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New class of neutral paramagnetic binuclear
sulfur-containing iron nitrosyl complexes
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Neutral paramagnetic binuclear iron nitrosyl complexes, whose structures and properties
differ from those of the known Roussin's red salt esters, were synthesized for the first time. The
iron nitrosyl complexes [Fe,(u,-SR),(NO)4]-#nH,0 (M!-S, n'-N; n = 1 or 2; R is 5-amino-
1,2,4-triazol-3-yl (1), 1,2,4-triazol-3-yl (2), 1-methyltetrazol-5-yl (3), or benzothiazol-2-yl (4))
were prepared by the exchange reactions of Na,Fe,(S,03),(NO), with heterocyclic thiols.
According to the results of X-ray diffraction analysis, complex 1 has a centrosymmetrical
dimeric structure in which the iron atoms are linked through the u-N—C—S structural frag-
ment. Each Fe atom is bound to the N atom of one ligand and the S atom of another ligand.
The isomer shifts of complexes 1—4 have virtually equal values (g, = 0.291(1)—0.304(1) mm s~
at 7 = 85 K), which are twice as large as d, for Roussin's red salt esters. The iron atoms in
complexes 1—4 have the low-spin configuration d’ (Fet). The ESR spectra of polycrystalline
powders of complexes 1—4 consist of a single Lorentzian line with g = 2.032 and a width of
6—10 mT. The temperature dependence of the magnetic susceptibility of complex 1 in the
temperature range of 80—300 K is adequately described by the Curie—Weiss law with 6 = 8 K;
the effective magnetic moment per iron atom is 1.85 uB.

Key words: synthesis, sulfur-containing iron nitrosyl complexes, heterocyclic thiols, com-

plexes of the g ~2.03 family, X-ray diffraction analysis, ESR, Mdssbauer spectroscopy.

Iron nitrosyl complexes, which serve as NO donors,
attract attention of scientists in the fields of biochemistry,
biophysics, and medicine in connection with studies of
the mechanisms of reactions of NO and its intermediates
in vivo and the design of new efficient adjuvants for che-
motherapy and radiotherapy as well as of a new genera-
tion of cardiovascular pharmaceuticals.!—4

It is known3-5—38 that the reactions of nitrogen monox-
ide with endogenous iron(i1) and low-molecular-weight
thiols (cysteine, glutathione, penicillamine, efc.) in
cells afford nitrosyl complexes existing in two forms,
viz., the mononuclear [Fe(NO),(SR),]~ and binuclear
[Fe,(SR),(NO),4] complexes. These forms are in dynamic
equilibrium, which depends on the concentration of
thiols, the latter being determined by the physiological
conditions in an organism.”8 The structures of binuclear
Fe—S nitrosyl complexes are extensively discussed and
there is no consensus of opinion regarding this problem.
The reason is that the binuclear form [Fe,(SR),(NO)y]
is extremely unstable both in vivo and in vitro, which
hinders the isolation and investigation of the physico-
chemical properties of these complexes. The results
of X-ray diffraction analysis and NMR spectroscopy®—12
provided evidence that the [Fe,(SR),(NO),4] compounds

(R = Alkyl, pyridine, or pyrimidinyl) have structures of
Roussin's red salt esters (in which the iron atoms are
linked through the S—R bridge) analogous to the struc-
tures of the active region of nitrosyl [2Fe-2S] nonheme
proteins. According to an alternative point of view,78
binuclear iron complexes are dimeric associates of mono-
nuclear iron dinitrosyl complexes, which can readily
be determined in solutions from an ESR signal with
g = 2.03. To establish the true structures of such com-
pounds, it is necessary to design new molecular sys-
tems based on Fe—S nitrosyl complexes, which are
structural and spectral analogs of nitrosyl adducts of ac-
tive regions of [2Fe-2S] proteins, and study their proper-
ties. Bifunctional heterocyclic thiols can be used as ligands
for the preparation of new stable iron nitrosyl thiolates.
These thiols possess a high coordination potentiall3—15
due to the presence of the u-N—C—S structural frag-
ment (Fig. 1).

In the present study, we synthesized binuclear S-con-
taining iron nitrosyl complexes with heterocyclic
ligands, viz., 5-amino-1,2,4-triazol-3-yl, 1,2,4-triazol-
3-yl, 1-methyltetrazol-5-yl, and benzothiazol-2-yl, and
investigated their properties by X-ray diffraction analysis
and ESR, IR, and Mdssbauer spectroscopy.
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Fig. 1. Modes of coordination of the thioamide group to metals. 5

Results and Discussion

Iron nitrosyl complexes 1—4 were synthesized
by replacing the thiosulfate ligands in the
Na,[Fe,(S,03),(NO)4] complex by heterocyclic nitrogen-
containing ligands

Nag[F62(8203)2(NO)4] +2RSH+2NaOH —
—_— [FE2(SR)2(NO)4] +2 N323203 +2 Hzo (1)

Reaction (1) proceeds through the formation of the
mononuclear iron complexes [Fe(S,05),(NO),]3— 10.11
followed by the replacement of the thiosulfate groups by
the thionate groups to form a binuclear structure.

The ligand can be coordinated to the iron atom (see
Fig. 1) in a monodentate fashion through either the sulfur
atom, n!-S (A), or the nitrogen atom, n!-N (B), as a
bridge either through the sulfur atom, p,-S (n2-S) (C), or
through the sulfur and nitrogen atoms, u,-S,N (n'-S,
n'-N) (D), in a chelate mode u;-S,N (n'-S, n!-N) (E), or
in a combined mode p3-S,N Mm%S, n!-N) (F), up-S,N
(n2-S, n'-N) (G).15 The presence of substituents (NH,,
COOH, OH, etc.) in heterocyclic thiols additionally ex-
tends the coordination possibilities of the ligands.

The Mossbauer spectra of polycrystalline nitrosyl com-
plexes 1—4 have virtually equal isomer shifts, which are
almost twice as large (Table 1) as those for complexes
with structures of Roussin's red salt esters.1:12 Such a
substantial change in the Mdssbauer parameters may in-
dicate that the structures of all the compounds synthe-
sized differ from the structures of all known binuclear
complexes.

According to the results of X-ray diffraction analysis,
complex 1 has a centrosymmetrical dimeric binuclear
structure (Fig. 2). However, the Fe(1) and Fe(2) atoms in
complex 1 are linked through the p-N(3)—C(1)—S(1)
and p-N(3a)—C(1a)—S(1a) structural fragments, unlike
the binuclear complex with pyridine-2-thione [Fe,(u,-
SC;H4N),(NO),] (5) and the binuclear complex with py-

Table 1. Parameters of the Fe3” Massbauer spectra of binuclear
thionate complexes 1—4 at 85 and 296 K and the differences in
the vibration frequencies of nonequivalent NO groups Avyg

Complex dpe™ AEQM T Avyng

mm s~! Jem™!

at 85 K/296 K

[Fe,(C,H;N,S),(NO), |- 2H,0 0.304(1) 0.997(2) 0.305(2) 73

(1) 0.216(1) 0.943(1) 0.237(2)
[Fe,(C,H,N;8),(NO),]-H,0 0.293(1) 1.181(1) 0.329(2) 73
) 0.223(1) 1.223(1) 0.238(2)
[Fe,(C,H,N,8),(NO), |- H,0  0.298(1) 1.024(1) 0.260(2) 75
A3) 0.223(1) 1.004(1) 0.252(2)
[Fe,(C;H,NS,),(NO),]-H,0 0.291(1) 1.008(1) 0.258(2) 62
) 0.216(1) 0.994(1) 0.245(2)

* 8, is the isomer shift with respect to a-Fe.
** AE is the quadrupole splitting.
*¥ T is the line width.

rimidine-2-thione [Fe,(u,-SC4H3N,)»(NO)4] (6) stud-
ied earlier!:12 in which the iron atoms are linked by the
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Fig. 2. Fragment of the structure  of

[Fey(SC,H3N,)»(NO),] - 2H,0.

crystal



1704 Russ.Chem.Bull., Int.Ed., Vol. 52, No. 8, August, 2003

Aldoshin et al.

S/\N S/\N
|I|.I. / \ _.I.lll |I|,I. / \ _.I.lll
' M\N S/M\ ' M\s N/M\
N N
I 11
'\_'/\S. N/\$
i ST SN : NTE s
W W w’ w
11 v

Fig. 3. Isomerism of [M,(11,-SR),L,] (n!-S, n!-N).13

bridging sulfur atoms, whereas the nitrogen atoms of the
heterocycles are not involved in coordination. Each iron
atom in 1 is coordinated by the nitrogen atom of one
ligand and the sulfur atom of another ligand (see Fig. 1,
the coordination mode D). The iron atoms have a tetra-
hedral configuration and are separated by a distance of
4.04 A, in contrast to the binuclear complexes studied
earlier in which the Fe...Fe distance is ~2.7 A.10—12.16—19

In complexes in which heterocyclic thiols are coordi-
nated in the mode D, the following four isomers can occur
(Fig. 3): trans-head-to-tail (I), trans-head-to-head (1I),
cis-head-to-tail (IIT), and cis-head-to-head (IV).13 In
complex 1, 5-amino-1,2,4-triazole-3-thione is coordi-
nated in the frans-head-to-tail fashion.

Binuclear complexes 1 are linked in dimeric asso-
ciates through intermolecular hydrogen bonds involv-
ing the water molecules W, and W,,. The H(N(4)) atom
of the triazole ring forms an intermolecular hydrogen
bond with the oxygen atom of the water molecule W,
(H(N(4))...Ow,, 1.89 A; N(4)...Ow,, 2.82 A;
N(4)H(N(4))Ow,, 169.1°). The N(5) atom of the triazole
ring forms an intermolecular hydrogen bond with the
Hyy, (1) atom (N(5)...Hy, (1), 2.08 A; N(5)...0w,, 2.79 A;
N(S)Hwb(l)OWb, 163.0°). The molecules W, and W, are
not linked by a hydrogen bond with each other; the
Ow,..-Ow, distance is 4.47 A. Conceivably, the Hw,(2)
and Hyy, (2) atoms are disordered due to rotation of the
hydrogen atom about the Oy, —H(1)y, and Oy, —H(1)w,
bonds.

In complex 1, the Fe—S bond (2.305 (1) A) is
elongated by ~0.04 A compared to the bridging Fe—S
n2-S-bond in thionate complexes 5 (2.28 A) and 6
(2.262 A) studied earlier.11:12 The C—S distance in com-
plex 1 (1.726(2) A) is 0.04—0.05 A shorter than the corre-
sponding distances in complexes 5 and 6 (1.81 (5) and
1.790 A (6)). This fact may be evidence for a weakening
of the Fe—S bond in complex 1.14:20.21 The length of the
Fe—N(3) bond between the iron atom and the nitrogen

atom of the heterocyclic ligand in complex 1is2.020(2) A.
This bond was found for the first time in binuclear sulfur-
containing nitrosyl complexes. In the iron complexes, the
Fe—N bond is, generally, formed by a donor-acceptor
mechanism and its length varies over a broad range de-
pending on the oxidation state of the iron atom and the
size of the heterocycle: 1.97 A in [Fe(phen);]3* (phen is
1,10-phenanthroline),?22.042 A in [Fe(NO),(1-Melm),]
(Melm is methylimidazole),® 2.165 A in [Fe(pym);]~
(pym is 2-mercaptopyrimidine),23 2.170 A in
[Fe(bipy),(NCS),] (bipy is 2,2 -bipyridyl),24 and 2.24 A
[Fe(py)4(NCS),] (py is pyridine).2s

In complex 1, the aminotriazole heterocycle can
be coordinated to the Fe and S atoms in three dif-
ferent modes (Fig. 4). The distribution of the bond
lengths in the heterocycle is most similar to structure 1°,
which corresponds to the starting thiol tautomeric form
of the heterocycle (Fig. 5, a). However, the presence
of the H(N(4)) atom is in contradiction with this co-
ordination mode. In addition, if this coordination mode
were in existence by analogy with the complexes stud-
ied earlier, dimer 1 would occur as a doubly charged
anion rather than as a neutral molecule, as evidenced
by the results of X-ray diffraction analysis. Therefore, the
coordination mode can be either 1™ or 1”7 (see Fig. 4),
which correspond to the thione (see Fig. 5, b) or thiol
(see Fig. 5, ¢) tautomeric forms, respectively. Both these
tautomeric forms were observed in the mononuclear
[Fe(SC,H;N3)(SC,H,N3)(NO),] - 1/2H,0 complex (7)
studied by us earlier?® with the difference that the ligand
is coordinated in a monodentate fashion through the

a b c
Fe(2) II:e(1) er(2) II:e(1) F\e(2) II:e(1)

S N(3) NH S N(3) NH S N(3) NH
N A A i v
N(4)-N(5) '\}(4)—N(5) '\/1(4)—N(5)

H H
1 1~ 17

Fig. 4. Possible coordination modes of 5-amino-1,2,4-triazole-
3-thione.

a b c
3 ) 3
N(3) NH, N(3) NH, N(3) NH,
A e
N(4)-N(5) f\}(4)—N(5) N/(4)_N(5)
H H
17 1~ 17

Fig. 5. Possible tautomeric forms of 5-amino-1,2,4-triazole-3-
thione.
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S atom. A comparison of the distribution of the bond
lengths in the heterocycles of complexes 1 and 7 counts in
favor of coordination mode 17 (see Fig. 4) corresponding
to the thione tautomeric form (see Fig. 5, b). In this case,
the N(3) atom forms the Fe—N bond after the proton
abstraction, and the S atom is involved in the donor-
acceptor Fe«S bond. If, by analogy with the iron com-
plexes studied earlier, the NO groups are considered as
electroneutral, complex 1 is also electroneutral and the
Fe atom has the d’ electronic configuration, like in mono-
nuclear paramagnetic complex 7.

Analysis of the Fe—N—O structural fragments in com-
plex 1 compared with those in binuclear complexes 5—7
also demonstrated that these fragments are strongly
nonequivalent. The Fe—N(2)—0O(2) fragment contain-
ing shorter N—O and Fe—N bonds (Table 2; N(2)—0(2),
1.156(3) A; Fe—N(2), 1.677(2) A) is more linear, as evi-
denced by the angle of 170.8(3)°. In the Fe—N(1)—O(1)
fragment, the bonds are longer (N(1)—O(1), 1.174(3) A;
Fe—N(1), 1.695(2) A) and the angle has the smallest
value (157.5(2)°) of all the known complexes!1-12:19 duye,
apparently, to the intermolecular O(1)...S” Coulomb in-
teraction. The Fe—N—O angles in complex 1 differ
by 13.3°, unlike those in the binuclear complexes
with (12-S) in which this difference is, on the average,
2—40 1L12,16 Tp addition, the N(1)—Fe—N(2) angle in
complex 1 (112.4(1)°) is 5—7° smaller than the corre-
sponding angles in the binuclear complexes studied ear-
lier.11-12.19 [t can be assumed that these differences in the
structure of the iron nitrosyl fragments in complex 1 are

Table 2. Selected interatomic distances (d) and bond angles (w)
in complex 1

Distance d/A Angle o/deg
Fe—N(1) 1.695(2) O(1)—N(1)—Fe 157.5(2)
Fe—N(2) 1.677(2) 0O(2)—N(2)—Fe 170.8(2)
Fe—S 2.305(1) N(1)—Fe—N(2) 112.4(1)
Fe—N(3) 20202)  N@Q)—Fe—N(3)  112.4(1)
N()—O(1)  1.174(3)  N(1)—Fe—N(3)  112.2(1)
NQ2)—0(2)  1.156(3)  N(2)—Fe—S 103.44(9)
S—C(1)¢ 1.726(2) N(1)—Fe—S 107.31(9)
N(@3)—C(1) 1.359(3) N(3)—Fe—S 108.58(7)
C(1)—N@4) 1.321(3) C(1)—S—Fe 101.88(8)
N@4)—NG)  13693)  C(1)—N(3)—C(2) 104.31(18)
NG)—C(Q2)  1.327(3)  CQ)—N@B)—Fe  130.72(16)
N@6)—C(2)  1.348(3)  N(#)—C(1)—N(3) 108.7(2)
N(@3)—C(2) 1.360(3) C(1)—-N(3)—Fe 124.96(15)
N@4)—C(1)—S ¢ 124.0(2)
N@3)—C(1)—S ¢ 127.3(2)
C(1)—N(4)—N(5) 110.52)
C(2)—N(5)—N(4) 103.6(2)
N(5)—C(2)—N(6) 123.6(2)
N(5)—C(2)—N(@3) 112.8(2)
N(6)—C(2)—N(@3) 123.6(2)

4—x,—y+1,—z+ 1.

caused by the redistribution of the charges on the NO
groups.

It is known?7 that the charge on the NO group in
metal nitrosyl complexes correlates with the M—N—O
angle and the Fe—N distance. The closer is the angle to
180° and the shorter is the Fe—N bond, the higher is the
positive charge on NO. An increase in the positive charge
of the NO groups is accompanied by an upfield shift of the
NO stretching vibrations. The IR spectrum of complex 1
has two absorption bands at 1732 and 1805 cm~! assigned
to stretching vibrations of the nitrosyl groups. The differ-
ence between the frequencies of two absorption bands is
73 cm~!, whereas this values in the spectra of com-
plexes 5—7 was at most 43 cm~!.1112 Most likely, the
observed substantial splitting of the bands (73 cm™~! for 2,
75 cm~! for 3, and 62 cm~! for 4) can also be associ-
ated with the nonequivalence of the NO groups in the
Fe—N—O fragments. A comparison of the Fe—N—O
and N—Fe—N angles in the dinitrosyl fragments and
Avyo for complexes 1—4 (see Table 2) with the
corresponding values for the compounds studied ear-
lier!1:12.19.28 4150 confirms the conclusion that the larger
the difference in these angles, the larger the difference in
Avyno. Nevertheless, the NO stretching vibrations in the
spectra of complexes 1—4 are observed in the range typi-
cal of the neutral NO groups. This fact is consistent with
the results of the study.2?

In the Mdssbauer spectra of neutral binuclear com-
plexes 1—4 in which the iron atoms are linked through
the u-N—C—S bridges, the isomer shifts (see Table 1)
are, on the average, 0.12 mm s~! (7= 85 K) higher than
the corresponding values in the spectra of neutral thionate
complexes in which the iron atoms are coordinated only
through the p,-S ligand!!-12 and are 0.03 mm s~! higher
than the isomer shift for neutral mononuclear complex 7.26
This fact implies a decrease in the 4s electron density and
an increase in the 3d electron density on the iron atoms in
the new complexes, which is manifested in an increase in
the Fe—S bond length by 0.03 A and the involvement of
the N atom (instead of the more covalent S atom) in the
coordination sphere of the iron atom.

Based on the d’ configuration of Fe™ and taking into
account that the Fe...Fe distance is longer than 4 A, one
would expect that binuclear complexes 1—4 will be para-
magnetic. Actually, all the complexes under consider-
ation gave an ESR signal as a Lorentzian line with g~ 2.032
and a width of 6—10 mT (for complex 1, the line width
is 7 mT). The number of unpaired electrons per iron
atom, which was estimated based on measurements of the
intensity of the ESR signal from a sample of a known
weight, is 1.0+0.2.

Formally, the 3d’ configuration in a tetrahedral coor-
dination has the spin S = 3/2 with three unpaired elec-
trons on the dr orbitals. In the case under consideration,
the total spin of the paramagnetic center is determined by
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Fig. 6. Plot of the specific magnetic susceptibility of complex 1 vs. temperature. The experimental points are indicated by squares. The
solid line represents the dependence obtained by fitting according to the equation y- = Cueffz/ (T + ©), where C and © are constants
(C is a known constant and @ is a fitting constant); . is the effective magnetic moment (determined by fitting). The dependence of
the magnetization M of the sample under study on the external magnetic field H is shown in an inset.

the Fe(d’) ions (S = 3/2) in the dimer and two NO groups
bound to this ion (S = 1/2). Upon the formation of a
covalent bond, each r* electron of the NO group is paired
with one of the drn electrons of Fe giving rise to the total
spin of the paramagnetic center S; = 1/2. The electro-
neutrality of the NO groups assumed by us implies that
the electron pair of the bond is evenly divided between Fe
and NO. The shift of the electron pairs to the Fe atom
leads to the Fe=(d%)—2(NO™) configuration. The shift of
electrons to the NO group leads to the Fe3T(d%)—2(NO?™)
configuration; the total spin S, is 1/2.

The dependence of the magnetization of complex 1
on the external magnetic field in the range from —1 to
+1 T represents a straight line (Fig. 6), which is evidence
that the sample contained no ferromagnetic impurities.
The temperature dependence of the magnetic susceptibil-
ity in the range of 80—273 K is well described by the
Curie—Weiss law with 6 = 8 K; the effective magnetic
moment per Fe atom (uqg) is 1.85 uB. This value of pg is
close to the purely spin value for one unpaired electron
(1.73 uB). The absence of a strong exchange interaction is
consistent with a large distance between the iron atoms in
complex 1.

Therefore, the results of our study (X-ray diffraction
analysis, Mossbauer spectroscopy, ESR spectroscopy, and
magnetic susceptibility measurements) provide evidence
for the d’ configuration of the Fe™ ion and electro-
neutrality of the NO groups in the new neutral paramag-

netic binuclear iron complexes. Based on the results of
Maossbauer and IR spectroscopy and elemental analysis
data, it can be concluded that complexes 2—4, like the
[Fe,(1,-SR),(NO),4] complex (R is benzimidazolyl) stud-
ied by us earlier,3? are structurally similar to complex 1.

In the solid state, all the complexes synthesized are
more stable upon storage in air at 16—18 °C in the dark
and in the absence of atmospheric moisture compared to
the thionate complexes in which the iron atoms are coor-
dinated through the n2-S ligand.11:12 Complexes 1—4
decompose upon storage for 7—8 months, whereas the
complex with pyridine-2-thiol decomposes within a few
days. It should be noted that Roussin's red salt decom-
poses under analogous conditions within one day.

It is known31:32 that most of low-molecular-weight
thiols in cells (cysteine, glutathione, penicillamine) con-
tain the amino group whose nitrogen atom, along with the
sulfur atom, can be coordinated to the iron atom. This
can give rise to binuclear structures of a new type different
from Roussin's red salt esters. New neutral paramagnetic
binuclear iron nitrosyl complexes 1—4 can be used as
stable models for studying mechanisms of further trans-
formations of nitrosyl adducts of [2Fe-2S]-proteins in vivo.

Experimental

The studies were carried out with the use of Na,S,053-5H,0
(Merck), NaOH (Aldrich), 3-amino-5-mercapto-1,2,4-triazole
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(Aldrich), 2-mercaptobenzothiazole (Aldrich), 3-mercapto-
1,2,4-triazole (Merck-Schuchardt), and 5-mercapto-1-
methyl-1H-tetrazole (Aldrich). The complex Na,[Fe,(u,-
S,03),(NO)4] - 2H,0 was synthesized according to a procedure
described earlier.33 All operations associated with the synthesis
and isolation of the complexes were carried out under nitrogen.
The solutions were prepared using distilled water from which
oxygen was removed by evacuation at 0—2 °C for several hours.

The IR spectra were recorded on a Spectrum BX-II Fourier
spectrometer in KBr pellets (1 mg of the compound under study
and 300 mg of KBr).

Synthesis of complexes 1—4. An alkaline solution (10 mL)
of thiol (10 mmol) was added to an aqueous solution (10 mL)
of Na2[FC2(u2-5203)2(N0)4] . 2H20 (2 mmol) and
Na,S,03+5H,0 (4 mmol). The filtrate was kept at 6—8 °C for
6 days. Complexes 1 and 2 were recrystallized from anhydrous
methanol. Complex 3 was recrystallized from dichloromethane.
Complex 4 was recrystallized from anhydrous acetone and dried
in vacuo over CacCl,.

Bis(5-amino-1,2,4-triazole-3-thiolate)bis(tetranitrosyl)iron
dihydrate, [Fe,(C,H3N,S),(NO)4] - 2H, O (1). Black single crys-
tals of complex 1. The yield was 0.478 g (52%). Found (%):
Fe, 22.40; S, 12.73; N, 33.70; C, 9.46; H, 1.54.
C4HgFe,N,04S,. Calculated (%): Fe, 22.58; S, 12.90; N, 33.87;
C, 9.67; H, 1.61. IR (KBr), v/cm~!: 3518, 3468, 3353, 3168,
2995, 2928, 1805, 1732, 1645, 1630, 1560, 1529, 1501, 1446,
1384, 1321, 1293, 1272, 1234, 1152, 1114, 1068, 1036, 8864,
738, 669, 615, 542, 498; 1732, 1805 (NO).

Bis(1,2,4-triazole-3-thiolate)bis(tetranitrosyl)iron mono-
hydrate, [Fe,(C,H;N3S),(NO)4]-H,0 (2). Black polycrystal-
line powder. The yield was 0.732 g (85%). Found (%): Fe, 24.75;
S, 14.07; N, 30.95; C, 10.43; H, 1.27. C4H¢Fe,N,(05S,. Calcu-
lated (%): Fe, 24.89; S, 14.22; N, 31.11; C, 10.66; H, 1.33.
IR (KBr), v/em™!: 3454, 2945, 1805, 1796, 1732, 1530, 1460,
1384, 1352, 1327, 1270, 1177, 1084, 1048, 1003, 974, 890, 870,
816, 712, 669, 650, 533; 1732, 1796, 1805 (NO).

Bis(1-methyltetrazole-5-thiolate)bis(tetranitrosyl)iron mono-
hydrate, [Fe,(C,H;3N,S),(NO)4]-H,0 (3). Black polycrystal-
line powder. The yield was 0.620 g (70%). Found (%): Fe, 23.18;
S, 13.18; N, 34.68; C, 9.78; H 1.71. C4HgFe,;N,05S,. Calcu-
lated (%): Fe, 23.33; S, 13.33; N, 35.00; C, 10.00; H, 1.67.
IR (KBr), v/em™': 1794, 1732, 1468, 1454, 1429, 1384, 1350,
1313, 1271, 1240, 1130, 1090, 1035, 1005, 870, 754, 723, 704,
669, 610, 532; 1732, 1794 (NO).

Bis(benzothiazole-2-thiolate)bis(tetranitrosyl)iron mono-
hydrate, [Fe,(C;H4NS;),(NO)4] - H,O (4). Dark-red polycrys-
talline powder. The yield was 0.950 g (88%). Found (%):
Fe, 19.14; S, 21.63; N, 14.38; C, 28.69; H, 1.67.
C4H (Fe,N¢OsS,. Calculated (%): Fe, 19.24; S, 21.99;
N, 14.43; C, 28.86; H, 1.71. IR (KBr), v/ecm~1: 3454, 1790,
1729, 1449, 1402, 1385, 1312, 1272, 1239, 1090, 1034, 1020,
1004, 933, 870, 752, 723, 669, 609, 535, 507; 1729, 1790 (NO).

Elemental analysis was carried out in the Analytical Center
of the Institute of Problems of Chemical Physics of the Russian
Academy of Sciences.

X-ray diffraction analysis of complex 1. X-ray diffraction data
were collected on a KM-4 single-crystal diffractometer (KUMA
DIFFRACTION, Poland) at 200 K from a black parallelepi-
ped-shaped single crystal of dimensions ~0.2x0.3x0.5 mm. Com-
pound 1 crystallized in the triclinic system: a = 8.006(2),
b = 17.809(2), c = 8.471(3) A, a = 64.42 (3), p = 71.46(3),

¥=67.01(3)°, V =432.6(2) A3, space group P1, Z= 1, peaic =
1.912 g cm™3. The unit cell parameters were determined and
refined based on 25 reflections in the 6 angle range of 5—10°.
A total of 3540 reflections (2156 independent reflections with
1> 20(1)) were measured in the angle range 0 < 6 < 35° using
the /26 scanning technique and MoKa radiation (graphite
monochromator).

The structure was solved by direct methods and refined us-
ing the SHELXL-97 program package.34 The nonhydrogen at-
oms of the structure were refined anisotropically. The positions
of all hydrogen atoms in the structure were revealed from differ-
ence Fourier syntheses and refined isotropically to R; = 0.0394,
wly =0.1023, GOOF = 0.837.

The atomic coordinates and isotropic thermal parameters
were deposited with the Cambridge Structural Database. The
selected interatomic distances and bond angles are given in
Table 2.

Mossbauer spectra were recorded on a WissEl instrument in
a constant acceleration mode using Co®’ in a Rh matrix as the
source. The spectra were measured at low temperatures using a
CF-506 temperature-controlled continuous-flow helium cry-
ostat (Oxford Instruments). The spectra were processed by the
least-squares method assuming the Lorentzian form of indi-
vidual spectral components.

The ESR spectra were recorded (3-cm range) on a Radiopan
SE/X 2544 spectrometer under conditions excluding distortions
of the spectra. The amount of spins in the sample was deter-
mined by comparing the intensities of the ESR spectra of the
sample and a powder of CuSO,4-5H,0.

Magnetic measurements were carried out using a EG&G
PARC M-4500 vibration magnetometer in the temperature range
of 80—300 Kand -1 T<H<I1T.

We thank Yu. G. Morozov and V. A. Kogan (Rostov
State University) for studying the magnetic properties of
the complexes.
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03-40141).
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