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The iron-sulfur nitrosyl complexes A[FeaS3(NO/7t, where A = Na ~, NHa +, or 
N(Bu")4 ~, and Bz[Fe42~NO)d. where B = Na ~. Cs ~, or N([3un)4 +-, were synthesized. 
Their structures and properties were studied by X-ray diffraction analysis. ,M,sssbauer spectros- 
copy. and c3clic voltammetry. The effect of the crystal packing on the geomet~ of the 
tetranuclear NH4[Fe:~S3(NO)7]-H20 and binuclear Cs,[Fe2S2(NO),41 �9 2H,O complexes was 
analyzed. The changes in the Fe 57 ~lijssbauer spectral parameters of the anion in 
the B2IFe2S_qNO)41 series depend on the size of the B cation and agree with variations in 
the structural parameters of the FeISe(NO)2] chromophores as well as in the stretching 
vibrations of the NO groups caused by changes in intcrmolecular contacts. The presence of 
electronic states delocalized through the ge- -Fe  bonds explains the fact that the electronic 
states of the Fea(S-~NO) and F%(Se(NO) 2) chromophores in the [Fe.~S3(NO)TI- anion are 
nearl.v identical. The binuclear clusters are unstable upon storage in the solid phase and 
decompose in soh.*tions Io lbrm the tetranuclear [Fe.IS3(NO)7}- complexes, sulfur, and 
nitrogen o~ides. The redox properties of the [Fe,S3(NO)7]- and [Fe2S2(NO4)] 2- anions in 
CH~CN and THF solutions were ,,ttxdied. The mechanism of reduction of the anion in the 
tetranuclear cluster is prolx~sed. 

Key words: binuclear and tetramJclear clusters, iron-sulfur nitrosyl complexes, X-ray 
diffraction analysis. M6ssbauer spectroscopy, cyclic voltammetry. 

3 h e  abil i ty of  N O  to c o o r d i n a t e  iron c o m p o u n d s  is 
o f  great bio{ogical i m p o r t a n c e .  Fhe  fb rmat ion  or" n i -  
trosyl complexes  leads to  i nh ib i t i on  of  h e m o p r o t e i n s ,  
viz.. i r o n - c o n t a i n i n g  e n z y m e s  (guanylate  cyclase and  
cy toch rome  P-450)  and  h e m o g l o b i n ,  and n o n h e m e  i r o n -  
c o n t a i n i n g  cen te r s  ( l ipoxygenase ,  t;erritin, and  i r o n - s u l -  
fur proteins) ,  t It is be l ieved tha t  i ron-sulfur  p ro te ins  are 
ra ther  long- l ived reservoirs  o f  bioact ive NO, and  N O,  
which  is re ta ined in these  reservoirs,  can be subse -  
quent ly  used in d i f fe rent  n i t rosa t ion  react ions.  It was  
suggested 2 that  in such  a m a n n e r  amines ,  thiols,  a n d  
k e t o n e s  are  c o n v e r t e d  in ce i l s  in to  c a r c i n o g e n i c  
n i t rosoamines ,  n i t ro so th io l s ,  and  oximes,  respect ively.  
Since the N O  adducts  are ex t remely  unstable,  the m e c h a -  
niatn of  conve r s ions  is still poor ly  unders tood.  S y n t h e t i c  
F e - - S - - N O  clusters  c an  be used as models  of  n i t rosyl  
complexes  in vivo. 3 

In this c o n n e c t i o n ,  a sea rch  for hey, stable N O  
donors  based on  ni t rosyl  F e - - S  clusters and  s tudies  o f  
the re la t ionship  be tween  t h e i r  s t ruc tures  and react iv i t ies  
are of  interest .  In spite o f  the  diversity of the  k n o w n  
Fe - -S  nitrosyls,  e x p e r i m e n t a l  data  on  thei r  s t ruc tu re s  
are  s ca rce .  T h u s  o n l y  the  C s [ F e , S 3 I N O ) 7 ] ,  4 

(C~H5)4As[ Fe4S3(NO)7] ,  5 ( ( C  H3)4N )2[ Fe2S2(NO)41.6 
and (( Et)4N)2I FeeS2(N O)417 c o m p o u q d s  have been s tud-  

ied. 

In this work.  a ser ies  of  F e - - S  nitrosyl complexes  
with the [Fe4S3(NO)71-  and  [FezS2(NO)4]  2-  an ions  
were synthes ized a n d  the i r  p roper t i es  were s tud ied  by X- 
ray diffract ion analysis .  MiJssbauer spec t roscopy ,  and 
cyclic vo l t ammet ry .  

Experimental 

Sodium and ammonium salts of the cluster hepta- 
nitrosotrithiotetraferrate anion (1), Na[Fe4S3(NO)T] (la) and 
NH,I[Fe4S3(NO)7]. HzO (Ib).  were prepared according to a 
known procedure 8 by heating an aqueous mixture ?200 mL) of 
iron{r~) sulfate (20 g), NaNO 2 (8 g). and a 22% aqueous 
sohuion of N a 2 S ' 9 H 2 0  or (NH4)2S (5 mL). Ammonium 
sulfide was prepared according to a procedure reported previ- 
ously. 9 The sodium saR was filtered off. dried with CaCI 2. and 
recry, stallized from anhydrous methanol. Tbe 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 vaeuo and rec~stallized from anhydrous metha- 
nol. The yield was 23%. 

Single crystals of NH~[FeaSflNO)7I-H,O were prepared 
by slow crystallization of the complex from a I : I aqueous- 
methanotic solution in air at -20 ~ for 4g h. IR: re, NO) 
for Na[FeaS3(NO)71, 1740.2 cm - t .  v(NO) for 
NH4[Fe.~S3(NO)7]- H20, 1738.7 cm -l .  Found t%): Fe, 39.08: 
N, 17.25: Na, 4.26; S, 17.48. NaFe4S3N707. Calculated (%~: 
Fe, 40.42; N, 17.74; Na, 4. t6" S, 17.44. Found (%1: H. 1.62: 

Yransk~ced from lzve~ttya Akademii Nauk, Seriya Khimicheskaya. No. 3, pp. 443--450, March, 2000. 

1066-5285/00/4903-0444 $25.00 �9 2000 Kluwer Academic/Plenum Publishers 



Bmuclear  and  te t ranuctear  i ron-sulfur  nitrosyl clusters Russ. Chem.Bull., Vol. 49. ?r 3, March, 2000 445 

Fc, 30.30- N. 19.14: S. 17.B0. Fe~SsNstt,,O s. Calctfiated ~%}: 
14. 1.06; Fe, 39.46: N. 1980: S. 17.02. 

Tetrabutylammonium salt (BuI4N[Fe4S3(NO)7] (Ic)  was 
prepared by mixing NaIFeaS~{NO)TI {(}.72 gl and BuaNBr 
{0.49 g) in water {15 mL). The precipitate of the complex that 
formed was filtered oiE ;~ashed several time.~ with water {10- 
mL portionsl, dried with CaCI-=, and recuslallized from anhy- 
drous methanol .  The yield was 55.7%. IR: v{NO} for 
Bu4NIFe4S~(NO)7 I. 1725.3 cm -1. Found {%): C, 25.82: H. 
4,95: Fe, 27.37: N, 14.04: S, I I 98. Fea,'S~CI6HeoN::O7. Caicu- 
tared {%): C. 24.8S: H, 4.06: Fe. 2593: N, 14.52: S, 12.40. 

Sodium and cesium salts of the cluster tetranitro- 
sodithiodiferrate anion (2}, Na2[FezSz(NO)4 ] . 4HzO (2a) and 
Cs2[Fe2S2(NO)4I-2HzO (2b), were Qvnthe~i,:ed by heating 
NH4[Fe4S-.{NO)v I (3 12 g) in t0% aqueous sohltioFis of the 
corresponding alkali (NaOH and CsOH}. Iron(m) hydroxide 
that formed wa~, filtered oil  The solvent was renrmed from the 
filtrate ,n vacuo over CaCL. The yields were 48% and 35%, 
respectively. 

Table I. Principal crystallographic data for single crystals of 
N H4[ Fe4S3{ NO 17t " H-O (lh) and Cs2{ Fe2S2( NOLd �9 2H ,O (!b ~, 

Parameter lb 2b 

Weight ,.St r = 565.46 A 6 = 597.71 
System Tricfinic Monoclinic 
Space group P/ P 2 t/c 

a/A q.451 {2} 9.608{ 2)k 
b/.\ I 0.00~ 2) I 1.402( 2~k 
eta 10.577{2) 12.O01{3}A 
c,,'deg 5q 02(3} 
~Vdeg 68.57(3} 107.13(3} 
:/deg 79.05(3) 

I</A ~ 797.9(3) 1319.2(5) 
Z 2 4 
d, mg m-3 2.353 3009 
Scanning technique ,v'20 t,}/20 
Number of reflections 4358 3734 
Number of reflections 

with [/ > 2.0cr~/}] 2632 11{)6 
Refinement based on F 2632 I1% 
Absorption coefficiem, 

.u/ram" ~ 2.024 7.968 
Custal dimensions/ram -! 0.5x0 2.<0.02 0.3 <!}. t ,.0 05 
Color of the co'sial Black Red 
R 0.0512 0.0394 
S 1.030 1.189 
Number of retinable 

parameters 224 157 

Single cwsta/s of Cs_,[Fe,Sz(NO).al-2H~O were obtained 
by removing the solvent from the aqueous ~olution of the 
comph:x over CaCh over several days, IR: v{NO} for 
Na,2[ FezSz(NO)a]" 4H~O, 1719.0 cm-I :  v(NO) for 
Cs2IFe2S2(NO)4 ].2H2(), 1676.9 cm -~. Found {%}: H, 1.03.: 
Fe, 26 43: N, 12.652 Na, 11.40: S, 15.29. Na2Fe2S2N~HsO> 
Calculated {'.">.1: H. 097: Fe, 26.96; N, 13.53: Na, lI I1: S. 
t5,5~. Found (%): H. 0.90: Cs, 53.07: Fe, 21.65; N, ll).50; S. 
12.03 Cs2Fe2S2NqH40~,. Calculated (%): H. 079: Cs. 52.97: 
Fe. 2223: N, 11.16: S. 12.83. 

Tetrabutylammonium salt (Bu4N)z[FezS2(NO).d (2c) ~as 
prepared by mixing a solution of Na2[Fe2S2(NOh].414~O 
1'0.51 g) in water (30 mL} and a solution of Bu4NBr (0.98 g) in 
water {25 mL). ]he red precipitate that formed was filtered off 
under an atmosphere of N 2, washed with a small amount of 
dieth>l ether, and dried on a filter under an inert atmosphere 
for 6 h and then in a vacuum desiccator over calcined CaCh. 
The yield was 65%. IR: v(NO) tot (Bu~N)2[Fe2S2(NO)4i, 
1657.5 cm-l .  Found (%): C, 49.36: H. 9,31; Fe, 14,50: N, 
10.71: S, 9.47. F%S2C32H~2N~,O4. Calculated {%): C, 49.24: 
H. 9.23: Fe. 14.31: N, 10 77, S. 8.23. 

Elemental analysis for C, H, N. and S was carried out 
according to a known procedurel'~: Fe and Nav, ere determined 
by atomic absorption spectroscopy on an AAS-3 spectropho- 
tometer. 

The IR spectra ,,,,ere recorded on IKS-29 and Perkin Elmer 
FTIR-1600 spectrometers in Kgr pellets at -20 ~ in air. 

X-ray diffraction study. X-ray diffraction data sets for the 
cr'},stals ot" the ammonium salt with anion I and for the cesium 
~,att with dianion 2 were collected on an automated R'mr-circle 
KM-4 difffactometer (Mo-Kct radiation). The structures were 
solved by the direct method using the SHELX-86 program 
package tt and refined by the full-matrix least-squares method 
(SHEXL-931z). The hydrogen atoms were revealed from dil- 
ference Fourier syntheses and only their positional parameters 
were refined. The principal cry'stailographic data for single 
crystals of the ammonmm salt with anion I and of the cesium 
salt with anion 2 are given in Table I. The selected bond 
lengths and bond angles for these complexes are given in 
Tables 2 and 3* 

M6ssbauer absorption spectra were recorded on a standard 
Wiss El apparatus (Germany) in the mode of constant accel- 
eration: Co 57 in a Rh matrix at ~20 'C served as a source. The 
measurements of the samples at low temperatnre were per- 
formed with the use of a temperature-controlled CF-506 flow- 
throttgb helium cry.'ostat {Oxford Instruments). The MOssbauer 
spectra were processed by the least-squares nlethod 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. 

Tablje 2. Selected bond length~; (if} and bond angle~ (~,~) in complex lb 

Bond d/A Bond d/A Bond d/A 

O{32)--N(32) 1105(9) Fe{I)--St l )  2.205(2) Fe(4)--N(42) 1.661(6) 
N(32)--Fe(3) )668(6) Fe(I}--Fe(2) 2.O93t2) Fe{4)--N(41) 1671(5) 
Fe(3)--Nt31) 1 .675!7)  Fe(I)--Fe(4) 2.70I(13) Fe(4)--S(3) 2.256(2) 
Fet3)--S(2) 2.246(2) S(I)--Fe(4) 2.264{2) N(I ) - -O(I )  1.159(8) 
Fe~3)--S(I) 2 . 2 5 7 1 2 )  St2)--Fel2) 2.252(2) N{21)--O(21) 1.168(8) 
Fe(3)--Fe(I)  2.697(2) N(3t)--O(31) 1.157(8) N(22)--O(22) 1.152(7) 
Fe(I ) - -N(I)  1.651t6) Fe12)--N(22) t.669{6} N(41)-O(41)  1.161(7) 
Fe(I}--S(3) 2.205{2) Fe(2}--N(21) 1.669(6) N~42)--O{42) 1.157(8} 
F e l l ) - S ( 2 )  2.205(2) Fe(2)--S(3) 2.259(2) 

Angle {,~/deg 

O(32)--N(32)--Fe(3) 1680(6) 
O(3 t ) - -N{3~)--Fe(3) 17[.2t6) 
O(3 I)--N(3 l)--Fe(3) 1712(6) 
O( l)--N( 1 ) - -Fe( l )  176.5(6) 
O(21 )--N(2 I)--Fe(2) 166.4{5) 
O(21 )--N(21)--Fe(2) 166.4(5) 
O(22)-- N(22)--Fe(2) 166.9~6) 
O(41 }--N(41 )--Fe(4} 166.9(6) 
O(42)--N(42)--Fe(4) 169A(6) 
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Table 3. Selected bond lengths ~c,q and bond angles (ml in complex 2b 

Bond ct,/A Bond d/A Bond 

O,( t ) - -Ow(2)  3,165(11,~ Cs{2)--Ow(2) 3.211(101 Fe(I)--S(2) 
Cs~l)--O(12) 3.2271101 Cs(2J--O!22) 3.244(101 Fe(II--S(I)  
( '~(I)--O(111 3245111~ Cs121--O{2t) 33221111 Feql)--Fe(2) 
Cs( I ) - -O(2 l )  3.247(II) Cs(2)- -O(l ) )  3.369{~t) Fel l ) - -Cs(I}  
Cs l lT--N!I I )  3.352~121 Cs(2)--Ow(2) 3.4541135 Fe(15--Cs(2) 
Cs111--S(21 3.41414i Cs(2)-O(121 3.5021121 Fe(2)-- N(221 
Cs(I)--S( I ) 3.484(4) Cs(2)----N(21 ) 3.506( 125 ge(2)--N121) 
Cs~t)--N{2J ; 3.495~ I t) Cs(2)--S(I 1 3.572(41 Fe{2)--S(2) 
C~(I}- -Ow(2)  3.517113) Cs{21--N(121 3.574112} Fe(25--S(I) 
Cs( I ) - -O~t l )  35681t2) Cs(2)--N(12) 3.603(115 O{21)--N{21) 
Cs~l)--O(22) 3.585{11) Cs12)--0(21) 3.719(11) O(22)--N(22) 
Cs(I}--NI221 3.725{131 Fe(I}~NII2) 1.661t111 O ( I I ) - - N ( I I )  
Cs12)-Ox~(I) 3.1121101 Fe(i I~N~It)  1.675110) N(I2)- -O(I2)  

,,Vote: O,a,( I ) and 

d/A .Angle 

2.230{4) N ( 1 2 ) - - F e ( I ) - - N ( I I )  
2.240t4! N(22)--Fe(2)--N(215 
2.703(3) O { I I ) - - N ( I I ) - - F e ( I )  
3.987(25 O{2t~--N(2t)--Fe~21 
4.19012) OII2) - -N(12) - -Fe{I )  
1.654(12) O(22)--N(22)--Fe(2)  
1.66511t) 
2.235(4) 
2.243(4) 
1.155114) 
1.17(2) 
1.1481141 
1.175(14) 

m.;deg 

114.9~6) 
112.3161 
167.9(12) 
t66.6~ll)  
163.81111 
165.4112) 

O\~,(21 are the oxygen atoms of the water molecule of solvation. 

assumption that the combined absort)~ion lines take tile I.orentz 
](}rm. 

Voltammetric measurements were carried out under a dry 
inert atmosphere in a THF or MeCN medium, which bad 
been prepuril]ed and distilled directly into an electrochemical 
ceil {evacuated and filled with argon} according to a procedure 
described previously. 13 Tetrahydrofuran (Aldrich) was purified 
b;' the ketyl method. Acetomtrile (Aldricht was refluxed over 
P2G5 and distilled. A soR~tion pf B~4NPFb was used as the 
supporting electrolyte.  Tetrabutylammonium hexafhmro- 
phosphate (Aldrich) was preliminarily dehydrated by melting 
in vacuo. All measured potentials arc given relative to an 
aqueous saturated calomel electrode by comparing the poten- 
tial of the reference electrode tAg/AgCI/4 M aqueous solution 
of LiCI), which was separated from the solution studied in the 
celt by a bridge filled with a solution of the supporting 
eleclrolyte, with the potential of the redox translbrmation of 
fewocene ~247 (E 9 = 0.44 and 0.42 V a saturated calomel 
electrode in THF  and MeCN. respectively). 

Disk platinum (the diameter was I ram) or gold (the 
diameter was 0.7 ram) electrodes sealed in glass and polished 
with a diamond paste (the grain size was _<I urn) were used as 
working electrodes. The vohammetric measurements were car- 
ried out with the use of a PAR 175 generator of signals and a 
PAR 173 potentiostat with compensation of ohmic losses. The 
voltammogmms were obtained on a two-coordinate RE0074 
aulomatic recorder, 

R e s u l t s  and D i s c u s s i o n  

T h e  s y n t h e s i z e d  .n i t ro sy l  c o m p l e x e s  with the  
[ F % S 3 ( N O ) T ] -  a n i o n  are more  s table than  complexes  
wi th  t h e  [ F e 2 S 2 ( N O I z ]  2- a n i o n .  H o w e v e r ,  
N H41FeaS3( N O)7] partially decomposes  to form Fe(OH)3 
as one  o f  the  d e c o m p o s i t i o n  produc ts  upon  storage in 
air  for o n e  year .  T h e  t e t r anuc lea r  complexes  are readily 
soluble in po la r  solvents .  The  b inuc lea r  clusters are 
unstable and  requi re  special c o n d i t i o n s  lbr  storage. The i r  
stabil i ty d e p e n d s  on  the na ture  o f  the ca t ion ,  Thus  the  
complexes  wi th  an  organic  ca t ion  are less stable. For  
example ,  c o r n p o u n d s  with the  Na § and  Cs* ca t ions  can  
be s tored in v a c u o  for 3 - -6  m o n t h s ,  whereas  the c o m p o -  
und with t he  N(Bun)4  § ca t ion  can  be s tored for at most  

one  m o n t h .  In air, the b inuc lea r  c o m p l e x e s  are i m m e d i -  
ately c o n v e r t e d  into the t e t r a n u c l e a r  c o m p l e x e s  with the  
c o r r e s p o n d i n g  cat ion.  Sulfur, n i t r o g e n  oxides,  and  uni-  
dent i f ied  c o m p o u n d s  are also a m o n g ,  the  d e c o m p o s i t i o n  
products .  These  complexes  are r ead i ly  so luble  and  stable 
in wate r  and  ace tone  (upon s to rage  o f  so lu t ions  u n d e r  
an  inert  a t m o s p h e r e )  and are i n so lub l e  in e ther .  In polar  
solvents  ( m e t h a n o l  or ace ton i t r i l e ) ,  t he  b i n u c t e a r  c o m -  
plexes are conver t ed  into the t e t r a n u c l e a r  complexes .  

An ion  i o f  the N H 4 [ F % S g ( N O ) 7 1 " H ~ O  complex  
(Fig. I) exists as a trigonal p y r a m i d  whose  vert ices  are 
occup ied  by the  iron atoms.  T h e  ideal  s y m m e t  U o f  the 
an ion  is descr ibed by the C3v g roup .  The  d i s tances  
be tween  the  Fe a toms  can be c h a r a c t e r i z e d  by two types 
o f  con tac t s ,  viz.., by con tac t s  b e t w e e n  the  apical  Fe a 
a tom ( F e ( I ) )  and  the Fe b a t o m s  ( F e ( 2 j - - F e ( 4 ) )  o f  the 
base  o f  the  p y r a m i d  ( F e ( I ) - - F e ( 2 ) ,  2 .69311)  A: 
F e ( I ) - - F e ( 3 ) ,  2 .696(I)  A: and  F e ( I ) - - F e ( 4 L  2.707I 1) A) 
and  by con t ac t s  between the Fe b a t o m s  o f  the  base of  

0(32) ~ --... 

N1,225 

! >~.-7<i a-J U~i;~J r 
" ~  /i"? 

k@ 

N132) /...~..~0( 1 ) 

N{21~ ~ . . . . .  o(415 

O121) " O(421 

Fig, I. Overall view of the anion of NH,,[Fe4S3(NO)Ir" H20 
complex (lb).  
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the pyramid l f -c f_ '~- -Fc(3) ,  ~ (~01~l) \ :  F e ( 2 ) - F e i 4 } .  
3 543t1* .k: .rod Fe l3~ - -Fe (4 ) .  35o3<t!  .\). lhc.<,e data 
c o m e , d e  , a i lh  tlle ' , : l h l c s  o b t a m c : d  prcviot~<,ly fo r  the 
Cs -4  and \ , ,Ph.  "5  salts { t -c~--Fc h 2700  .\: and 
F%-- Fe.,. 3.57i) ,t.l. The Fc h atoms of the base of  the 
pyramid are I~nked th rough  the Fc~,--S--Fet, sulfur 
bridges, hke tn the (.s ~ and ..\sPh+ ~ salts studied prevt- 
ou,,Iv-I.5 The xull'ur ;/l(.}tllS Of thc<,e bridge', also ti+rin 
bolldg with the apical F% atoms The average Fca--S 
and Fc~--S d~stances t2.205~1! and 225+~t2~ \.  respec- 
t~xel,,) coincide  with the pnbl~shed data a5 1.2.20<', and 
_'_258 .-\. r e spec t t~dy l  I-he apical iron atom (F%), v,:;, 
Fe t l} ,  is coordinated hv one  NO hgand and three 
b, idgi ng S atom.',. 'a hereas each  Fc,> atom I Fe~ 2), Fc( 3 }. 
and Fet4~) is cuordinated  by two mtrosyl Iigattdg and 
(,ao bridging S atoms. 

Notev, or lh ;  Ltr(." the %tJbgtall|lal dc,.'i;ItlOlls el c two 
btmd leaSt]as ( t - :c t4) -S(1) ,  2.26412~ ~: and Fc~3)--Sl2) .  
2246~21 ,\) f rom the avctag<: f:er,--S head  l e n g t h  
In addi t ion,  the ptanarily of  the f:el t ~S( I~Fe(4)S{ 3t race 
ts sonlewhat  distorted (the h) ld i l /g  angle along tile 
FcI I~- -FcI4~  line is 5 . 0 I  compared  to the remaininL_' 
t~vo f:lccs (I 2: ,lnd I 4:) .  

Anal-'si,; of  the txmd lengths in tile nitrnsvl Iigands 
demonst ra tes  that the Fea--N bond ( I t % 1 ( 2 )  A) is 
shor tened comp.urcd to the analogous v;Jh les  for  the 
pcrqq~eral atoms ( F e b - - N ,  I <~hll6)--I b7547) :k). All 
Fe - N . - O  fragments are nearly hnear. The equatorial  
angles ;ire 1(r 171 2 ( I t ,  and le,64(1* ~ (4f the 
li terature data l .5 :167 5~). The  axial angles in complex  i 
are I t ~ 9 ( I ) .  1069(I ) .  and 16S 011) ~ (<f the I~terature 
data4-5: 1661'1.  ie . ,  these angles are larger than the 
F e - N + - O  angle 1176.511)' .  c /  the literature datat '5:  
176Y') 

~,pparemly ,  the d i f f e renccs  ~n these angles are 
c a u s e d  b+', t h e  l , o r m a t i o n  0I" i n t c r m o l e c u l a r  h y d r o g e n  

bonds  NI-I 4' O N  { N t N I - t I ~ I  .Ot21) ,  3.1i) .&; 
and N ( N H 4  :) . O i 2 1 " ) .  3 15 A) and H , O  O N  
(O(II  ,O} ..O/21 t. 2 09 ,-\: Ot H,O~...O{21 ) ,  3. II -~+: and 
O(H,O ' I  Oq4l) .  ++ 11) \ )  TInt )ncrcase in the NI31 ) - -  
l-:e, 3 i - -  N132) be ~(I angle ( I 19 I( I )-') comparcd  to the 
r e m a u n m g t w o a n g l c s t N ( 2 1 " t - - F e t 2 ) - N ( 2 2 ) .  1 l S . O ( I ) :  
and N{41) - -FeI4+- -N{42t .  1157(11"! is also of  intercst. 
Evident ly .  thzs change in the geometO ~s governed by 
, b e  lormat~on e l  a chain  o f  intermolecular  hydrogen 
bonds N F l a - . ( ) ( 3 2 )  ~ N . . O ,  3 _'-5 \~ and N H 4 " . . O 1 3 1 )  
(N. O. 3.15 .x}, which "extend"  the nltros+,,I ligands at 
tile Feq.;) atom resulting in the obseiaed increase in the 
angle. 

Dianion 2b in  thc ces ium complex t Fig 2), as in the 
salts with the tCH t )4N " 6 and <EtlaN - "# cationn stud~ed 
p,ev~ou.,dy, has the app rox ima te  sympnelry D2~,. Two Fe 
atoms arc linked through two bridging S atoms There -  
Ii~re. lhe bridging S a toms  in t e m p l e \  2. unlike those m 
complex  I ,  fl.)rm bonds wi th  only two rather  than with 
three Fc atolns. The Fe LllOrlls are coordinated  by t'~,o 
bridging S atoms and two N O  Iigands. The F c + - N - O  
fragments,  like those in !,  are linear. The F e - - N - - O  

Ot22~ 
.4 

"" 1 ~ t < q  " 

i S, 2 ) ~.<'t. i 

~ o , ? I >  "/ ~ )  

Fig .  2. t ),+trail ,,ie~.~, ,~I th,." anion ( j " l  
,,',1 tIle C,_qFe::S:INO~II" 2H,I)complex IZtl) 

angles a~e in the range of lt34tl)--IC->,+;(lr ". which co in-  
r ,.~+ith the ratL,4e l'nr the F e z - - N - - t )  vMues in an- 
ion Ib, 

Notr is fine decrease in the size o f  d ian ion  2 
compared to the diamon in thu salts with the Mm+N- 
and E q N "  cation', 6"'~ Ih~ Fc- -S  bond lengths in dianion 
g arc m the range ot  2.232t3)-.2 243(2! ,\ ~2.239--2.25t~ 
-k for ~hc amen in the salt \',ith the M c i N -  ca t ion:  2.23') 
and 2 241 \ for tile an,on in the salt with the Et4N-  
cation):  the Fe --Fe bond length in dianion 2 is 2.,;'(12~2) 
k (2 713 and 2 716, and 2.713 .,\, for the anions  m the 

~,alts with the Me+N '  and Et.~N- cauons,  respect ixel)) .  
Fhis  nlay be a~,sociated with the smaller size of  tile Cs -  
cat ion in the complex wifl~ dianion 2 c o m p a r e d  to 
M e a N '  and E l a N ,  as a resu, h of which the degrce of 
tran.,,fer of  tile electron density from tile highest occu-  
pied molecular orbital of the anion to the ca t ion  in tile 
t e m p l e \  ,*lth dmnion 2 is decrea.sed Since this orbital  ~s 
bonding Is and consists predominantly o t  the d orbital.~ 
of  the F:c4 core. this geometric behavior  o f  tt~e an ion  can 
be adequately described ui thin the f ramework of  the 
H[lckel theory <EH,MO)  

Noteworthy also is the <;ubsmntial di f ference in the 
N i l I ) - - F e l  I t - -N112)  and N ( 2 1 * - - F e ~ 2 ) - N + 2 2 )  bond 
angtc~, (114.7(4)" and 112.714)'. respectively),  which 
apparently results from the nonequivalence o f  the cwstal  
e n v i r o n m e n t  Analvsis of the i n t e r m o l e c u l a r e s . .  N con-  
t a c t s  s h o w s  t h a i  the environment  a b o u t  t h e  N(  I I ) ; . i tem 

(Cs(1) .N( I I ) .  3351 ./i,l is substantially different  from 
those about the remaining mlrogen atom~ ~,Cs...N. 3 4 9 - -  
377 3,) For the intem](decular Cs.. .O contac t s ,  two 
pairs of nitrosyl ligands with an approximately  cclutva- 
lent cr~stal environment  can be d i s t inguished  

Analysis ot  tile c~sta l  packing demonsl ra tcs  that the 
coordinat ion number of Cs-  ts 12 and the Cs -  ..ligand 
distances arc m the ranges of 3. 165( I 1')--3.725113~ and 
3 112110}--3.71911 I) ,\ for the CsI I )  and Cs!2)  a toms.  
respectively. Howe',er,  analysis of  the ( ' s .  Cs contac ts  
shows that these d i s t a n c e s  it1 the cr,;stal are smal le r  than 
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Table 4. Parameters of the M(~sxbaucr spectra of the binuclear and tetranuclear complexes 
ohtaine~J at 7S K 

Complex Coordination about iSFe a .3EO/' F /nten- 

the Fe atom mm s -~ s~ty 

(NH;) Fe.atu:;-S 3(N()), -H~O (la) {S2(NO}2} 
[Ss(xO)} 

( Bu%N){ F%(ns-S)s( NObl  (16) 

Na2(Fe2i.u~-S)_~(NOh] " 4H20 (2a) 

Cs2[Fe2(~a:-S)2(NO). d �9 2H20 (2b) 
(Bu"~ N ):~[ Fe2(~t2-S~-( NO)4] (2c) 
Fe.4u ~-S~4(NO).? 4 

0. 154 0.957 0.28 3 
0.158 0.733 0.24 1 

{S:(NO}_..} 0.14f 0.894 0.30 3 
{S3(NO)} 0.166 0.635 0.29 I 
{$2(NO)2} 0.091 0:510 0.28 1 
{$2(NO)2 } 0.104 0.827 0.28 I 

{S2(NO)2 } 0.078 0368 0.27 - 

{S2(NO)2} 0.064 0.258 0.27 - 

{S3(NO}} 0.150 1 . 4 7 3  0.334 - 

"liFe is the isomeric silift relative to Fe at 78 K. 
h'-\E 0 is the quadrupole splitting. 
"/" is the line width. 
'~ Literature daia. I* 

the me ta l - -me ta l  bond length ( C s ( l i - - C s ( ) ,  4.285 A: 
C s ( 2 ) - - C s ( I L  4.738 and 5.664 ,&: and Cs(2)- -Cs(2) ,  
4.832 A). Apparently,  the posi t ive charge in the crystal is 
only partially localized on the  Cs atoms; otherwise d~ese 
Cs. . .Cs contac ts  in the crystal cannot  occur.  

With the aim of  ob ta in ing  additional data on the 
structures o f  the iron-sulfur nitrosy[ clusters, we studied 
a series o f  complex salts with different  cations, including 
c o m p o u n d s  for which data on the molect,  lar and cwstal  
s tructures are unavailable, by M;~ssbauer spectroscopy. 

The parameters  of  the 57Fe .M0ssbauer spectra of  a 
series o f  A2[F:e2S2(NO)4I b inuc lea r  complexes,  where A 
-- Na ~, Cs ~, o r  BurN +. and AI Fe.IS3( NO)7] te t ranuclear  
complexes .  , ,here  A = N H 4 -  or  Bu%N +. at 78 K are 
given in Table 4. In this table,  the data for the neutral 
cubane- t ike  tetramer [FeaS4(NOla]  ]4 are given for c o m -  
parison. 

The M,~sssbauer spectrum of  the sodium salt o f  the 
binticlear complex with dianion 2 is adequate ly  d e -  
scribed as a superposit ion of  two symmetrical  q u a d r u -  
pole doublets (Fig. 3, a). Their  intensity ratio is I : 1, 
provided that the line widths of the individual doub le t s  
are equal. This rest, It is most likely indicative o f  t he  
structural nonequivalence  of  the iron positions in the  
d imer  m spite o f  the identical composi t ion of  the c o o r -  
dinat ion envi ronment ,  (~az-S)z(NO) 2, On the contrary.,  
the spectra of  the binuclear complexes  with the ce s ium 
or t e t rabu ty lamrnonium cat ions  or  with d i a n i o n  2 
(Fig. 3, b, c) are adequately described by one  a sym-  
metrical  doublet  with insignificantly broadened l ines 
(see f a b l e  4) in spite of  the revea led  s t r u c t u r a l  
nonequiva lence  o f  the Fe atoms in the d imer  o f  the 
cesium salt. The asymmctD'  of  the absorption l ines in 
spectra b and c (Fig. 3) is associated with the p ro-  
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Fig. 3. M6ssbauer specwa of the binuclear complexes with the 
IFe2S_qNO4)]2- dianion (Z) and with the Na + (a). Cs" (b). 
and (Bun4N) * (C) cations (78 K). 
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Fig. 4. M6ssbauer spectra of the tetranuclear complexes with 
the [Fe4S3(NO7)]- anion (I) and with the NH4 ~ (a) and 
(Bu%N) + (h) cations (7g K). 
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nounced texture of tile samples, which comprise sets of 
needle-like single cry'stals of different lengths. Their 
axes are located predominantly in the plane perpendicu- 
lar to the direction of the 7-quantum beam. 

The spectra of the samples of the tetramers with 
anion 1 of the amntonium (a) and tetrabutylammonium 
salts (b} were processed as superpositions of  two dou- 
blets with the fixed ratio of integrated intensities of  3 : 1 
tFig. 4). This ratio corresponds to the relative weights of 
two structurally nonequivalent positions of  the iron al- 
ores, viz.. Fe b and F%, in the [Fe4(NO)7S3I- anion, 
~,hich differ in the formal charge and in the composition 
of the coordination sphere, Note that the parameters of 
the M{}ssbauer spectra of tile complex with the ammo- 
nium cation and anion 1, which were obtained in the 
early studies 14-Is at the same ratio (3 : I) of  the relative 
contributions of  the Fe!; and Fe a states, are substantially 
different (particularly, in the isomeric shift for Fea:/5 a is 
0.25 m m ' s  J i. Since the spectral resolution was inad- 
equate, it was rather difficult to unambiguously choose a 
particular set of  parameters. Nevertheless, the spectral 
parameters  of  the N H4IFelS3(NO)TI and 
[3un4N I FeaS3(N O)r 1 compounds given in Table 4 corre- 
spond to tire lower (by -20%) value of the ),2 parameter 
compared to the alternative set of parameters similar to 
those obtained previously. 14-15 In addition, it can be 
seen from Table 4 that in the case of the chosen set of 
parameters, the values of the isomeric shift iS for Fe a Fall 
in the range of  the ~ shitis for the equivalent Fe'- states 
in the neutral IFe4SI(NO)4] complex 14 with the identi- 
cal composition of the coordination environment.  

Judging from the noticeable dependence of the 57Fe 
Mi~ssbauer 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, i.e., the angles and 
interatomic bond lengths. The above-mentioned effect 
is most pronounced in the series of c~;stals of the 
bint.clear complexes with dianion 2. 

The dependences of the changes in the Misssbauer 
spectral parameters, tile isomeric shift (6), and tile 
quadrupole splitting (.\E o) on the size of  counter- ion A 
are of  interest. Thus the AE O value decreases substan- 
tially as the size of ion A increases (on the average, from 
070 for A = Na ~ to 0.26 m m . s  -I fi)r A = Bun4N"), 
i.e., the total distribution of  the charges o f  the valence 

shells  of  the Fe atom and of the a toms surrounding the 
iron atom is more symmetrical. This tact is surprising 
when taking into account the difference in the composi- 
tion of the nearest ligand environment about the iron 
atoms, (g2-S)e(NO)2, and evidently the substantial dif- 
ference in the effective charges of the sulfur atoms and 
the nitrosyl groups. The formal charge on the Fe atom is 
- I ,  which corresponds to the d '~ electronic configura- 
tion and to the expected substantial contribution of this 
configuration to AEQ. Apparently, the small value of 
~\E O tbr A = Bu4N + and its independence from the 

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

It is also worthy of note that the isomeric shill g 
substantially decreases as the size of  cation A increases 
(see Table 4). This behavior indicates that the s electron 
density on the Fe 57 nuclei increases on going from A = 
Na* to Bu4N § which may be a result of  a decrease in 
tile Fe--S and Fe--Fe bond lengths. The tendency t'or a 
decrease in the lengths of the above-mentioned bonds 
has been observed previously on going from the Mean ~ 
salt to the Cs + salt and it has been attributed to an 
increase in the degree of localization o f  the electron 
density on the bonding (relative to the 
F e - F e  bonds) highest occupied molecular orbital of  the 
dianion, Apparently, Me4N + is more electrophilic than 
Cs ~ due to superconlugation. In turn, a decrease in the 
occupancy of  the lowest unoccupied MO of the dianion, 
which consists primarily of  the d orbitals of  the Fe 
atom, '9 should favor a decrease in the d,-t(Fe)-~.,.'t'(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 Ire- 

/ / 

/ / 
/ ..... j 

+ _ . . j  s 8. 
2 ix/ B I 

/' 

/ 

/ 
I 

t / 

I _~.~"/ I 
I 
I / 
/ 

0 - I El\" (s.c.e.~ 
Fig. 5. Cyclic voltarnmograms of  lhe complexes with anions ! 
(curve 1, 4.2' 10 -3 tool L t )  and 2 (curve 2, 7.1 - 10 -3 mol L --l) 
in a THF/O.I M BuaNPF 6 medium on a Pt electrode (v = 
02 V/,;) at 20_+_2 ~C. 



450 Russ. Chem. Bull.. Vol. 40. ,to. 3, March. 2000 Sanina et aL 

qucncies of the NO groups m the IR spectra of the Cs" 
and gua4N- salts are 42.1 and 62 cm --I lower, respec- 
tively, than the value observed [br the sodium salt 
(1719.0 c r n - I ) .  

The electrochemical behavior  of the tetrabutyl- 
ammonium complexes with anions 1 and 2 was studied 
by cyclic voltammetw. The cyclic voltammograms of 
the cluster with attion I in MeCN/0.05 M Bu4N PF6 and 
THF/0.1 M BuaNPF~, media have two peaks (A and B). 
A typical voltammogmm in MeCN is shown in Fig. 5 
(curve /). All observed peaks are diffusion-controlled 
(/p- v -I/2 = const, where I o 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 
rlle height of the one-electron reduction peak of the 
H Rua(CO)I e cluster determined under identical condi-  
tions. 16 The choice of HRu,(CO)I- instead of ferrocene 
as the standard was governed by more similar sizes and, 
consequently, by the closer values of the diffusion coef- 
ficients of this compound and the complex with anion I. 
tn a MeCN medium at potentials more positive than 
+0.7 V (saturated c:flomel electrode (s.c.e.)), the cluster 
with anion ! underwent irreversible multielectron oxida- 
tion accompanied, most likely, 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 va lue  = E:," - < #  = 70 m v  and g 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 (MZ'p 
300-400 mV). The As value Ibr the redox pair A/A" in 
a THF  medium is somewhat larger (150 mV) due to the 
larger ohmic resistance in this solvent because the  kEp 
value for the known reversible ferrocene ~ redox pair in 
THF is 150 inV. The formal standard potentials (/:o = 
{ Ep c § Epa)/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 file clusters with anions 1 and 2 (relative 
to a saturated calomei electrode) in 
MeCN/0.05 /t4 Bu4NPF u (Au electrode) 
and TH F,,g0.1 M Bu 4 N PF, ( Pt elecm:uJe ) at 
v = 0.2 V s -I and T = 20_.-2 ~ 

Clus~er ,.',,ith Peak ~1 (Ere) 
the anion 

MeCN THF 

,4/A' -0.72 -0.93 
B ( -  1.68) ( -  1.74) 
B" ( -  1.32) ( -  1.44) 
A/A" --072 -0.94 
B (-1.72t (-1.69) 
B" (-1,30) ( - I .43)  

A slight difference in the reduction potentials of the 
cluster with anion ! in TH F  and MeCN solutions is 
attributable to the difference in the donor-acceptor prop- 
erties of these solvents. The data of cyclic voltammetry 
lbr complex 2 are given in Fig. 5 (curve 2). It can be 
seen that the voltammograms of the tetrabutylammonium 
complexes with anions 1 and 2 are virtually identical 
both in shape and potentials of the peaks (see Table 5). 
Thus in solvents containing donor molecules, the dianion 
immediately decomposes followed by the formation of 
the tetranuclear [Fe4S3(NO)7}- complex. This is evi- 
denced by the data of cyclic ,~oltammet W of the hi- 
nuclear complex (see Fig. 5) 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 obser,,ed upon recrystallization of these compounds 
from THF. Note that, according to the data reported 
previously, 17 the cluster with anion 2 in a CH,CI 2 
medium was also converted into the cluster with anion 
i. 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 corn- 
plex, in turn, exists predominantly in basic media. For 
this reason, attempts to prepare and isolate products of 
one-e lec t ron  reduct ion or oxida t ion  of the 
IFeeS?(NO)412- dimer failed. 

Therefore, it can be concluded that the structure of 
the [Fe2S2(NO)4]- dianion in the salts of binuclear 
complexes containing bulky ammonium cations (B = 
Bun4 N*) is least disturbed by intermolecular cat ion--  
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 4+ and 
gun4N : cations in the tetranuclear complexes with an- 
ion 1 affects the parameters of the M~issbauer spectra of 
the Fe a and Fe b states to a lesser extent compared to the 
observed changes in the series of the binuclear com- 
plexes with anion 2. The lack of structural data on the 
Bun4N + salt with the [Fe4S)(NO)-I-  monoanion  does 

! [ ' ,  i "v,,~ ~ t 

i " :  i it 
! / 
'..,gN.,] ,'~ 
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12o0 14o0 '1s 18o0 wcm -~ 
Fig. 6. IR spectra of the binuclear ((Bu%N)2[Fe2S2(NO)4]) ( / )  
and tetranuclear (Bun4N[Fe4S3(NO)7]) (2) complexes recD's- 
tallized from MeCN. 
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not allow one  to establish a correlat ion between the 
changes in the structural and M.sssbauer parameters of 
the salts under  stud?' (due, particularly, to the tact that 
the isomeric shifts for the Fea and Fe b positions have 
close values in spite of  a substantial difference m their 
coordinat ion  envi ronment) .  A detailed analysis of  the 
local env i ronments  about the F% and Feb a toms makes 
it possible to qualitatively explain the apparent  anomaly.  
Thus the expected increase in the (~'b value m the case of  
the larger number  of  d electrons at the t-'etdd 9) center  
compared  to that at the Fen(d: ) cen te r  is, apparently,  
compensated  by a decrease in the 8 b value due to the 
presence o f  an additional x -acceptor  NO"- group m- 
votved in the envi ronment  about the Fe b atoms and the 
smaller  numbers of  lhe F e - - S  and F e - - F e  bonds about 
Fe b. According to the results of  quan tum-chemica l  cal- 
culations,  Is the lowest unoccupied MO of  the cluster 
with anion I (to which the orbitals o f  the l : e - -Fe  bond 
make the major  contr ibut ion)  is ant ibonding.  Never the-  
less. one -e l ec t ron  reduct ion of  anion 1 is reversible. 
This indicates that the [ fe4g3lNO)T1-2-  d ianion radical 
is stable at least wi thin  the t ime scale  o f  cycl ic  
vol tammetry.  The  total two-elec t ron reduct ion  of  anion 
I is irreversible. This indicates that the transfer of  the 
second electron to the cluster causes substantial struc- 
tural changes resulting, apparently,  m dest ruct ion o f  its 
core. Therelbre ,  the results obtained make it possible to 
represent the mechanism of  reduction o f  an ion  1 by the 
following schelne:  

[ge4Sa(NO)7]- e e 

;~ ~ [Fe4S3(NO)7] "2- IF e 

[Fe4S3(NO)7] 3 ~ products.  

To summar ize  the results of  the structural  and 
Massbauer investigations and the data on the redox 
properties of  the resulting compounds ,  one  can con-  
clude that the [Fe_~S:(NO)412- dianion is more "labile" 
and its g e o m e t ~ ,  i.e.. the interatomic distances and 
angles, in the crystal depends more not iceably  on the 
type of  the counte r  ion compared  to the [Fe4S3(NO)7I-  
monoan ion ,  which is less susceptible to the inl luence of  
changes in the in termolecular  bonds. 
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