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Conclusion 

Some tentative examples have been presented to illustrate 
the need for global understanding of the potential surface. 
Although the Teller theorem is well-known, its implications 
have not been carefully considered previously. The network 
of branch-cuts is a topological feature which must be carefully 
considered in a global discussion of polyatomic potential sur
faces because the existence of such a network to a certain ex
tent invalidates the adiabatic approximation for describing 
nuclear motion. Because of the possibility of sign-reversing 
loops which lie at a great distance from branch-cut singulari
ties, it is generally impossible to assign an electronic wave 
function to each nuclear configuration in such a way that the 
wave function is continuous in nuclear coordinates. 
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[Fe4(?75-C5H5)4(/U4-S)4]+ monocation possessed a hitherto 
unknown molecular orbital electronic configuration for a cu
bane-like species made it especially desirable to determine the 
stereochemical effect of a one-electron oxidation on the Fe4S4 
core. The resulting structural information presented here has 
provided a requisite basis for our subsequent studies4 directed 
toward a systematization of the topological nature of cu
bane-like transition metal clusters from which the geometries 
of such complexes can be correlated with the varying number 
of electrons in the metal cluster orbitals. 

Experimental Section 

Preparation and Properties, (a) General Remarks. The neutral 
Fe4(7)5-C5H5)4(/U3-S)4 complex was prepared as described previous
ly.66 The cationic species was obtained in nearly quantitative yields 
from oxidation of Fe4(Tp-CiHs)4(Ms-S)4 by different oxidizing agents 
such as AgBF4, I2, and Br2. The [Fe4(Jp-C5Hs)4(Ms-S)4] [PF6] salt 
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Abstract: The [Fe4(7;5-C5H5)4(M3-S)4] + monocation was obtained from oxidation of the neutral Fe4(r/5-CsH5)4(M3-S)4 cluster 
by different oxidizing agents such as AgBF4, I2, and Br2. An x-ray diffraction study of the ^64(Tp-C5Hs)4(M3-S)4]Br salt re
veals that the one-electron oxidation of the neutral species distorts the Fe4S4 core from a tetragonal D2j-42m geometry con
taining two electron-pair bonding and four nonbonding Fe-Fe distances of 2.64 and 3.36 A, respectively, to an orthorhombic 
D2-222 geometry possessing three pairs of Fe-Fe distances of 2.65, 3.19, and 3.32 A. This preferential shortening of two of the 
four long Fe-Fe distances in the monocation relative to those in the parent molecule is attributed to the removal of an electron 
from an antibonding iron cluster orbital of degenerate e representation (under D2J symmetry), which thereby produces the ob
served orthorhombic distortion via a first-order Jahn-Teller effect. Crystals of [Fe4(r/

5-C5H5)4(M3-S)4]Br are monoclinic with 
space group symmetry A 2/a and lattice constants a = 15.668(2) A, b = 13.289(2) A, c = 13.996 (2) A,/3 = 124.48 (I)0, and 
Pobsd = 1.94 vs. pealed =1.91 g cm"3 for Z = 4. Least-squares refinement gave R\ = 8.0% and R2 = 7.1% for 1053 independent 
diffractometry data with / > 2.0<r(/). 
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was produced by Ferguson and Meyer5 by controlled potential elec
trolysis of the neutral molecule. The treatment of solvents and the 
reaction conditions have been described previously.3 

(b) Preparation of [Fe4(j)5-C5H5)4(M3-S)4]Br3. A mixture of bromine 
and CH2Cb (1:10) was added dropwise to a stirred solution of 
Fe4(775-C5H5)4(M3-S)4 in CH2Cb until the originally dark brown so
lution turned to pale yellow, showing an excess of bromine. The almost 
black precipitate of [Fe4(j75-C5H5)4(M3-S)4]Br3 was filtered off, re
peatedly washed with CH2Cl2-ether mixture, and crystallized from 
nitromethane. 

Anal. Calcd for C20H20Br3Fe4S4: C, 28.20; H, 2.37; Fe, 26.23; Br, 
28.15. Found:11 C, 28.24; H, 2.10; Fe, 26.86; Br, 28.63. 

(C) Preparation of [Fe4(t)5-C5H5)4(M3-S)4]Br. Crude [Fe4(V
5-

C5Hs)4(M3-S)4]Br3 was extracted on a Soxhlet apparatus 
with methanol for 3-4 days. After this period crystals of [Fe4(Jj

5-
C5H5)4(M3-S)4]Br were deposited on the wall of the slowly cooled 
reaction flask. It is probable that continuous boiling in methanol is 
the cause of the decomposition of the tribromide anions into bromide 
anions. 

Anal. Calcd for C20H20BrFe4S4: C, 34.72; H, 2.91; Fe, 32.28; Br, 
11.55. Found: C, 34.88; H, 3.36; Fe, 29.69; Br, 12.25. 

The infrared spectrum of [Fe4(i/
5-C5H5)4(M3-S)4]Br as a KBr pellet 

shows absorption bands at 3080 (w), 3010 (w), 1820 (w), 1635 (m), 
1415 (w), 850 (br), and 820 (br) cm-1 characteristic of the J;5- cy-
clopentadienyl rings. 

(d) Preparation of [Fe4(JjS-C5H5^(Ms-S)4]I4. The procedure of 
preparation closely followed that outlined for the bromide salts. Ex
cessive iodine dissolved in CH2Cl2 was allowed to react with a dilute 
solution of Fe4(ji

5-C5H5)4(M3-S)4 in CH2Cl2 for 1-2 h, whereby a dark 
brown solid separated. Small crystals of the metal cluster salt were 
obtained by methanol extraction in an almost quantitative yield. 
Extraction with acetone resulted in partial decomposition of the 
compound. 

Anal. Calcd for C20H20Fe4I4S4: C, 21.46; H, 1.80; Fe, 19.95; I, 
45.34. Found: C, 21.21; H, 1.79; Fe, 19.78; I, 45.60. 

The ratio of four iodine atoms per tetrameric monocation suggests 
that there may be two kinds of anions in the crystal such as either an 
I 3

- - I 5
- or an I - - Iy - combination. 

(e) Preparation of [Fe4(jj
5-C5H5)4(M3-S)4]BF4. This preparation was 

carried out in a dry nitrogen atmosphere. Equimolar amounts of 
AgBF4 in CH2Cl2 were added under vigorous stirring to a dilute so
lution of Fe4(jj

5-C5H5)4(M3-S)4 in CH2Cl2 whereby a black precipitate 
was formed. The crude product was then transferred to a thimble and 
extracted with ethanol. The salt was subsequently recrystallized in 
CH3CN to yield black shiny crystals. 

Crystal Data for [Fe4(^-C5HsMMs-S)4]Br. Of the prepared salts, 
only the tetraiodide and the bromide ones were recrystallized under 
our experimental conditions to yield single crystals of sizes suitable 
for x-ray diffraction studies. The [Fe4(j;

5-C5H5)4(M3-S)4]Br com
pound was selected for the structural determination. 

A prism-shaped crystal of approximate size OJ 4 X 0.14 X 0.25 mm 
with well-developed JO11} faces and slanted {211} faces at the ends of 
the prism was used for the collection of intensity data. 

Preliminary Weissenberg and precession photographs showed 
monoclinic C2A-2//M Laue symmetry. Subsequently, the crystal was 
optically aligned about the a rotation axis on a Datex-controlled 
General Electric diffractometer equipped with an E&A full circle and 
then centered in the x-ray beam. The alignment procedure has been 
described previously.'2-'3 Intensity data were collected for 26 < 42° 
with Zr-filtered Mo Ka radiation at a takeoff angle of 2.0°. Intensities 
were recorded by the 6-28 scan method at a 2.0°/min rate with (sta
tionary crystal)-(stationary counter) background counts of 15 s taken 
on each side of the scan. The treatment of intensity data including 
corrections for background and Lorentz-polarization effects has been 
given previously.14 Since calculated transmission coefficients,'3c based 
on a linear absorption coefficient15a for Mo Ka radiation of 45.2 cm"1, 
ranged only from 0.54 to 0.62, absorption corrections of the intensities 
were neglected. Of the total of 1354 independent reflections, the 1053 
reflections for which / > 2.0cr(/) were used in the solution and re
finement of the structure. 

The [Fe4(jj
5-C5H5)4(M3-S)4]Br salt crystallizes in a monoclinic unit 

cell of dimensions a = 15.668 (2) A, b = 13.289 (2) A, c = 13.996(2) 
A, and /3 = 124.48 (1)°; the cell volume is 2402.3 A3. The observed 
density of 1.94 g cm -3 (flotation method) is in accord with the cal
culated value of 1.91 g cm - 3 based on four formula species per unit 
cell. The total number of electrons per unit cell, F(OOO), is 1372. 

Systematic absences of \hkl\ for k + I odd and of \h0l} for h odd 
denote the probable space groups as either Aa (nonstandard setting 
of Cc (Cs4, No. 9), b axis unique) or A2/a (nonstandard setting of 
C2/c (C2A

8, No. 15), b axis unique). The successful refinement jus
tified the choice of the latter centrosymmetric space group. In the 
AIja cell the four bromide anions and the centers of the four cations 
are situated on crystallographic twofold axes. For this centrosym
metric space group each of the crystallograpically independent atoms 
of the [Fe4(ri

5-C5H5)4(M3-S)4]
+ monocation occupies the eightfold 

set of general positions 8f: (0, 0,0; 0,'/2,'/2) ± (x,y,z; V2 + x,y,z), while 
the bromide anions occupy the fourfold set of special positions 4e: 
(0,0,0; 0,'L1Ii) ± (%y:ii)-

Determination and Refinement of the Structure. Initial coordinates 
for the one independent bromine and two independent iron atoms were 
obtained from a three-dimensional sharpened Patterson function, and 
two Fourier syntheses coupled with one cycle of isotropic least-squares 
refinement revealed the positions of all nonhydrogen atoms. Full-
matrix refinement with individual isotropic thermal parameters for 
all 15 nonhydrogen atoms led to convergence at./? i = 11.4% and /J2 
= 14.4%.16'17 Further refinement was carried out with anisotropic 
thermal parameters utilized for all nonhydrogen atoms together with 
the inclusion of cyclopentadienyl hydrogen atoms for which isotropic 
temperature factors were assigned and new idealized positions were 
calculated3-13« after each cycle and then included in the structure 
factor calculations of the next cycle as fixed-atom contributions. 
Convergence was reached at /?i = 8.0% and Ri = 7.1%. During the 
last cycle no positional parameters changed by more than 0.3<r and 
no thermal parameters shifted by more than 0.4<i. A final difference 
Fourier synthesis was virtually featureless. 

The positional and thermal parameters obtained from the output 
of the last cycle of least-squares refinement are presented in Table I. 
Interatomic distances and bond angles along with esd's, calculated 
from the full inverse matrix, are listed in Table II. Equations of the 
mean planes'3h for the cyclopentadienyl rings, together with out-
of-plane distances of atoms and dihedral angles between these planes 
are tabulated elsewhere along with the observed and calculated 
structure factors; see paragraph at end of paper regarding supple
mentary material. 

Results and Discussion 

Description of the Crystal Structure. Crystalline [Fe4(ji5-
C5Hs)4(M3-S)4]Br is constructed of discrete [Fe4(jj5-
C s H s M w S ) 4 ] + cations and Br" anions. Figure 1 displays the 
architecture of one [Fe4(jj5-C5H5)4(M3-S)4] + monocation of 
crystallographic site symmetry CV2. Its Fe4S4 framework is 
sufficiently embodied within the four cyclopentadienyl rings 
such that there are no interionic van der Waals contacts to the 
sulfur atoms. The crystal packing appears to be determined 
largely by B r - H interactions as indicated by four H - B r dis
tances of 2.7-3.1 A (Table II) which are shorter than the van 
der Waals separation of 3.15 A.'8 All interionic H - H distances 
are longer than the van der Waals contact of 2.4 A18 except 
for one contact of 2.3 A. The arrangement of the cations and 
anions in the monoclinic unit cell is shown in Figure 2. 

The [Fe4(ij5-CsH5)4(/i3-S)4]+ Monocation. The structural 
determination shows that the monocation retains the overall 
cubane-like Fe4S4 framework of the neutral homologue with 
the triply bridging sulfur atoms situated above the four tri
angular faces of the iron tetrahedron. Figure 3 exhibits the 
local environment of the two crystallographically independent 
iron atoms showing their chemical equivalence in each not only 
being bonded to a j?5-cyclopentadienyl ring and three triply 
bridging sulfur atoms but also being involved in different de
grees of interaction with the other three iron atoms. 

The salient structural feature of the monocation is that the 
Fe4S4 core experimentally conforms to an orthorhombic 
£>2-222 geometry. The six Fe-Fe distances (of which four are 
crystallographically independent) separate under this sym
metry into one pair of lengths 2.643 (4) and 2.661 (5) A, a 
second pair of identical length 3.188 (3) A, and a third pair of 
identical length 3.319 (3) A. The close conformity of the entire 
Fe4S4 core to orthorhombic £>2 symmetry is shown by. (1) the 
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Table I. Positional and Thermal Parameters with Estimated Standard Deviations" 

Atom 

Br 
Fe(I) 
Fe(2) 
S(I) 
S(2) 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 
H(I) 
H(2) 
H(3) 
H(4) 
H(5) 
H(6) 
H(7) 
H(8) 
H(9) 
H(IO) 

Atom 

Br 
Fe(I) 
Fe(2) 
S(I) 
S(2) 
C(I) 
C(2) 
C(3) 
C(4) 
C(5) 
C(6) 
C(7) 
C(8) 
C(9) 
C(IO) 

/Sn 

852(23) 
549(18) 
464(16) 
551 (31) 
432(31) 

1284(219) 
792(191) 
797(188) 

1711 (263) 
1068(182) 
261 (153) 

1457(365) 
1133(280) 
521 (174) 
980(240) 

X 

0.2500 
0.2650(2) 
0.3523(2) 
0.2549(3) 
0.3800 (3) 
0.2466(21) 
0.3470(18) 
0.3614(17) 
0.2625 (24) 
0.1886(15) 
0.3894 (20) 
0.4164(38) 
0.4866(31) 
0.5025 (20) 
0.4462 (28) 
0.2188 
0.4077 
0.4344 
0.2465 
0.1054 
0.3329 
0.3870 
0.5228 
0.5543 
0.4467 

/322 

553(22) 
546(19) 
478(18) 
496 (32) 
449(31) 
503(146) 

1041 (214) 
1453(264) 
651 (158) 
813(173) 
228(157) 

1402(396) 
1349(353) 
518(177) 
784(224) 

y 

0.0664 (2) 
0.1653(2) 

-0.0348 (2) 
-0.0009 (3) 

0.1314(3) 
0.3244(14) 
0.2971 (20) 
0.2177(22) 
0.1952(15) 
0.2616(18) 

-0 .1890(20) 
-0 .1595(40) 
-0.0889 (32) 
-0 .0753(19) 
-0.1341 (28) 

0.3837 
0.3338 
0.1810 
0.1379 
0.2639 

-0.2460 
-0.1874 
-0.0510 
-0.0235 
-0.1367 

Thermal Coefficients 

fe 
1235(35) 
673 (27) 
697 (28) 
624 (50) 
735(51) 

1553(297) 
1205(286) 
855(257) 
810(226) 

1678(318) 
3824 (699) 
2327(539) 
745 (265) 

2902 (523) 
1208 (302) 

/3,2 

0C 

-54(14) 
1(13) 

30 (25) 
-23 (24) 

25(154) 
-179(168) 

271 (195) 
55(182) 

-189(163) 
21 (114) 

948(284) 
657 (227) 
189(137) 
333(175) 

Z 

0.5000 
0.1035(2) 
0.0625 (2) 
0.1242(4) 
0.0664 (4) 
0.1284(19) 
0.1987(23) 
0.2733 (20) 
0.2489 (20) 
0.1570(21) 
0.0636 (47) 
0.1730(49) 
0.2097 (25) 
0.1209(49) 
0.0378 (23) 
0.0635 
0.1958 
0.3370 
0.292"5 
0.1170 
0.0072 
0.2224 
0.2931 
0.1168 

-0.0398 

013 

463 (25) 
356(19) 
291 (18) 
312(34) 
296(34) 

1001(242) 
548(206) 
227(186) 
760(215) 

1061 (228) 
-70 (286) 
1176(416) 
-31 (228) 
890(286) 
48 (240) 

B(A2) 

b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 
b 

5.Qd 

5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 
5.0 

/323 

0'' 
- 5 7 ( 1 8 ) 

34(17) 
8(32) 

- 6 0 (30) 
-151 (168) 
-520(198) 
-284(215) 

-73 (159) 
-683(191) 

1 (286) 
1525(414) 

-559(255) 
233(269) 

-125(219) 

" In this and the following tables, estimated standard deviations are given in parentheses. * Anisotropic temperature factors of the form 
exp|-(/3| \h2 + fe^2 + fe'2 + W\ihk + IQMM + 2&2ikl)\ were used for the bromine, iron, sulfur, and carbon atoms. The resulting thermal 
coefficients (XlO5) are as shown. c The location of Br on a twofold rotation axis in the i-direction requires the anisotropic thermal coefficients 
8M and fe to be zero by symmetry. d Hydrogen atoms were each assigned isotropic thermal parameters of B = 5 0 A2. 

nonbonding tetrahedron of sulfur atoms also dividing into three 
distinct pairs with one pair of identical length 2.879 (6) A, 
another pair of identical length 3.062 (6) A, and the third pair 
of chemically equivalent lengths 3.387 (7) and 3.391 (9) A; 
(2) the 12 Fe-S bond lengths (of which six are independent) 
separating into three sets with mean values 2.185, 2.212, and 
2.246 A; (3) the 12 Fe-S-Fe bond angles (with six being in
dependent) splitting into three distinct sets of averages 74.2, 
92.1, and 96.3°; and (4) the six crystallographically indepen
dent S-Fe-S bond angles likewise breaking down into three 
distinguishable pairs of averages 80.5, 87.5, and 100.9° 

Electronic Influence of the Fe-Fe Bonding. Comparison of 
[Fe4(^-C5Hs)4(M-S)4I

+ Monocation with Fe4(^-C5Hs)4U3-S)4 
Molecule. Of prime interest is a comparison of the geometries 
of the neutral and monocharged species. Previous structural 
characterization by x-ray diffraction of the parent molecule, 
crystallized in both a monoclinic6b and orthorhombic63 crys
talline phase, established its tetragonal £>2 -̂42/rt geometry to 
be essentially invariant to crystal packing. The Fe4S4 frame

work in the monoclinic (orthorhombic) phase is elongated 
along the 54-4 axis to give for the iron tetrahedron two elec
tron-pair bonding distances of 2.65 (2.63) A and four non-
bonding distances of 3.36 (3.37) A. In the monocation one of 
the_electron-pair Fe-Fe bonds is rotated about the principal 
S4-4 axis by 7° from perpendicularity relative to the other 
electron-pair Fe-Fe bond such that the idealized Dm geometry 
of the neutral molecule is reduced to an idealized D2 geometry. 
This angular deformation in the monocation relative to its 
parent molecule is due to a much larger decrease by 0.17 A of 
two nonbonding Fe-Fe distances compared to a decrease of 
0.04 A for the Other two nonbonding Fe-Fe distances. On the 
other hand, the two electron-pair Fe-Fe distances of 2.65 A 
in the monocation remain essentially unaltered from the cor
responding distances in the neutral tetramer. 

This preferential shortening of two of the four long Fe-Fe 
distances in the monocation relative to those in the neutral 
molecule expectedly gives rise to significant changes in other 
distances and bond angles of the Fe4S4 framework. A pictorial 
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Table II. Interatomic Distances and Bond Angles 

Fe(I)-Fe(T)" 
Fe(2)-Fe(2') 
Fe(l)-Fe(2) 
Fe(l)~Fe(2') 

Fe(I)-S(I) 
Fe(I)-S(2) 
Fe(l)-S(2') 

Fe(I)-C(I) 
Fe(l)-C(2) 
Fe(l)-C(3) 
Fe(l)-C(4) 
Fe(l)-C(5) 

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(l) 

A. Intramolecular Distances (A) 
2.661 (5) S(I)-S(I ') 
2.643 (4) S(2)-S(2') 
3.188(3) S(l)-S(2) 
3.319(3) S(l)-S(2') 

2.245 (5) 
2.186(5) 
2.214(5) 

2.19(2) 
2.13(2) 
2.08 (2) 
2.09 (2) 
2.15(2) 

1.35(2) 
1.41 (3) 
1.42(3) 
1.45(3) 
1.45(2) 

Fe(2)-
Fe(2)-
Fe(2)-

S(I) 
S(2) 
•S(l') 

Fe(2)-C(6) 
Fe(2)-C(7) 
Fe(2)-C(8) 
Fe(2)-C(9) 
Fe(2)-C(10) 

C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C(10)-C(6) 

3.391 (9) 
3.387(7) 
3.062 (6) 
2.879 (6) 

2.183(5) 
2.246 (5) 
2.210(5) 

2.13(2) 
2.09 (3) 
2.07 (2) 
2.08 (2) 
2.15(2) 

1.40 (4) 
1.31(4) 
1.41 (4) 
1.26(3) 
1.35(4) 

Br-
Br-
Br-
Br-

B. Closest Nonbonding Intermolecular Distances (A) 
•H(4) 3.03 S(2)-H(10)p 2.94 
•H(6)*-< 2.79 
-H(I)*' 2.72 H(5)-H(7)«' 2.28 
•H(8)<^ 3.07 H(9)-H(10)'' 2.38 

S(l)-Fe(l)-S(2) 
S(l)-Fe(l)-S(2') 
S(2)-Fe(l)-S(2') 

Fe(l)-S(l)-Fe(2) 
Fe(l)-S(l)-Fe(2') 
Fe(2)-S(l)-Fe(2') 

Fe(T)-Fe(I)-S(I) 
Fe(T)-Fe(l)-S(2) 
Fe(T)-Fe(l)-S(2') 

C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(l) 
C(5)-C(l)-C(2) 

C. Bond Angles (deg) 
87.4(2) S(l)-Fe(2)-S(2) 
80.4(2) S(l)-Fe(2)-S(T) 

100.7(2) S(2)-Fe(2)-S(T) 

92.1 (2) 
96.3 (2) 
74.0 (2) 

99.1 (1) 
52.3(1) 
52.3(1) 

111.9(21) 
106.6(19) 
107.5(19) 
106.6(17) 
107.4(19) 

Fe(l)-S(2)-Fe(2) 
Fe(l)-S(2)-Fe(l') 
Fe(2)-S(2)-Fe(T) 

Fe(2')-Fe(2)-S(l) 
Fe(2')-Fe(2)-S(2) 
Fe(2')-Fe(2)-S(T) 

C(6)-C(7)-C(8) 
C(7)-C(8)-C(9) 
C(8)-C(9)-C(10) 
C(9)-C(10)-C(6) 
C(10)-C(6)-C(7) 

87.5(2) 
101.1 (2) 
80.5 (2) 

92.0(2) 
74.4(2) 
96.2 (2) 

53.5(1) 
99.3(1) 
52.5(1) 

107.3(33) 
105.9(28) 
110.8(26) 
108.2(30) 
107.7(28) 

" Atoms in the prime set are related to unprime atoms by the 
crystallographic twofold axis located at x = '/4, z = 0. Hydrogen atoms 
with superscripts from b to e are related to the unprime ones by the 
following operations: * x, '/2 + y, ]k + z; c '/2 — x, '/2 + y, '/2 — z; d xk 
+ x, —y, z; '' —x, —y, —z. 

description of the molecular distortion of the monocation from 
the neutral reduced species is illustrated in Figure 4. 

The stereochemical effects imposed on the 7;5-cyclopenta-
dienyl rings of the monocation are not unusual. The observed 
C-C distances (Table II) are analogous to those determined 
by x-ray diffraction of other cubane-like metal cyclopentadi-
enyl complexes.34a619 The cyclopentadienyl carbon atoms are 
coplanar within 0.006 A in one ring and within 0.003 A in the 
other independent ring. Furthermore, the mean Fe-CsHs 
(centroid) distance of 1.76 A in the monocation is unchanged 
from the corresponding distance observed in the neutral 
Fe4(^-C5Hs)4(MrS)4 . 

Bonding Description of the [Fe4(775-CsH5)4(/i3-S)4]" Clusters 
(n = 0, +1). A molecular orbital approach is necessary in order 
to rationalize the observed differences in the geometries of the 
monocationic and neutral species. Since a qualitative MO 
formulation of the bonding has been developed elsewhere20 for 
Fe4(7?5-CsHs)4(yU3-S)4, only its main features are outlined here. 
Through coordination with the cyclopentadienyl and sulfide 
anions each iron atom in the Fe4(775-CsHs)4(^3-S)4 molecule 

(a) (D) 
Figure 1. (a) A general view and the atomic numbering scheme of the 
[Fe4(^5-C5Hs)4(ji3-S)4]+ monocation. The dashed lines represent weak 
Fe-Fe interactions of bond order less than one. Ring hydrogen atoms are 
not shown; (b) a view down the crystallographic twofold axis. 

Figure 2. [010] projection showing the four [Fe4(jj5-C5H5)4(n3-S)4] + 

monocations and four bromide anions each lying on a crystallographic 
twofold axis in the monoclinic unit cell of A2/a symmetry. 

Figure 3. Local environment about each of the two crystallographically 
independent iron atoms showing the essential equivalence of these two 
atoms. 

possesses a d5 Fe(III) configuration. The metal cluster model 
assumes20 that two of the five 3d iron AO's are essentially 
nonbonding with respect to direct tetrairon interactions in their 
being primarily involved in bonding with cyclopentadienyl ring 
orbitals. More specifically, the (e + ti + t2) iron symmetry 
orbitals, constructed under Td symmetry for these two 3d AO's 
per iron, may be reasonably assumed to interact principally 
with the lower energy (e + ti + t2) cyclopentadienyl symmetry 
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Figure 4. Projections of the Fe4S4 framework of (a) the Fe4(I?
5-

CSH5)4(M3-S)4 molecule (with idealized tetragonal £>2rf-42m geometry) 
and (b) the [Fe4(?j5-C5H5)4(|U3-S)4] + monocation (with idealized ortho-
rhombic Z>2-222 geometry) viewed down the same three orthogonal 
principal symmetry directions. For the neutral molecule a(2) corresponds 
to the view down the 54-4 axis (which contains two vertical a& mirror 
planes at right angles to each other along the Fe-Fe bonds), while a(l) 
and a(3) correspond to views down the two symmetry related molecular 
C2-2 axes. For the monocation b(l), b(2), and b(3) correspond to views 
down the three molecular C2-2 axes. In each species, the direction of the 
erystallographic twofold axis is indicated for each view. 

orbitals (arising from the filled, localized ei-type orbitals of 
each cyclopentadienyl ring) to give filled Fe-CsHs (e + ti + 
t2) bonding combinations (mainly of C5H5 orbital character) 
and empty Fe-CsHs (e + ti + t2) antibonding combinations 
(principally of iron 3d orbital character). Since the other three 
3d iron AO's, which are strongly involved in direct Fe-Fe in
teractions, produce under Td symmetry six bonding (ai + e 
+ t2) tetrairon levels and six corresponding antibonding (ti + 
t2) tetrairon levels, the 20 available electrons from the four 
Fe(III) are distributed among the 20 3d iron symmetry orbitals 
in accord with the electronic configuration (ai + e +12)12 (ti 
+ t2)

8(e + t| + t2)° under Td symmetry. Such a 20-electron 
system is predicted to distort via a first-order Jahn-Teller effect 
to give a tetragonal D2d geometry containing a distorted 
iron tetrahedron. The observed geometry for the Fe4(??5-
CSHSMJU3-S^ molecule with two short bonding and four long 
nonbonding Fe-Fe distances provides definite evidence that 
the LUMO is a doubly degenerate e orbital which is strongly 
antibonding between the two pairs of bonding iron atoms. 

Upon removal of one valence electron from the neutral 
Fe4(7/5-CsHs)4(^3-S)4 to form the oxidized monocation, the 
observed deformation from a D2d molecular geometry to a D2 
geometry may also be rationalized by the first-order Jahn-
Teller theorem if the remaining unpaired electron resides in 
the degenerate e level (under D2d symmetry). In this case the 
degenerate e orbitals are split under D2 symmetry into a (b2 
+ b3) orbital set. Furthermore, since molecular deformations 
are restricted to those configurations which are vibronically 
allowed,21 in order to understand the stretching mode sym
metry a qualitative normal mode analysis was considered on 
the basis of the six localized Fe-Fe interactions of the Fe4(?j5-
CsHs)4(^-S)4 molecule along the six edges of the deformed 
iron tetrahedron corresponding to the six internal displacement 
coordinates22 under D2d point group symmetry. This exami
nation indicates that the stretching of the two Fe-Fe bonds 
perpendicular to the principal S 4 axis are of an e mode, while 
the stretchings involving the four remaining Fe-Fe localized 
bonds are of (a2 + b2 + e) modes with the b2 mode being 
symmetric and the a2 mode being antisymmetric with respect 
to the two vertical a A mirrors. The tetrairon framework should 
be deformed in the same fashion—that is, depending upon 
which antibonding iron symmetry orbitals are populated, either 
the two Fe-Fe bonds perpendicular to the principal axis or the 
other four Fe-Fe bonds should be lengthened. Hence, the ob
served D2d geometry of the neutral Fe4(TjS-CsHs)4(^3-S)4 with 

the two bonding Fe-Fe distances perpendicular to the principal 
S4 axis is in accord with the two unoccupied antibonding 
tetrairon orbitals being of a degenerate e type and with the four 
filled antibonding tetrairon orbitals of (a2 + b2 + e) repre
sentations. Since the filled degenerate e orbitals of Fe4(T?5-
CsHs)4(^3-S)4 have the same symmetry as the e stretching 
mode, when an electron is removed from these e orbitals to 
form the monocation, the degeneracy is removed such that the 
four formerly equivalent nonbonding Fe-Fe distances become 
nonequivalent in two distinct pairs as observed in the [Fe4(T?5-
C5HS)4(M3-S)4] + species. 

It is noteworthy that an Fe-Fe distance of 2.925 (4) A was 
found23 in the pseudobioctahedral edge-bridged [ds-Fe2(T?5-
CsHs)2(CO)2(At2-SR)2]"

1" monocation (R = C2H5) compared 
to the corresponding nonbonding value of 3.39 A determined24 

in the neutral diphenylmercapto homologue. This greatly de
creased Fe-Fe distance of 0.47 A in the Fe2S2 core of the di-
meric monocation was interpreted23 in terms of the removal 
by oxidation of an electron of predominantly antibonding iron 
character to give (in simple valence bond language) a localized 
total metal-metal bond order of 0.5. The significant decrease 
by 0.2 A of only two of the four nonbonding distances in the 
[Fe4(j75-CsHs)4()U3-S)4]+ monocation would likewise correlate 
(to a first approximation) to each of these two Fe-Fe inter
actions increasing its metal-metal bond order from zero to 
0.25. This interpretation is based upon the two short (and 
unaffected) Fe-Fe distances in the monocharged tetramer still 
representing electron-pair bonds (each of bond order 1.0) and 
the two longest Fe-Fe distances still conforming to the bond 
order of zero. The total limiting Fe-Fe bond order of 2.5 is in 
accord with the 12 bonding and 7 antibonding electrons asso
ciated with the direct tetrairon interactions in the monocation. 
This description of individual metal-metal bond orders in
volving localization of the antibonding electrons between 
certain pairs of iron atoms, as estimated from the determined 
differences in Fe-Fe distances, is founded on an arbitrary 
judgment; the application of the qualitative MO metal cluster 
model to the [Fe4(r?5-CsH5)4(/u3-S)4]+ monocation does not 
restrict the extent of electron delocalization within the tetrairon 
cluster orbitals in that it provides only the total limiting Fe-Fe 
bond order of 2.5. 

In the cubane-like organometallic compound family, the 
[Fe4(j?5-C5Hs)4(jU3-S)4]" (n = 0, +1) complexes are inter
mediate cases between a completely bonding and a completely 
nonbonding tetrahedron in that the antibonding metal cluster 
orbitals (ti and t2 under Td symmetry) are partially occupied. 
It is in these intermediate cases where the first-order Jahn-
Teller effect may be operational to induce the geometrical 
deviations from Td symmetry of the metal framework; the 
resulting subgroup geometries are functions of the number of 
the metal cluster antibonding electrons. When all of the metal 
cluster antibonding ti and t2 orbitals are filled, such as in the 
cases of Co4(CO) I2(M3-Sb)4,

25 Os4(CO) , 2 ( M 3 - 0 ) 4 , 2 6 

Re4(CO) 12(M3-SCH3)4,
27 and Pt4(CH3) I2(^-X)4 (X = OH, 

Cl, I),28 an idealized Td metal tetrahedron is conserved (in the 
assumed absence of distortions due to steric pressures4ab) from 
electronic considerations with no net metal-metal bonding, 
as reflected by the nonbonding metal-metal distances observed 
in these tetramers.29 A T& metal configuration may be also 
conserved electronically when all of the metal cluster anti-
bonding orbitals are empty and the bonding ones are filled such 
as in the case of Fe4(TfS-CsHs)4Ou3-CO)4

19 which has been 
shown to possess a completely bonding metal tetrahedron with 
six chemically equivalent metal-metal distances in the elec
tron-pair bonding range. 

Further synthetic and structural investigations of other 
cubane-like metal clusters are in progress in order to determine 
and thereby systematize the deviations of metal tetrahedra 
from Td symmetry for all molecular orbital-electronic con-
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figurations where the number of electrons involved in the direct 
metal-metal interactions ranges from 13 to 23. 
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