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Synthesis, crystal structures, Mossbauer spectra, and redox properties
of binuclear and tetranuclear iron-sulfur nitrosyl clusters
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The iron-sulfur nitrosyl complexes A[Fe;S3(NOMWl. where A = Na”. NH,*, or
N(Bu"),™. and B.[Fe;S:(NOy,J. where B = Nua™, Cs%. or N(Bu"),". were synthesized.
Their structures and properties were studied by X-ray diffraction apalysis. Massbauer spectros-
copy. and cyclic voltammetry. The effect of the crystal packing on the geometry of the
tetranuclear NH [Fe S5(NO);}-H,0 and binuclear Cs,[Fe;S:(NOY| - 2H,O complexes was
analyzed. The changes in the Fe® Missbauer spectral parameters of the anion in
the B;|Fe,S.(NO),| series depend on the size of the B cation and agree with variations in
the structural parameters of the Fe{S»5(NO),] chromophores as well as in the stretching
vibrations of the NO groups caused by changes in intermolecular contacts. The presence of
electronic states delocalized through the Fe—Fe bonds explains the fact that the electronic
states of the Fe,(S;NO) and Fep(S2(NO),) chromophores in the {Fe S3(NO)|™ anion are
nearly identical. The binuclear clusters are unstable upon Storage in the solid phase and
decompose in solutions 10 form the tetranuclear [Fe S:(NO),}~ complexes, sulfur. and
nitrogen oxides. The redox properties of the [Fe S3{NQ);]™ and [FeaS»(NO ™ anions in
CHCN and THF sofutions were studied. The mechanism of reduction of the anion in the
tetranuclear cluster is proposed.
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diffraction analysis. Mssbauer spectroscopy. cyclic voltammetry.

The ability of NO to coordinate iron compounds is
of great biological importance. The formation ot ni-
trosyl complexes leads to inhibition of hemoproteins,
viz.. iron-containing enzyvmes {(guanyiate cyclase and
cvtochrome P-450) and hemoglobin, and nonheme iron-
containing centers (lipoxygenase, ferritin, and iron-sul-
fur proteins).! It is believed that iron-sulfur proteins are
rather long-lived reservoirs of bioactive NO, and NO,
which is retained in these reservoirs, can be subse-
quently used in different nitrosation reactions. It was
suggested? that in such a manner amines, thiols, and
ketones are converted in celis into carcinogenic
nitrosoamines, nitrosothiols, and oximes, respectively.
Since the NO adducts are extremely unstable, the mecha-
nism of converstons is still poorly understood. Synthetic
Fe—S—NO clusters can be used as models of nitrosyl
complexes in vivo.3

In this connection. a search for new stable NO
donors based on nitrosyl Fe—S clusters and studies of
the relationship between their structures and reactivities
are of interest. In spite of the diversity of the known
Fe—S nitrosyls, experimental data on their structures
are scarce. Thus only the Cs[Fe ;S3(NO),J4
(C0H5)4ASIFC4SS(NO)7],5 ((CH3)4N)][F€252(N0)4]6
and ((Et);N);1Fe;S5(NO)4}7 compounds have been stud-
ed.

in this work. a series of Fe—S nitrosyl complexes
with the [Fe,S3(NQ),|~ and [Fe;Sy:(NO)}°~ anions
were synthesized and their properties were studied by X-
ray diffraction analysis. Musssbauer spectroscopy. and
cyclic voltammetry.

Experimental

Sodium and ammounium salts of the cluster hepta-
nitrosotrithiotetraferrate anion (1), Na[Fe ;S;(NO);] (1a) and
NH,[Fe S3(NO)} - H;O (1b). were prepared according to a
known procedured by heating an aqueous mixture (200 mL) of
iron(11) sulfate (20 g), NaNO; (8 g). and a 22% aqueous
sotution of Na,S-9H,O or {NH,),S (5 mlL). Ammonium
sulfide was prepared according to a procedure reported previ-
ously.? The sodium salt was filtered off. dried with CaCl,. and
recrystaltized from anhydrous methanol. The yield was 45%.
The ammonium salt was extracted from the reaction mixture
with diethyl ether, the solvent was removed, and the complex
was dried in vacuo and recrystatlized from anhyvdrous metha-
nol. The vield was 23%.

Single crystals of NH{Fe,S3(NO);]- H,O were prepared
by slow crystallization of the complex from a 1 : 1 aqueous-
methanolic solution in air at ~20 °C for 48 h. IR: v{(NO)
for Na[Fe,S;(NO);}.  1740.2 cm™t: w(NO) for
NH,{Fe S3(NO); |- H 0, 1738.7 cm™ ! Found (%): Fe. 39.08:
N. 17.25; Na, 4.26; S, 17.48. NaFe S;N;0,. Calculated (%):
Fe, 40.42; N, 17.74; Na, 4.16. S, 17.44. Found (%): H. 1.62:
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Feo 39300 N 930 SO 17000 FeySuNGH Oy, Caleuiated (%3
H. 1.06; Fe, 39.96: N. 19.80: S, 17.02.

Tetrabutylammonium salt (Bu),N[Fe,S;(NO);} (Ic) was
prepared by mixing NafFe S1(NO);] (0.72 ¢y and BuyNBr
(.49 ) in water (13 mL). The precipitate of the complex that
tormed was filtered oft. washed sevecal times with water (10-
mL portions), dried with CaCl., and recrystallized from anhy-
drous methanol. The vield was 33.7%. IR v(NO} for
Bu,N[Fe,S:(NO);]. 17253 ¢m™}). Found (%) C. 2382, H.
4.95 Fe, 27.370 N 14040 S, 11,98, Fe S;C 1 H 1, NgO,. Caicu-
lated (9): C, 24.88: H. 4.66: Fe, 28.93: N, 14.32: S, {2.40.

Seodium and cesium salts of the cluster tetranitro-
sodithiediferrate anion (2), Na,[Fe;S,(NO)4} - 4H,0 (2a) and
Csy[Fe;S4(NO) 4f - 2H,0 (2b), were synthesized by heating
NHL[Fe SNOY:] (312 2) in 10% aqueous solutions of the
corresponding alkali (NaOH and CsOR). Tran(in) hydroxide
that formed wus fiitered off. The solvent was removed lrom the
fiitrate 11 vacuo over CaCla. The vields were 48% and 33%,
respectively.

Table 1. Principal crystallographic data for single crystals of
NHLIFe,S1NO: - H-O (1h) and Cou{FeySH»iNOy - 2H0 21

Parameter b 2b
Weight M, = 565.46 M, o= 39771
System Trichinic Monoclinic
Space group PU P2,/

a/A 9. 431(2) 9.608( A

hiA 10.0062) 1E402(DA

¢/A 10.3774(2) 12.601HA

o/ deg 39025

Bideg 68.37(3) 107.13(2)

v/deg 76.05(3)
ViAS 797.93) 319.2(3)
Z 2 4
d;mg m~? 2353 3.00%
Scanning technigue /20 /24
Number of reflections 43358 3734
Number of reflections

with [/ > 2.0c( D] 2632 1196
Refinement based on F 2632 1 {90
Absarption coefficient,

w/mm~! 2.024 7.968

Crvstal dimensions/mm™' 0.5x0.2<0.02  0.3<0.10.05

Color of the crystal Black Red
R 0.0512 0.0394
S 1.030 1189
Number of refinuble

parameters 224 157

Single crystals of Cs,{Fe,S2(NOY,} - ZH-O were obtained
by removing the solvent from the aqueous solution of the
complex over CaCl, over several days. IR: v(NO) for
Nas[FeS-(NO) | -4H-0.  1719.0 em™  wNO) for
Cs[FeaSANOY,] - 2H,0, 16769 cm™ . Found (%) H, [.03:
Fe. 26.43: N. 12,65 Na, 11400 S, 15.29. NasFe S, N HOq.
Calculated (%): H. 097 Fe, 26.96; N, 13.533; Na, 11.11: S.
15,51, Found (%) H. 0.90: Cs, 533.07; Fe, 21.65, N, 10.50; S,
12.03. CsyFe;8;N H0,. Colculated (%) H. 0.79; Cs. 52.97;
Fe, 22.23: N t1.16: S, 1283,

Tetrabutylammonium salt (BuyN);[Fe;S;(NO)4} (2¢) was
prepared by mixing a solution of Nua»[Fe.$,(NO)} - 4H50
{0.51 ¢) in water (30 mL) and a solution of BuyNBr (0.9% ¢) in
water (23 mL). The red precipitate that formed was filtered off
under an atmosphere of N, washed with a small amount of
diethy! cther. and dricd on a filter under an inent atmosphere
for 6 h and then in a vacuum desiccator over calcined CaCl,.
The vield was 63%. IR: v(NO) for (BuyN)}[Fe;S+«{NO),).
1657.5 ecm™!. Found (%) C, 49.36: H. 9.31; Fe. 14.50: N,
10.71; S, 9.47. Fe ;$,C5;,H-yN Oy Caleulated (%) C, 49.24:
H. 9.23: Fe. 14312 N, 1077, S, 8.23.

Elemental analvsis for C. H, N. and S was carried out
according to a known procedure!®; Fe and Na were determined
bv atomic absorption spectroscopy on an AAS-3 spectropho-
tometer.

The IR spectra were recorded on 1KS-29 and Perkin Elmer
FTIR-1600 spectrometers in KBr peilets at ~20 °C in air.

X-ray diffraction stuedy. X-ray diffraction data sets for the
crystals of the ammonium satt with anion 1 and for the cesium
salt with dianion 2 were collected on an awtomated four-ctrcle
KM -4 diffractometer { Mo-Ka radiation). The structures were
solved by the direct method using the SHELX-86 program
package!t and refined by the full-marrix least-squares method
(SHEXL-93f2). The hvdrogen atoms were revealed from dif-
ference Fourier syntheses and only their positional parameters
were refined. The principal crystallographic data for single
crystals of the ammonium saft with anton 1 and of the cesium
salt with anion 2 are given in Table 1. The selected bond
lengths and bond angles for these complexes are given 1n
Tables 2 and 3.*

Maossbauer absorption spectra were recorded on a standard
Wiss El apparatus (Germany) in the mode of constant accel-
eration: Co®” in a Rh matrix at ~20 °C served as a source. The
measurements of the samples at low temperature were per-
formed with the use of a temperature-controlled CF-306 tlow-
through helium cryostat {Oxford Instruments). The Maogsbauer
spectra were processed by the least-squares method on the

* The complete tables of the atomic coordinates. the thermal
parameters. and the tables of the bond lengths and bond angles
were deposited with the Cambridge Structural Database.

Table 2. Selected bond iengths (@) and boud aneles (o) tn complex 1b

Bond diA Bond dfi Bond d/A Angle wo/deg

O(32)—=N(32) 1.165(9)  Fe(hH--S(1) 2.205(2)  Fe(H)—N42) 1.661(6) O(32)—N{(32)~Fe(3) 163.0(6)
N3O —Fe(3) 1.668¢6) Fe(l}—Fe(2) 26932y Fe(d)-—-N(41) 1671(3) O3 —N(31)—Fe(3) £71.2(6)
Fe(3)—N{3h 1L.6737)  Fe(l)—TFe(d) 2.701(13) Fe(h)—S(3) 2.256(2)y O3 1H)—N(31)—Fe(3) 171.2(6)
Fe(3hH—S( 214602y S(h—Fe(d) 2.264(2)  N(H)—O(l) 1A39(8)Y  Oth)—N(1)—Fe(l) 176.5(6)
Fe(3)—S(h 225702y S(2)y—Fe(2) 2.232(2y N@2N=02h L168(8) O21H)—N(21)—Fe(2) 166.4(3)
Fe(3y—Fe(ly 2.697(2y N30 113708y N(2DH)—0(22) 1152(7)  OQ21)—N21)—Fe(2) 166.4(3)
Fe(l)—N() 1.651¢6)  Fe(2)—N(22) 1.669(6) NED—O0(41) 1.161(7) O(22)—N{22)—Fe(2) 166.9(6)
Fe(1)—S(3) 2.205(2)  Fe(H—N(Q21) 1.669(6) N(32)—~0(42) 1.1537(8) O(31H—N@@hH—Fe(4) 166.9(6)
Fe1)--S(2) 2205(2)  Fe(2)—S(3) 2.239(2) Q(42)~NE42)—~Fe(d) 169.4(6)




446 Russ.Chem Bull., Vol 49. No. 3, March. 2000

Sanina et al.

Table 3. Seiected bond fengths (&) and bond angles (o) in complex 2b

Bond a/A Bond d/A Bond d/A Angle w/deg
CstH—0w(2) 31653011 Cst2)—0y(2) 32H(H Fe(1)—5(2) 2.230(4)  N(I2)—Fe(1)—N(i1) 114.9(6)
Cst1)y—-0O(12) 3.227010)  Cs(2)—0(22) 3.243(10)  Fet—S(1) 2.240¢4)  N(22)—Fe(2)—Ni21)  112.3(6)
Cs(h--0(i 1) 3.243(H) Cs(2)—0(2h) 3.322(11)  Fetl)—Fe(2) 27033y OUh-—=N{D—Fetl)y  167.9¢12)
Csth—0e2nh 324701 G0 h 3.369¢11)  Fe(bHh—Cst 31987(2) O12H—Ng21)—Fe(2) 166.6¢11)
Csih—N(1 1) 3.352012)  Cs()—0w(2) 3.434(13)  Fe(H)—Cs(2) 4.190(2y  OUID)=N{I2)—Feil) 163311
CstH—S(2) 341 Cs(H—0(12) 3.502¢12y  Fe()—N(@22) 1.654(12) OQ2)—N(22)--Fe(2)  163.4(12)
Csi1)—Si 1) 3.484(4)  Cs(2)-NQ2D 3.506012)  Fe()—N@2D) 1.665(11)

Csihy—N(21) 349510 Cs(2)—S(1) 33724y Fe(2)—S(2) 2.235(4)

Cs(1)—=0ui2) 3317013 Cs(2)-=N(1D) 3.574¢12)  Fe(2)—S(1) 2.243(4)

Csth -0 3.568(12)  Cs(2)—N(12) 3.603(i1)y OQH—N(ID 1.153¢14)

Cse 1022y 3585(1) Cs(2)—-0Q21) 37191 O —N@22) £17(2)

Csil —N(22) 3.725(13)  Fe()—N(12) 166111 O(IN~N(IH 1 E48(14)

Cs(2)—Owi 1) 3412000y Feti)—Nglt) 1.675(10) N(I12)--O(12) 1.175014)

Note: O (1) and Ow(2) are the oxygen atoms of the water molecule of solvation.

assumption that the combined absorption lines take the Lorentz
form.

Voltammetric measurements were carried out under a dry
inert atmosphere in a2 THF or MeCN medium, which had
been prepurified and distilled directly into an electrochemical
cell {evacuated and filled with argon) according to a procedure
described previously. '3 Tetrahydrofuran (Aldrich) was punfied
by the ketyl method. Acetontrite (Aldrichy was refluxed over
P,0O5 and distilied. A solution of BuyNPF, was used as the
supporting electrolyte. Tetrabutvtammonium hexafluoro-
phosphate (Aldnich) was preliminarily dehvdrated by melting
in vacuo. All measured potentials are gziven relative to an
aqueous saturated calomel electrode by comparing the poten-
tial of the reference electrode {Ag/AgCl/4 M aqueous solution
of LiCl), which was separated from the solution studied in the
cell by o bridge filled with a solution of the supporting
electrolyte. with the potential of the redox transtormation ot
ferrocene”* (EY = 0.44 and 042 V, a saturated calomel
electrode in THF and MeCN., respectively).

Disk platinum (the diameter was | mm) or gold (the
diameter was 0.7 mam) clectrodes sealed in glass and polished
with a diamond paste (the grain size was <! um) were used as
warking electrodes. The vollammetric meusurements were car-
ried out with the use of a PAR 173 generator of signals and a
PAR 173 potentiostat with compensation of ohmic losses. The
voltammograms were obtained on a two-coordinate REON74
automatic recorder.

Results and Discussion

The synthesized nitrosyl complexes with the
{Fe S3(NO);|™ anion are more stable than complexes
with  the [Fe)S»(NO)4]?~ anion. However.
NH,{Fe,S;(NO);] partially decomposes to form Fe(OH);
as one of the dccomposition products upon storage in
air for one vear. The tetranuclear complexes are readily
soluble in polar solvents. The binuclear clusters are
unstable and requirc special conditions for storage. Their
stability depends on the nature of the cation. Thus the
complexes with an organic cation are less stable. For
example. compounds with the Na™ and Cs* cations can
be stored in vacuo for 3—6 months. whereas the compo-
und with the N(Bu")4* cation can be stored for at most

one month. In air, the binuctear complexes are immedi-
ately converted into the tetranuclear complexes with the
corresponding cation. Sulfur, nitrogen oxides. and uni-
dentitied compounds are also among, the decomposition
products. These complexes are readily soluble and stable
in water and acetone (upon storage of solutions under
an inert atmosphere) and are insoluble in ether. In polar
solvents {methanol or acetonitrile), the binuclear com-
plexes are converted into the tetranuclear complexes.
Anion 1 of the NHy[Fe, S:(NO);]-H-O complex
(Fig. 1) exists as a trigonal pyramid whose vertices are
occupied by the iran atoms. The ideal symmetry of the
anion is described by the C3, group. The distances
between the Fe atoms can be characterized by two types
of contacts, vic., by contacts between the apical Fe,
atom (Fe(1)) and the Fe, atoms (Fe(2)—Fe(4)) of the
base of the pyvramid (Fe(l)—Fe(2), 2.693(1) A;
Fe(1)—Fe(3), 2.696(1) A: and Fe(1)—Fe($), 2.707(1) A)
and by contacts between the Fey, atoms of the base of

0O42)

)
Qfs@{’O(zl)

Fig. 1. Overall view of the anion of NH,[Fe S:(NO); - H,0
complex (1b).



Binuclear and wetrunuclear iron-sulfur nitrosyl clusters

the pyranmid (Fe(23—Fet), 3601 A Fet)y—Fe(dy.
33430 A and Feddhy—Fe(dy, 3.5 Ay These data
comcerde with the values obtaned previousty for the
Cs 4 and ASPhy™ % salts (Fe,~Fep. 2700 A7 and
Feg—Fe,. 3570 A) The Fey, atems of the base of the
pyramid are hinked through the Fe,—S$--Foyp sulfur
bridzes. ke m the Cs7oand AsPh; " salts studied preve-
ously 5 The wltur atoms of these bridges also form
bonds with the aprcal Fe, atoms. The average Fe,—S$
and Fe,—S distances (2.205¢1) and 2.236(2) A respec-
tvelyd comcide with the published data®® (2206 and
2258 AL respectinelv). The apieal tron atom (Fe ), viz,
Fecl), s coordinated by one NO hegand and three
brndeing S atoms. whereas each Fe, atom (Fe(2), Fe(3),
and Ferdn s coordimated by two mitrosyl hgands and
two bridging § atoms.

Noteworthy are the substannal deviations of two
bond lengths (Fetdy =S, 2.264¢2) A and Fetd--5(2).
2.246¢2) ) from the average Fe,—S hond length.
In addition. the planarity of the FetHSTHFe(HSE3) fuce
s somewhat distorted (the tolding angle along the
Fetlry—Fed) Iine is 3.0°) compared to the remammg
two faces (127 and 1.47).

Analysis of the bond tengths in the nitrosyl ligands
demonstrates that the Fe,—N bond (16312 A) s
shortened compured to the analogous values for the
peripheral atoms (Feg—No Loodib)--1.673(7) Ay All
Fe -N--O fragments are nearly hnear. The equatorial
angles are 1694, 171 2¢), and 166 41" (¢f. the
literature datad3: 167.82). The axial angles in complex 1
are 1eo 9(1) . Te6 901y, and 163.001)° t¢f the literature
datat 166,17, e, these angles are larger than the
Fe —N-=0 ungle (176.311) ¢/ the hterature datat>:
176.3°)

Apparenty, the ditferences n these angles are
caused by the 1ormation of termolecular hvdrogen
bonds  NH; ON (NONH, L OCH, 3100 A
and N(NH, ) O21), 3435 &) and H,O ON
(O(H.0) 00211299 AL OH-OL 021 7), 311 Avand
O(H-OY. Oty 310 8y The increase ny the N{31)—
Fet3)—Ne32) bond angle (119.3(1)") compared (o the
remaning two angles (N2~ Fe(2r=N22) o)
and N1 -—=Fe(h=Nd2) 113.70H*) is alzo of mterest.
Evidentty. this change in the geometny s governed by
the formaton of a chain of intermolecular hvdrogen
bonds NH, 7 O3y {N..O, 325 Hyand NH, 003
(N...O. 213 ), which "extend” the nitrosyl ligands at
the Fe(3) atom resulting in the obsenved tncrease in the
angle.

Dianton 2b in the cesium complen (Frg. 2), as in the
satts with the (CHY N ¢ and (En,N " 7 cations studied
previousiv, has the approximate symmetry D, Two Fe
atoms are hinked through two bridging S atoms. There-
fore. the bridging S atoms in compley 2. unlike those i
complex 1. form bonds with only two rather than with
three Fe atoms. The Fe atoms are coordmated by two
bridging S atoms and two NQ hgands. The Fe-N—-0O
fragments, tike those in 1, are lincar. The Fe—N—-O
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Fig. 2. Orverall view of the anion
ol the Cus[Fe-5-(NO - 2H0 compley i2h)

angles are in the range of 164¢1)--165¢1 . which coin-
cides with the range fJor the Fe,— N—0O values m an-
ion 1b.

Noteworthy iy the decrease i the size of dianion 2
compared to the dianton in the salts with the Me N-
and Et, N7 cations 87 The Fe—S bond lenaths in diamon
2 arc wn the range of 2252432 243(21 A (2.239—2 230
A for the amon in the sult with the Me N7 cation; 2.239
and 2241 A for the amon in the salt with the EtyN~
cation): the Fe~-Fe bond length in diamion 215 2.702(2)
L2713 and 2716, and 2713 A, for the anions in the
salts with the Me ;N and Et,N~ cations, respectively).
This may be associated with the smaller size of the Cs~
carion i the complex with dranion 2 compared o
Me N7 and EyN 7L as a resule of which the degree of
transfer of the clectron density trom the highest occu-
pred molecular orbital of the anion to the cation in the
complexy with dranion 2 s decreased. Since this orbital 1s
ponding'™ and consists predominantly of the d orbitaly
of the Feycore. this geometric behavior of the anion can
be adequately described within the framework of the
Huckel theory (EHMO)

Noteworthy also s the substantial difference in the
Nl —FethHh—=Ncl2) and Ne21)~Fe213—=N22) bond
angles (1747 and H2.7(H° respecuively). which
apparently results from the nonequivalence of the crystal
environment. Analysis of the intermolecular Cs.. N con-
tacts shows that the environment about the N(11) atom
(Cs(h N 2351 A) s substanually different from
those about the remaining nitrogen atoms (Cs... N, 3 49—
3.77 Ay For the intermolecular Cs...Q contacts. two
pairs of nitrosyl higands with an approximately equiva-
lfent crystal environment can be distinguished.

Analvsis of the crvstal packing demonstirates that the
coordination number of Cs™ s 12 and the Cs™  ligand
distances are in the ranges of 3.163(1DN—3.725(13) and
302010 =3.719¢1 1) A for the Cs(1) and Cs(2) atoms.
respectively. However, analysis of the Cs...Cs contacts
shaows that these distances in the crvstal are smaller than
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Table 4. Parameters of the Massbauer spectra of the binuclear and tetranuclear complexes

obtained at 7§ K

Complex Coordination about 3¢, AEG A Inten-
the Fe atom mm s~/ sity
(NH [ Fegu;-S)iiNO) - H;O (1ay {S;(NO)Y,) n.154 0957 0.23 3
1S5(NOY} 0.158  0.733 024 I
{Bumy N} Fe (13-S)5(N0-) (b {S2(NO),} g.14t 0894 030 3
{S5(NO)} 0.166  0.635  0.29 1
NaofFeytpa-8)2(NOY - 4H,0 (2a)  {S3(NO)-} 0.091 0510 028 I
{S5{NO)} 0.104 0827 028 ]
Cso]Fealua-S)2(NO), |- 2H,0 (Zhy  {S2(NO),) 0.078 0368  0.27 -
(Bu" ;N ) Fealpy-S)tNO),) (20) {SANO),} 0.064  0.258  0.27 -
Fe,iu-S1g{NOy,Y ISHNOY 0430 1473 0334 -

“Sge 18 the isomeric shift relative to Fe at 78 K.

" AEq is the quadrupole splitting.
¢ [is the line width.
4 Literature daia 14

the metal—metal bond length (Cs{1h)—Cs(l), 4.285 A:
Cs(2)—Cs( 1), 4738 and 3.664 A: and Cs(2)—Cs(2),
4.832 A). Apparently, the positive charge in the crystal is
only pariafly focalized on the Cs atoms; otherwise these
Cs...Cs contacts in the crystal cannot occur.

With the aim ot obtaining additional data on the
structures of the iron-sulfur nitrosyl clusters, we studied
a series of complex salts with different cations, including
compounds for which data on the molecular and crystal
structures are unavatluble, by Massbauer spectroscopy.

The parameters of the 37Fe Massbauer spectra of a
series of A.[Fe,S$:(NOY,| binuclear complexes. where A
= Na™, Cs7, or BuyN™, and AJFe;S5(NO)| tetranuclear
complexes. where A = NH,~ or Bu)N*, at 78 K are
given in Table 4. In this table. the data for the neutral
cubane-hike tetramer lFe4S4(:\'O’>4|” are given for com-
parison.

1.00) dmarm

0.90 F A a
0.80 - vy
i -
0.70 -
g 1.00 W"“\ W
£ ooe | - b
Z 0.96 ;— YA
= i Y
=092 & ‘
1.00 -—M\ M—-
(] : .
0.95 T v ¢
S
0.90 t ¥d
-2 -1 0 1 V/mm s~

Fig. 3. Massbauer spectra of the binuclear complexes with the
[FesSa(NO,)]2™ dianion (2) and with the Na* (a). Cs™ (b).
and (Bu"yNY* (e) cations (78 K).

The Massbauer spectrum of the sodium salt of the
binuclear complex with dianion 2 is adequately de-
scribed as a superposition of two symmetrical quadru-
pole doublets (Fig. 3, a). Their intensity ratio 15 1 = 1,
provided that the line widths of the individual doublets
are equal. This result is most likely indicative of the
structural nonequivalence of the iron positions in the
dimer in spite of the identical composition of the coor-
dination environment, (u;-S)>(NO);. On the contrary,
the spectra of the binuclear complexes with the cesium
or tetrabutylammonium cations or with dianion 2
(Fig. 3, b. ¢) are adequately described by one asym-
metrical doublet with insignificantly broadened lines
(see Table 4) in spite of the revealed structural
nonequivalence of the Fe atoms in the dimer of the
cesium salt. The asymmetry of the absorption lines in
spectra » and ¢ (Fig. 3) is associated with the pro-
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Fig. 4. Mossbauer spectri of the tetranuclear complexes with
the [Fe Sy(NO7)|™ anion (1) and with the NHy" (a) and
(BuiN)“ (b) cations (78 K).
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nounced texture of the sampies, which comprise sets of
needle-like single crvstals of different lengths. Their
axes are located predominantly in the plane perpendicu-
lar to the direction of the v-quantum beam.

The spectra of the samples of the tetramers with
anion 1 of the ammonium (a) and tetrabutylammonium
salts (b were processed as superpositions of two dou-
blets with the fixed ratio of integrated intensities of 3 @ 1
(Fig. 4). This ratio corresponds to the relative weights of
two structurally noneguivalent positions of the iron at-
oms. viz.. Fey and Fe,, in the [Fe,(NO),;S;]7 anion,
which differ in the formal charge and in the composition
of the coordination sphere. Note that the parameters of
the Massbauer spectra of the complex with the ammo-
nium cation and anion . which were obtained in the
early studies!-13 at the same ratio (3 1 1) of the relative
contributions of the Fe,, and Fe, states, are substantiaily
different (particularly. in the isomeric shift for Fe,: 3, is
0.25 mm-s1). Since the spectral resolution was inad-
equate, it was rather difficult 1o unambiguously choose a
particular set of parameters. Nevertheless, the spectral
parameters  of the  NHyFe ;S5(NO);]  and
Bu"¢N[Fe;S1(NO)-| compounds given in Table 4 corre-
spond to the lower (by ~20%) value of the ? parameter
compared to the alternative set of parameters similar to
those obtained previously.'®15 [n addition, it can be
seen from Table 4 that in the case of the chosen sct of
parameters. the values of the isomeric shift & for Fe, fall
in the range of the & shifts for the equivalent Fe™ states
i the neutral |Fe,S,(NO),) complex! with the identi-
cal composition of the coordination environment.

Judging from the noticeable dependence of the ¥Fe
Massbauer spectral parameters (see Table 4) on the type
of the cation in the crystals under study, the role of the
cation is not limited to the simple compensation of the
negative charge of the cluster. The cation also noticeably
affects the structure of the cluster, ie., the angles and
interatomic bond lengths. The above-mentioned effect
is most pronounced in the series of crystals of the
binuclear complexes with dianion 2.

The dependences of the changes in the Massbauer
spectral parameters, the isomernc shift (3), and the
quadrupole splitting (A\Eg) on the size of counter-ion A
are of interest. Thus the Af value decreases substan-
tially as the size of ion A increases (on the average. trom
0.70 for A = Na* to 0.26 mm-s™' for A = Bu"yN").
i.e.. the total distribution of the charges of the valence
shells of the Fe atom and of the atoms surrounding the
iron atom is more svmmetrical. This fact is surprising
when taking into account the difference in the compaosi-
tion of the nearest ligand environment about the iron
atoms, {15-5)>(NO),. and evidently the substannial dif-
fercnce in the effective charges of the sultur atoms and
the nitrosyl groups. The formal charge on the Fe atom is
~1, which corresponds to the d* electronic configura-
tion and to the expected substantial contribution of this
configuration to AEQ. Apparently, the small vaiue of
AEG for A = BugN" and its independence from the

temperature indicate that the contributions of the charges
of the surrounding atoms and the charge of the d shell
of the iron atom to AEg are almost completely compen-
sated.

It 1s also worthy of note that the isomeric shift §
substantially decreases as the size of cation A increases
(sec Table 4). This behavior indicates that the s electron
density on the Fe7 nucles increases on going from A =
NaT to BuyN™*, which may be a result of a decrease in
the Fe—S and Fe—Fe bond lengths. The tendency tor a
decrease in the lengths of the above-mentioned bonds
has been observed previously on going from the Me N~
salt to the Cs™ salt and it has been attributed 1o an
increase in the degree of localization of the electron
density  on  the bonding (relative to  the
Fe— Fe bonds) highest occupicd molecular orbital of the
dianion. Apparently, M¢,N™ is more electrophilic than
Cs*t due to superconjuganon. In turn, a decrease in the
occupancy of the lowest unoccupied MO of the dianion,
which consists primarily of the d orbitals of the Te
atom. " should favor a decrease in the dx(Fe)-»zx"(NO)
back donation and, correspondingly, should lead to
strengthening of the N—O bond.2® This situation is
confirmed by the fact that the average stretching fre-
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Fig. 5. Cyclic voltummograms of the complexes with anions 1
(curve 1.4.2-1073 mol L ™YY and 2 (curve 2, 7.1- 107  mol L1
in a THF/0.1 M Bu,NPFg medium on a Pt electrode (v =
0.2 V/sy at 2022 °C.
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qguencies of the NO groups i the IR spectra of the Cs™
and Bu™,N" salts are 42.1 and 62 cm™! lower, respec-
tuvely. than the value observed for the sodium salt
(719.0 cm™).

The electrochemical behavior of the tetrabutyl-
ammonium complexes with anions I and 2 was studied
by cvelic vottammetry. The cvclic voltammograms of
the cluster with anion Tin MeCN/0.05 M BuyNPF, and
THEF/0.1 M BuyNPF¢ media have two peaks (4 and B).
A typical voltummogram in MeCN is shown in Fig. 5
(curve . All observed peaks are diffusion-controlied
(1,-v7172 = const. where [, is the peak height and v is
the rate of the linear potential scan) and one-electron.
which is evident from a comparison of their heights with
the height of the one-electron reduction peak of the
HRu(CO), cluster determined under identical condi-
tions.'® The choice of HRu{COJ,- instead of ferrocene
as the standard was governed by more similar sizes and,
consequently, by the closer values of the diffusion coef-
fictents of this compound and the complex with anion 1.
In a MeCN medium at potentials more positive than
+0.7 V (saturated catomel electrode (s.c.e.)), the cluster
with anion 1 underwent irreversible multielectron oxida-
tion accompanicd, most likelv. by destruction of the
structure of the complex (reduction waves were also
observed).

At the first stage, reduction of the salt with anion 1,
unlike irreversible oxidation, is reversible as evidenced
by the value AL, = £, — £,5=70mV (£, and E," are
the potentials of the cathodic and anodic peaks, respec-
tively) and by the equality of the heights of the cathodic
and anodic responses A and A in MeCN. At the second
stage. reduction is quasireversible or irreversible (V£ =
300400 mV). The AE, value for the redox pair A/47 in
a THF medium is somewhat larger (130 mV) due to the
larger ohmic resistance in this solvent because the AE,
value for the known reversible ferrocene® ™ redox pair in
THF is 150 mV. The formal standard potentials (£? =
(£, + £,%)/2) for the redox pair A/A" and the potentials
of cathodic peak B in MeCN and THF media are given
in Table 5.

Table 5. Potentials of reduction peaks
of the clusters with antons 1 and 2 (relative
o a saturated calomei electrode) 1n
MeCN/0.05 M BuyNPF, (Au clectrode)
and THE/0.1 M Buy,NPF, (Pt electrode) at
v=02Vstand T=20z2¢C

Cluster with Peak
the anion

ANYAY

MeCN THF

i A/A ~0.72 —0.93
B (-1.68) (=174
B (~1.32)  (~1.44)
2 ArAT =072 -0.94
B (—=1.72)  (—1.69)
B” (~1.30)  (—1.43)

A stight difference in the reduction potentials of the
cluster with anion 1 in THF and MeCN solutions is
attributable 1o the difference in the donor-acceptor prop-
erties of these solvents. The data of cyclic voltammetry
for complex 2 are given in Fig. 5 (curve 2). It can be
seen that the voltammograms of the tetrabutyvlammonium
complexes with antons 1 and 2 are virtually identical
both in shape and potentials of the peaks (see Table 3).
Thus in solvents containing donor molecules. the dianion
immediately decomposes followed by the formation of
the tetranuclear |Fe S3(NO);|~ complex. This is evi-
denced by the data of cyclic voltammetry of the bi-
nuclear complex (see Fig. 3) as well as by the IR spectra
of powders of these compounds prepared by recrystalli-
zation from MeCN (Fig. 6). An analogous situation was
also observed upon recrystallization of these compounds
from THF. Note that, according to the data reported
previously,!” the cluster with anion 2 in a CH,Clh
medium was also converted into the cluster with anion
1. Apparently, this reflects the general tendency of the
binuclear complex with anion 2 to undergo conversions
in solutions to form the thermodynamically more stable
tetranuclear cluster with anion 1. The binuclear com-
plex, in turn. exists predominantly in basic media. For
this rcason, attemnpts to prepare and isolate products of
one-electron  reduction  or  oxidation of the
[Fe,So(NO), 1™ dimer failed.

Therefore, it can be concluded that the structure of
the [Fe:Sz(NO)d:“ dianton in the salts of binuclear
complexes containing bulky ammonium cations (B =
Bu",N7) is least disturbed by intermolecular cation—
anion contacts and. apparently., more adequately corre-
sponds to the notion of the structures of the isolated
molecules.

A substantial difference in the size of the NH** and
Bu, N cations in the tetranuclear complexes with an-
ion 1 affects the parameters of the Mgssbauer spectra of
the Fe, and Fey, slates to a lesser extent compared to the
observed changes in the serics of the binuclear com-
plexes with anion 2. The lack of structural data on the
Bu™,N™ salt with the |[Fe S;(NO)-]™ monoanion does
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Fig. 6. IR spectra of the binuclear ({BuN);[Fe,S»(NOR]D (1)
and tetranuclear (Bu? N{Fe S3(NO)}) (2) complexes recrys-
tallized from MeCN.
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not allow one to establish a correfation between the
changes in the structural and Messbauer parameters of
the salts under study (due, particularty, to the fact that
the isomeric shifts for the Fe, and Fey, positions have
close values in spite of o substantial difference in therr
coordination covironment). A detatled analysis of the
local environments about the Fe, and Fey atoms makes
it possible to gualitatively explain the apparent anomaly.
Thus the expected increase in the &, value in the case of
the larger number of d electrons at the Fep(d”?) center
compared to that at the Fe,(d’) center is, apparently,
compensated by a decrease in the §, value due to the
presence of an additional m-acceptor NO™ group n-
volved in the environment about the Fey, atoms and the
smaller numbers of the Fe—S and Fe—Fe bonds about
Fen. According to the results of quantum-chemical cal-
culations.’® the lowest unoccupied MO ol the cluster
with anion 1 (to which the arbitals of the Fe—Fe bond
make the major contribution) is antibonding. Neverthe-
fess. one-electron reduction of anion 1 is reversible.
This indicates that the [Fe, S3(NO); "1™ dianion radical
is stable at least within the ume scale of cvyche
voltammetry. The total two-electron reduction of anion
I is irreversible. This indicates that the transter of the
second electron to the cluster causes substantial struc-
wral changes resulting. apparently, in destruction of its
core. Therefore, the resuits obtained make it possibie to
represent the mechanism of reduction of anion 1 by the
following scheme:

[Fe4Sa(NO)7]™

=== [FesSy(NO);1'2" + e ~—»
— [Fe,;S5(NOC);)®° — products.

e e

To summarize the results of the structural and
Maossbauer investigations and the data on the redox
properties of the resulting compounds, one can con-
clude that the [Fe:Ss(NO),12™ dianion is more “labile”
and its geometry, fe.. the intcratomic distances and
angles. in the crystal depends more noticeably on the
type of the counter ion compared to the [Fe S:{NO);]™
monoanion, which is less susceptible to the influence of
changes in the intermotecular bonds.
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