0.635 0.29
Na2[Fe2(µ2�S)2(NO)4]•4H2O Feb{S2(NO)2} 0.091 0.510 0.28 1719.0 — 76

Fea{S2(NO)2} 0.104 0.827 0.28
Cs2[Fe2S2(NO)4]•2H2O {S2(NO)2} 0.078 0.368 0.27 1676.9 — 76
{Bun

4N}2[Fe2S2(NO)4]•2H2O {S2(NO)2} 0.064 0.258 0.27 1657.0 — 76
Fe4(µ3�S)4(NO)4 {S3(NO)} 0.150 1.473 0.334 — — 134
{Me4N}2[Fe2(µ2�S2O3)2(NO)4] Fe{S2(NO)2} 0.163(1)a 1.241(1)a 0.28(3)a 1741, 1782 41 123
{Et4N}2[Fe2(µ2�S2O3)2(NO)4] Fe{S2(NO)2} 0.160(1)a 1.277(1)a 0.28(3)a 1745, 1771 26 123
{Prn

4N}2[Fe2(µ2�S2O3)2(NO)4] Fe{S2(NO)2} 0.138(1)a 1.144(2)a 0.26(3)a 1746, 1772 26 123
{Bun

4N}2[Fe2(µ2�S2O3)2(NO)4] Fe{S2(NO)2} 0.157(1)a 1.118(1)a 0.27(3)a 1750, 1770 20 123
[Fe2(SC5H4N)2(NO)4] Fe{SS(NO)2} 0.177(1) 1.262(1) 0.320(2) 1734, 1792 58 125
[Fe2(S C4H3N2)2(NO)4] Fe{SS(NO)2} 0.169(1) 1.264(1) 0.290(2) 1748, 1797 49 126
[Fe2(SC2H3N4)2(NO)4]•2H2O Fe{SN(NO)2} 0.304(1) 0.997(2) 0.305(2) 1732, 1805 73 105

0.216(1)b 0.943(1)b 0.237(2)b

[Fe2(С2H2N3S)2(NO)4]•H2O Fe{SN(NO)2} 0.293(1) 1.181(1) 0.329(2) 1732, 1805 73 105
0.223(1)b 1.223(1)b 0.238(2)b

[Fe2(С2H3N4S)2(NO)4]•H2O Fe{SN(NO)2} 0.298(1) 1.024(1) 0.260(2) 1732, 1794 75 105
0.223(1)b 1.004(1)b 0.252(2)b

[Fe2(С7H4NS2)2(NO)4]•H2O Fe{SN(NO)2} 0.291(1) 1.008(1) 0.258(2) 1729, 1790 62 105
0.216(1)b 0.994(1)b 0.245(2)b

[Fe2(С7H4N2S)2(NO)4]•H2O Fe{SN(NO)2} 0.287(1) 1.076(1) 0.290(2) 1725, 1802 77 135
[Fe(SC2H3N3)(SC2H2N3)(NO)2]•0.5H2O Fe{SS(NO)2} 0.188(1)b 1.118(1)b 0.258(2)b 1749, 1807 58 103
(Et4N)[Fe(SPh)2(NO)2] Fe{SS(NO)2} 0.08b 0.78b — 1744,1709 35 100

* The isomer shift with respect to α�Fe.
** Quadrupole splitting.
*** The line width.
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been determined earlier135 with the same ratio (3 : 1) of
the relative contributions of Feb and Fea. Due to low
spectral resolution, it is difficult to make an unambiguous
choice between these two sets of parameters. The isomer
shifts for Fea determined with the use of the chosen set of
spectroscopic parameters are in the δ range for the equiva�
lent states of the iron atoms in the neutral [Fe4(NO)4S4]
complex.135

The Mössbauer spectrum of the sodium salt of the
dinuclear complex with the [Fe2S2(NO)4]2– dianion is
adequately described as a superposition of two symmetri�
cal quadrupole doublets (Fig. 10, a) with an intensity
ratio of 1 : 1 provided that the line widths of individual
doublets are equal. Taking into account this result and the
X�ray diffraction data, it can be concluded that the iron
positions in the dimer are structurally nonequivalent in
spite of the identical composition of the coordination
environment, (µ2�S)2(NO)2. On the contrary, the spectra
of the dinuclear complexes with the cesium and tetra�
butylammonium cations (see Fig. 10, b, c) are adequately
described by one asymmetrical doublet with insignificantly
broadened lines (see Table 4) in spite of the structural
nonequivalence of the Fe atoms in the dimer of the ce�
sium salt. The asymmetry of the lines in the absorption
spectra b and c (see Fig. 10) is associated with a pro�
nounced texture of samples, which were prepared as
needle�like single crystals of different lengths, the axes of
most crystals being located in the plane perpendicular to
the direction of γ�quantum beam propagation.

Judging from the fact that the parameters of the
57Fe Mössbauer spectra (see Table 4) depend substan�
tially on the type of the cations in the crystals under
investigation, the cations not only compensate the nega�
tive charge of the cluster but also affect substantially
the structure of the cluster, i.e., the bond angles and
bond lengths. This influence is most pronounced in a

Geometry Hybridization of ν(NO)/cm–1

nitrogen atom
Linear sp 1650—1985

Angular sp2 1525—1690

Bridging

sp2 ~1500

sp3 ~1330

Fig. 8. Diagram of the molecular orbital of M—NO and the
geometry of the M—NO bond.

Fig. 9. Mössbauer spectra of the tetranuclear complexes with the
[Fe4S3(NO)7]– anion and the NH4

+ (a) and Bun
4N+ (b) cations.
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Fig. 10. Mössbauer spectra of the dinuclear complexes with the
[Fe2S2(NO)4]2– anion and the Na (a), Cs+ (b), and Bun

4N+ (c)
cations.
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series of crystals of the dinuclear complexes with the
[Fe2S2(NO)4]2– dianion. For example, ∆EQ substantially
decreases as the size of the cation increases, i.e., the over�
all distribution of the valence�shell charges of the iron
atom and the surrounding atoms becomes more sym�
metrical. This is surprising taking into account the differ�
ence in the composition of the nearest ligand environ�
ment of iron, (µ2�S)2(NO)2, and, apparently, a strong
difference in the effective charges of the sulfur atoms and
nitrosyl groups. The isomer shift also noticeably decreases
with increasing size of the cation. This behavior is indica�
tive of an increase in the s�electron density on the
Fe57 nuclei from A = Na+ to A = Bu4N+, as evidenced by
a decrease in the Fe—S and Fe—Fe bond lengths. Actu�
ally, a tendency for shortening of the above�mentioned
bonds is observed on going from the Me4N+ salt to the
Cs+ salt and is attributable to an increase in the degree of
localization of the electron density on the bonding (rela�
tive to the Fe—Fe bonds) highest occupied molecular
orbital of the dianion. Apparently, Me4N+ is more elec�
trophilic than Cs+ due to superconjugation. In turn, a
decrease in the occupancy of the lowest unoccupied mo�
lecular orbital of the dianion composed primarily of the d
orbitals of the Fe atom129 should facilitate weakening of
the dπ(Fe)→π*(NO) back donation and, correspondingly,
lead to strengthening of the N—O bond.128 This is con�
firmed by the observed decrease in the average NO stretch�
ing frequencies (1719.0 cm–1 for the sodium salt) by 42.1
and 62 cm–1 in the IR spectra of the Cs+ and Bun

4N+

salts, respectively.
Studies by Mössbauer spectroscopy demonstrated that

the isomer shifts for the thiosulfate complexes are almost
twice as large as those observed for the isoelectronic com�
plexes with the [Fe2S2(NO)4]2– anion (see Table 4). This
suggests a decrease in the charge density on the iron atom,
which is apparently associated with the electron�with�
drawing properties of the SO3 groups. In the thiosulfate
complexes, the Fe—S bond lengths and the Fe—N—O
angles tend to increase and the N—O bond lengths tend
to decrease compared to the corresponding parameters in
the sulfide complexes. Formally, the charge on the NO
group can be considered as more positive compared to
that in the sulfide anion. The parameters of the Mössbauer
spectra of the µ2�S�substituted complexes with the hetero�
cyclic pyridine�2�thiol and pyrimidine�2�thiol ligands dif�
fer only slightly from those observed for the thiosulfate
complexes (see Table 4).

For the nitrosyl µ�N—C—S complexes, the isomer
shifts are almost twice as large as those observed for the
complexes with structures of Roussin's red salt esters. This
fact is indicative of a decrease in the 4s�electron density
on the iron atom in the new type of complexes. Analysis
of the Fe—N—O structural fragments in the µ�N—C—S
complexes compared to those in the thionate µ2�S com�
plexes also revealed their nonequivalence. The N—O and

Fe—N bonds in the Fe—N(2)—O(2) fragment are shorter
(N(2)—O(2), 1.169(7) Å; Fe—N(2), 1.661(6) Å) and this
fragment is more linear (171.5(6)°) compared to the
Fe—N(1)—O(1) fragment, in which the N—O and Fe—N
bonds are longer (N(1)—O(1), 1.187(7) Å; Fe—N(1),
1.681(5) Å) and the Fe—N—O angle (158.1(5)°) is the
smallest of all the angles in the related complexes studied
earlier. The difference in the Fe—N—O angles in the
complex under consideration is 13.5°, in contrast to the
µ2�S�complexes, in which this difference is, on the aver�
age, 2—4°. Presumably, this difference in the structure of
the iron nitrosyl fragments is attributable to the charge
redistribution in the iron µ�N—C—S complexes so that
one NO group becomes more positively charged. In the
µ�N—C—S complexes, the Fe—N(2) bond (1.661(6) Å)
is substantially shorter than another Fe—N bond
(1.681(5) Å), and the Fe—N(2)—O(2) fragment is nearly
linear (171.5(6)°). In the IR spectra of the new type of
complexes, the stretching vibrations of nitrosyl groups are
observed at high wavenumbers (see Table 4), the differ�
ence between two absorption bands is 73 cm–1, whereas
this difference for the µ2�S complexes is 20—43 cm–1 (see
Table 4). The observed substantial splitting of the bands is
also, most likely, associated with the nonequivalence of
the NO groups in the Fe—N—O fragments.

Magnetic properties of
[Fe—S] nitrosyl complexes

On the assumption of the d7 configuration of Fe(1+)
and taking into account that the Fe...Fe distance is longer
than 4 Å, the µ�N—C—S complexes would be expected
to be paramagnetic. Actually, these complexes, unlike
diamagnetic µ2�S�substituted thiosulfate and thiolate
complexes, give an ESR signal having a Lorentzian shape
at g ≈ 2.032 with a width of 6—10 mT. The number of
unpaired electrons per iron atom, which was estimated
based on measurements of the intensities of an ESR signal
from a sample of a known weight, is 1.0±0.2. In fact, the
3d7 configuration in a tetrahedral coordination environ�
ment has the spin S = 3/2 formed by three unpaired
electrons localized on dπ orbitals. However, we have to
consider the total spin of the paramagnetic center formed
by an individual Fe(d7) ion (S = 3/2) in the dimer and
two coordinated NO groups (S = 1/2). In the case of
covalent bonding, every π* electron of the NO group is
paired with one dπ electron of Fe so that the total spin of
the paramagnetic center is St = 1/2. The assumed electro�
neutrality of the NO groups implies that the electron pair
of the bond is evenly shared by the Fe atom and the NO
group. A shift of the electron pairs to the Fe atom re�
sults in the Fe1–(d9)—2(NO+) configuration. A shift of
the electron pairs to the NO group gives rise to the
Fe3+(d5)–2(NO2–) configuration, the total spin St = 1/2
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remaining unchanged. The magnetization of the com�
plex depends linearly on the external magnetic field
(Fig. 11, b), which indicates that there are no ferromag�
netic impurities in the sample. The temperature depen�
dence of the magnetic susceptibility (Fig. 12) is well de�
scribed by the Curie—Weiss law with θ ≅ 8 K and the
effective magnetic moment per Fe atom (µeff) equal to
1.85 µB. This value of µeff is approximately equal to the
purely spin value for one unpaired electron (1.73). The
absence of strong exchange interactions is consistent with
a large distance between the iron atoms in this dinuclear
complex.

In the mononuclear complex, the ligands exist in pro�
tonated and deprotonated forms. In the IR spectrum,
the ligand existing in the thione form (B) appears as
four thioamide bands located at 1570—1395 cm–1 (I ),
1420—1260 cm–1 (II ), 1140—940 cm–1 (III ), and
800—700 cm–1 (IV).136 These bands include primarily

stretching (N=C) and bending (N—H) vibrations, the
C=S stretching vibrations also making a substantial con�
tribution to the intensities of these bands. The re�
gions I—III of the IR spectrum of the mononuclear com�
plexes show several absorption bands,103 and only one
band is observed in the region IV at 702 cm–1. In the
spectrum of the starting 1H�1,2,4�triazole�3�thione, this
band is observed at 750 cm–1 or 745 cm–1.128 The large
shift of the band in the region IV observed upon complex
formation is indicative of a substantial weakening of the
C=S bond and, consequently, a rather high strength of
the S→Fe bond. This is consistent with the fact that the
S→Fe and S—Fe bonds are similar in length. Presum�
ably, the negative charge is localized on the S(1) atom
due to deprotonation, and this atom forms a covalent
bond with the iron atom.136 Another sulfur atom, S(2), is
formally neutral and is involved in a donor�acceptor bond
with the iron atom.128 The charge of the NO groups is
close to zero. In the IR spectrum, the most intense ab�
sorption bands are assigned to NO vibrations (1807 and
1749 cm–1 with a shoulder at 1725 cm–1). The Mössbauer
spectrum of the complex has a doublet structure, and the
parameters of the spectrum are larger than those observed
for the isoelectronic anionic mononuclear complex98 (see
Table 4). Analysis of the main interatomic distances and
angles in the neutral complex demonstrated that they are
slightly different from the corresponding values in the
anionic complex. A substantial increase in the isomer
shift of the neutral mononuclear complex is apparently
associated with an unusual coordination of 1H�1,2,4�
triazole�3�thiol (STriaz) as the thione and thiolate ligands.
An elongation of the Fe—(STriaz)– bonds compared to
the Fe—(SPh)– bonds leads to a decrease in the 4s�elec�
tron density on the iron atom and, correspondingly, to an
increase in the isomer shift. In addition, a weakening of
σ�donation from the thione ligand to the iron atom, which
is also associated with a decrease in the 4s�electron den�
sity on the iron nucleus, can also contribute to an in�
crease in the isomer shift. A large asymmetry of the charge
distribution around the iron atom in the Fe+1(S0S–NN)
chromophore compared to Fe+1(S–S–NN)– provides a
qualitative explanation for an increase in ∆EQ in the mono�
nuclear neutral complex compared to the quadrupole split�
ting in the anionic mononuclear complex.

The mononuclear neutral complex is paramagnetic:
the Fe...Fe´ distance in the complex is 5.225 Å. The ESR
spectrum of a polycrystalline sample of the complex is
characteristic of the axial anisotropy of the g factor
(g⊥ = 2.04, g|| = 2.02). At 100—300 K, the ESR line shape
is temperature�independent. The temperature dependence
of the second integral of the ESR spectrum follows the
Curie law, and the ESR spectrum at half field was not
observed. The single�crystal ESR spectrum of the com�
plex shows a single line, whose g factor varies between g⊥
and g|| depending on the orientation of the single crystal

Fig. 12. Temperature dependence of the magnetic moment of
[Fe2(C2H3N4S)2(NO)4]•2H2O.
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Fig. 11. a. Temperature dependence of the specific mag�
netic susceptibility of the dinuclear paramagnetic complex
[Fe2(C2H3N4S)2(NO)4]•2H2O. b. The dependence of the mag�
netization on the external magnetic field.
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relative to the magnetic field. The characteristic features
of the ESR spectrum indicate that the spin of Fe in the
molecular complex is 1/2. The temperature dependence
of the magnetic susceptibility obeys the Curie law. Ac�
cording to the ESR data, the effective magnetic moment
per iron atom is 1.77 µB, which is somewhat smaller than
the theoretical value for the spin S = 1/2 (µeff = 1.73 µB),
i.e., it corresponds to 0.85 spin/complex.

In the solid state, the µ2�S�substituted complexes are
diamagnetic. At room temperature, the ESR spectra of
solutions of the complexes with the thiosulfate anion have
isotropic signals at gaver ≈ 2.03 with five�line hyperfine
structures,123 resulting from an interaction between the
unpaired electron and two equivalent nitrogen nuclei of
the NO ligands. This signal is identical to the signals of
iron dinitrosyl complexes, which were found in microor�
ganisms and animal tissues. It is believed that the action
of nitrogen monoxide on the non�heme active sites of
[2Fe—2S] and [4Fe—4S] proteins, resulting in inhibition
of the active site of the protein or destruction of the active
site and the formation of iron dinitrosyl complexes, is
determined by the polarity of the medium in vivo. In this
connection, investigations of the influence of the donor�
acceptor properties of the solvents on the ESR parameters
of all model Fe2(SR)2(NO)4 complexes hold considerable
promise.

Elimination of NO and N2O from
[Fe—S] nitrosyl complexes

The most intense peak in the spectrum of the gaseous
phase134 over an Na2[Fe2(S2O3)2]•4H2O sample is ob�
served at m/z = 18. This peak is assigned to the transfer of
crystallization water from the complex to the gaseous
phase. The second most intense peak is observed at
m/z = 30. This peak is associated with the transfer of NO
molecules to the gaseous phase on evacuation of the
nitrosyl complex. What is surprising is that the spec�
trum has a rather intense peak at m/z = 44 associated with
the presence of CO2 or N2O molecules in the gaseous
phase. However, the presence of CO2 molecules can be
ruled out because of the virtual absence of the peak at
m/z = 12 ([C]+), which would be formed on irradiation
of carbon dioxide molecules by electrons with energy
of 70 eV. Consequently, we have to assume that vacuum
decomposition is accompanied by elimination of not only
NO but also N2O. Irradiation of Na2[Fe2(S2O3)2]•4H2O
with ultraviolet light leads to a substantial increase in the
intensity of the peak at m/z = 44 ([N2O+]), whereas the
intensity of the peak at m/z = 30 ([NO+]) decreases. Si�
multaneously, the intensity of the peak at m/z = 28 ([N2

+])
increases. This effect (elimination of N2O under irra�
diation) is most pronounced for the paramagnetic di�
nuclear complex [Fe2(SC7H5N2)2(NO)4]. A fragment
of the IR spectrum of the gaseous phase over the

[Fe2(SC7H5N2)2(NO)4] complex after its irradiation
with UV light is shown in Fig. 13. The spectrum has
a double absorption band (2235 cm–1, a shoulder at
2010 cm–1) characteristic of stretching vibrations of the
triple bond in N2O.134

It is known44 that N2O is one of the photolysis prod�
ucts of [Fe—S] nitrosyl complexes in inert solvents. The
formation of non�heme iron dinitrosyl complexes
[Fe(NO)2(SR)2]2– with various ligands in aqueous solu�
tions in the absence of irradiation is also accompanied by
elimination of N2O.137 In the presence of protons and an
appropriate reducing agent, NO– is readily transformed
into nitroxyl, which then dismutates into N2O and water:

2 NO– + 2 H+    2 HNO    N2O + H2O.

The formation of N2O in the absence of a reducing
agent was explained6 as follows. Initially, the NO groups
in the complex undergo mutual redox transformations
due to their coordination to the iron atom followed by the
reaction of NO– with the proton. However, this scheme is
hardly applicable for explaining the solid�state photore�
action, because the involvement of the proton in this
reaction is unlikely due to a large distance between the
crystallization water molecules and the coordination
sphere of the iron atoms. Moreover, this reaction is also
observed for the {Prn

4N}2[Fe2(µ2�S2O3)2(NO)4] com�
plex134 containing no proton�donor groups. Hence, an
alternative mechanism should be assumed for the solid�
phase formation of N2O, which also operates in the pres�
ence of water of crystallization. Presumably, reduction of
NO upon irradiation of these complexes proceeds through
the intermediate state (IS):

Fek+(NO)2    IS  

  Fe(k+1)+(N2O2)–    Fe(k+2)+O2– + N2O↑.

The possibility of the formation of N2O within the coor�
dination sphere was examined138 for the simplest repre�

Fig. 13. The IR spectrum of the gaseous phase over the
[Fe2(SC7H5N2)2(NO)4] complex.
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sentative of the dinuclear [Fe2(NO)4(µ2�S)2]2– com�
plexes (8) by the density functional theory. The energies
of intermediate structures formed in the course of trans�
formations of two nitrosyl ligands into N2O were calcu�
lated (Fig. 14). The calculated geometry of complex 8 is

in rather good agreement with the experimental data
(Table 5). The geometry optimization of complex 8 with
the 6�31G* basis set gave a structure with the C2v symme�
try in contrast to the D2h symmetry obtained in calcula�
tions with the LANL2DZ basis set,76 which correlates
better with the idealized geometry determined from X�ray
diffraction data. When studying the possible intermedi�
ates in the reaction giving rise to N2O, we changed sym�
metrically the coordination spheres of both Fe atoms to
decrease the number of possible structures. Hence, the
calculated change in the energy can be considered as
approximately twice the change in the case of the corre�
sponding transformation of only one center. The struc�
ture of the complex with N2O (9) is very similar in energy
to the structure of complex 8. Taking into account a sub�
stantial nonlinearity of the NNO fragments (N—N—O,
140.3°) and an elongation of the N—O bond (1.318 Å),
complex 9 can be considered as the [Fe2O2S2] complex
with two N2O– species, which have an angular confor�
mation in the isolated state (N—N—O, 133°; N—O,
1.369 Å).139 Actually, the total charge on the NNO frag�
ment (–0.61) is twice as large as the total charge on the
NO fragment (–0.31) in complex 8. However, the aver�

Table 5. Distances (d) and angles (ω) in the [Fe2(NO)4(µ2�S)2]2–

complex calculated by the B3LYP method and experimental data

Parameter Calculation Experiment103

LANL2DZ 6�31G*

Bond d/Å
Fe—S 2.306 2.231 2.235, 2.243,

2.230, 2.240
Fe—N 1.628 1.600, 1.649 1.665, 1.654,

1.66, 1.675
N—O 1.240 1.200, 1.211 1.155, 1.17,

1.175, 1.148
Fe—Fe 2.749 2.601 2.703

Angle ω/deg
Fe—N—O 165.8 176.9, 143.9 165.4, 166.6,

167.9, 163.8
N—Fe—N 116.7 110.3 112.3, 144.9

Fig. 14. Isomeric structures of the [Fe2(NO)4(µ2�S)2]2– complex and the structures of the [Fe2(OH)4(µ2�S)2]2– and [Fe2(O)2µ2�S)2]2–

complexes. The relative energies are given in kcal mol–1, and the distances are given in Å.
* The values were calculated using geometry optimization with the 6�31G* basis set.
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age energy of the Fe—N2O bond cleavage (9.8 kcal mol–1)
in complex 9 is unexpectedly low. Taking into account the
translational entropy of N2O, the transformation 9 → 10
causes virtually no change in the free energy. In our opin�
ion, such a low dissociation energy in spite of a very short
Fe—N distance (1.775 Å) is attributable to the fact that
the Fe atoms in the reaction product, viz., complex 10,
are coordinatively unsaturated and form a bond, which is
absent in compound 9. The length of this bond (2.767 Å)
is substantially smaller than the Fe—Fe distance (3.053 Å)
in complex 9. Apparently, the possibility of a change in
the Fe—Fe bond length in dinuclear iron nitrosyl com�
plexes upon their photoexcitation is essential for the for�
mation of N2O. For instance, we have recently demon�
strated that N2O was not eliminated from the mononuclear
iron dinitrosyl complex in any noticeable amount under
UV irradiation. The presence of a free coordination site
after the removal of N2O provides the possibility of coor�
dinating the ligands present in the system. As a result,
elimination of N2O is a much more favorable process. As
a model example, we calculated the structure of hydroxo
complex 11 derived from 10 by the addition of two water
molecules. In this case, the energy consumed in the re�
action

8 + 2 H2O = 11 + 2 N2O

is as low as 10 kcal mol–1 (or 5 kcal mol–1, on the average,
per N2O molecule).

A change in the N—Fe—N angle in complex 8 is
sufficient for the formation of an N—N bond. The result�
ing singlet complex 12 exists as an equilibrium structure
and its formation requires an energy of 26 kcal mol–1, on
the average, per metal center. Hence, from the thermo�
dynamic point of view, this type of "doubling" of NO
ligands would be expected to occur in primary photo�
chemical processes. However, elucidation of the details
of this process requires further experimental and theoreti�
cal investigations. The transformation 8 → 12 is accom�
panied by the electron density transfer (0.2 e) to the
ONNO fragment, and its charge becomes equal to –0.80.
The structure of 12 can be considered as a di�N�oxo

π complex of molecular nitrogen or as a hyponitrite com�
plex, where the hyponitrite ligand is coordinated in an
unusual fashion through two N atoms. The usual coordi�
nation of the hyponitrite (structure 15) is energetically
more favorable (by 51 kcal mol–1). This change in the
coordination mode leads to shortening of the N—N bond
from 1.411 to 1.288 Å and elongation of the N—O bond
from 1.289 to 1.432 Å accompanied by a slight increase in
the negative charge (to –0.90). As a result, the geometry
of the ONNO fragment becomes rather similar to the
geometry of the free ONNO2– dianion. The calculated139

N—N and N—O bond lengths in the latter are 1.318 and
1.411 Å, respectively.

In the triplet and quintet states of 12, coordination of
the ONNO ligand is monodentate, which is accompanied
by a noticeable decrease in the energy. The energies of the
corresponding structures 13T and 14Q are 2.4 kcal mol–1

lower and 20.3 kcal mol–1 higher, respectively, than that
of the starting complex 8. Unrestricted open�shell calcu�
lations gave an even lower energy, a decrease being gener�
ally not very large. In this case, the orbitals of filled shells
with upwards and downwards spins differ from each other
much more substantially due to a radical change in the
electronic structure. For example, three unpaired elec�
trons on each iron atom in complex 14Q are in a parallel
orientation, the spin density is 2.87, and one unpaired
electron on each ONNO ligand is in an antiparallel orien�
tation with the spin density of –0.90. For other com�
plexes with the zero full spin, each metal atom should also
have a nonzero local spin density. For example, the tetra�
hedrally coordinated FeIII center in the singlet complex 11
undoubtedly has a nonzero spin. Hence, its true elec�
tronic structure is a superposition of electronic configura�
tions corresponding to two possible orientations of the
localized spins Fe↑Fe↓ and Fe↓Fe↑. Calculations in a
one�configuration approximation cannot adequately re�
produce this effect and generally overestimate the ener�
gies of the states with S = 0 compared to the states with a
nonzero spin. This is immediately evident from the calcu�
lated energies of the vertical singlet�triplet transitions in 8
and 12 (Table 6), which should in reality be small, be�

Table 6. Characteristics of the electronic structures of complexes 9 and 12 calculated by the B3LYP method with the
LANL2DZ basis set

Com� Spin Erel Charges on atoms and groups Spin density on atoms and groups
plex density, S  /kcal mol–1

Fe NO ONNO Fe NO ONNO

9 0 0 0.07 –0.30 — — —
9 1 –9.4 0.07 –0.35 2.59 –1.01 —
9 1* 21.8 0.03 –0.31 –0.12 0.55 —
12 0 0 0.04 –0.80 — —
12 1 –6.1 0.13 –1.19 1.31 0.20

* An excited state with another spin structure, which was found with the use of a less precise convergence criterion.
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cause they correspond to weak exchange interactions in a
system with two magnetic centers. Table 6 also lists the
characteristics of the excited triplet state with another
spin structure. Presumably, complexes 12, 13T, and 14Q
are much more energetically similar than it follows from
the results of calculations in a one�configuration approxi�
mation. Hence, it seems likely that the initially formed
complex 12 is transformed first into 13T or 14Q and then
into 9. The first process occurs through a soft deformation
mode of ONNO rotation in the coordination sphere of Fe
and, hence, should has a low activation energy in thermal
reactions. The subsequent process is analogous to α�elimi�
nation of the hydrogen atom, which generally readily oc�
curs in the coordination sphere. However, the formation
of hyponitrite complex 15 cannot be ruled out. Complex
15 is further transformed into complex 16, in which the
N2O group is coordinated through the O atom, as a result
of the cleavage of an elongated N—O bond.

Biological activities of
[Fe—S] nitrosyl complexes

Considerable adjuvant activity of the dinuclear com�
plexes in combination with antitumor cytostatics was re�
vealed and studied. The addition of an NO donor of this
class to cisplatin results in 100% survival in animals with
leukemia P388 (individual therapy with cisplatin leads to
67% survival in animals). Antimetastatic activity of water�
soluble µ2�S complexes was demonstrated with melanoma
B�16 and Lewis lung (LL) carcinoma. The preparations
inhibit growth of a hypodermically implanted AKATOL
tumor. The complexes synthesized exhibit140 vasodilatory
activity, their prolonged relaxant action was observed at
concentrations of 10–6—10–5 mol L–1. Experiments were
carried out on segments of rat thoracic aorta. The dona�
tion of nitrogen monoxide starts at a concentration of
10–6 mol L–1, increases with increasing concentration of
the complex to 10–5 mol L–1 and 10–4 mol L–1 (the
percentage of vascular relaxation is 14.98, 50.26, and
60.40, respectively), and occurs without enzymatic acti�
vation and photoactivation. The complex spontane�
ously generates NO, which was detected in vivo using
Fe�N�methyl�D�glucaminedithiocarbamate as a scav�
enger:141

The genetic activity of the dinuclear iron tetranitro�
syl complex with thiosulfate (ITNCthio) Na2[Fe2(µ2�
S2O3)2(NO)4]•4H2O, the tetranitrosyl iron complex with
aminotriazolethiol (ITNCatria) [Fe2(SC2H3N4)2(NO)4]•

•2H2O, and the mononuclear iron dinitrosyl complex with
triazolethiol (IDNCtria) Fe(SC2H3N3)(SC2H2N3)(NO)2]•

•0.5H2O was studied in comparison with a solution of the
mononuclear iron dinitrosyl complex with the natural
ligand glutathione (IDNCglu).142 In systems of reparation
of Escherichia coli DNA from oxidative (SoxRS) and alky�
lating (Ada) stresses, proteins controlling these processes
serve simultaneously as chemosensors and transcription
activators of regulon genes and contain potential NO tar�
gets with an iron sulfur center (SoxR [2Fe—2S] protein)
or SH groups of cysteine residues in the functionally ac�
tive C�terminal region (Ada protein). Functional activity
of the above�mentioned molecular targets was controlled
by an expression level of the corresponding genes. The
NO complexes possess considerable genetic activity and
exhibit rather low toxicity. For dinuclear ITNCthio, the
transcription activation of the SoxR gene involves the
initial formation of the mononuclear dinitrosyl complex
with g = 2.032. These results were confirmed by the data
from ESR and mass�spectrometric analysis of aqueous
solutions of ITNCthio. The genetic activity of the com�
plexes depends on the structure of the ligands. This effect
was most pronounced in comparative experiments on Ada
gene expression; Ada serves as a regulator of the adaptive
response of cells to the known cancerolytic N�nitroso�
methylurea. The use of IDNCгglu for cell adaptation to
N�nitrosomethylurea led to a from two� to sevenfold en�
hancement of gene expression of an Ada regulon. A new
phenomenon called "quasiadaptive response" was de�
scribed. On the contrary, analogous experiments with
ITNCthio led to essential sensitization of cells to cancero�
lytic N�nitrosomethylurea.

Conclusion

To summarize, the following adequate models of the
active sites of [2Fe—2S] and [1Fe—2S] nitrosyl proteins
were synthesized and characterized: diamagnetic sulfide,
thiosulfate, and neutral µ2�S�substituted complexes and
paramagnetic neutral µ�S—C—N�bridged dinuclear and
mononuclear [Fe—S] nitrosyl complexes. Procedures were
developed for the synthesis of biologically active com�
pounds containing simultaneously two functional frag�
ments, viz., the nitrosyl and thiol groups. In neutral mono�
and dinuclear paramagnetic iron complexes with nitro�
gen�containing heterocyclic thiols, the electronic con�
figuration of the metal—NO fragment {Fe(NO)2}9 can be
proposed based on the results of X�ray diffraction analy�
sis, ESR, Mössbauer, and IR spectroscopy. Stabilization
conditions and magnetic properties of the complexes were
studied in a broad temperature range. In the neutral com�
plexes, the paramagnetic properties of the [Fe—SR,NO]
center depend on the different tautomeric structures and
the coordination mode of the RS�heterocyclic substitu�
ents, which offers considerable possibilities of varying the
structure and properties of these complexes.
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