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Abstract: The cubane-like metal cluster [Co4(A
5-C5H5)4SJ and the hexafluorophosphate salt of the [Co4(/?

5-C5H5)4-
SJ+ monocation have been prepared and structurally characterized by single-crystal X-ray diffraction. The neu
tral parent tetramer, obtained in a designed synthesis by the reaction of Co4(h

s-C5Hs)4S6 with triphenylphosphine, 
fulfilled expectations (which motivated this research) in being the first metal-nonbonding M4X4-cubane system 
successfully oxidized to the monocation. From a detailed comparison of their geometries, important stereo
chemical information was obtained concerning the antibonding character of the unpaired electron in the metal 
cluster system. Both [Co^-CsHs)^" complexes (n = 0, +1) are comprised of a tetrahedral-like array of cobalt 
atoms with triply bridging sulfur ligands positioned above the four triangular metal faces and with a pentahapto-
cyclopentadienyl ring coordinated to each cobalt atom. In the neutral molecule (for which each d6 Co(III) for
mally achieves a noble gas electronic configuration without the necessity of any metal-metal electron pair bonds), the 
Co4S4 core of crystallographic site symmetry C2-I with six nonbonding Co-Co distances of nonsystematic variation 
from 3.236 (1) to 3.343 (1) A and of average length 3.295 A is presumed in the absence of crystal packing forces to 
conform to cubic 7>43/n symmetry. Oxidation of the neutral tetramer by AgPF6 produces the tetragonally dis
torted monocation of crystallographic site symmetry 54-4 and of idealized D2d-42m geometry with two long (and 
presumably nonbonding) Co-Co distances of identical length 3.330 (5) A and with four significantly shorter Co-Co 
distances of identical length 3.172 (5) A. The observed tetragonal distortion of the Co4S4 core and the shortening 
of the latter four Co-Co distances by 0.12 A (relative to the average Co-Co distance in the neutral parent) are 
shown to be compatible with a metal cluster MO model in which the oxidized electron primarily originates from a 
triply degenerate antibonding tetracobalt symmetry combination in the neutral molecule whose geometry, upon 
removal of one electron, undergoes a Jahn-Teller distortion such that the unpaired electron in the monocation 
occupies a nondegenerate tetracobalt symmetry combination. On the basis that the two longer Co-Co distances 
in the monocation still represent nonbonding metal-metal interactions, each of the four shorter Co-Co distances 
in the monocation is presumed (under the applied metal cluster model) to reflect (in a localized sense) an increase 
in the individual valence bond order from O to 0.125 between the two cobalt atoms resulting in a total limiting 
cobalt-cobalt valence bond order of 0.5 {i.e., corresponding to 12 bonding and 11 antibonding electrons directly 
involved in the tetracobalt interactions). Crystals of [Co4(A

6-C5H5)4S4] are monoclinic, space group C2/c, with a = 
18.014 (6) k,b = 1.914 (2) A, c = 15.736 (4) A, /3 = 115.281 (9)°, and p„bKi = 2.01 g cm"3 vs. pcM = 2.03 g cm-' 
for Z = 4. Least-squares refinement gave Ri(F) = 4.5 % and Ri(F) = 5.7% for 1172 independent diffractometry 
data with / > 2a(I). Crystals of [Co4(A"-C5Hs)4SJ +PF6~ are tetragonal, space group /4, with a = b = 12.777 (3) A, 
c = 7.815 (2) A; p0bsd = 2.00 g cm-3 vs. /Wed = 2.005 g cm-3 for Z = 2. A crystal disordering of each PF6~ 
anion occurs between two orientations with the composite possessing crystallographic site symmetry S4-4. The 
preferred least-squares model gave Ri(F) = 7.0% and R2(F) = 6.1 % for 402 independent diffractometry data with 
/ > 2a(I). 

During the past few years there have been X-ray 
structural investigations of a variety of organo

metallic isosteres of the hydrocarbon cubane.2-11 The 
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(2) E. B. Fleischer, ibid., 86, 3889 (1964); P. Eaton and T. Cole, 
ibid., 86, 3157(1964). 
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(4) V. Albano, P. Bellon, G. Ciani, and M. Manassero, Chem. Com-
num., 1242 (1969). 
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molecular architecture of these complexes may be de
scribed as two interpenetrating tetrahedra of metal and 
ligand atoms such that the metal atoms and triply 
bridging ligands occupy the alternate corners of a cube. 
With few exceptions these molecules are held together 
solely by bonding between the metal atoms and triply 
bridging ligands in that the valence electron require
ments of the metal atoms are satisfied without any 
metal-metal interactions. Examples include [Mo4-
J(NO)(CO)2J4(OH)4],

4 [Mo4J(HXCO)3I4(OH)4],4 [Re4-
(CO)12(SCHs)4],

5 [Os4(CO)12O4],
6 [Co4(CO)12Sb4],

7 [Pt4-
(C2H6)12C14],

8 and [Pt4(CHa)12X4] (X = Cl,s I,10 OH11). 
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400 (1969), and references cited therein; D. O. Cowan, N. G. Krieghoff, 
and G. Donnay, Acta Crystallogr., Sect. B, 24, 287 (1968); (b) T. G. 
Spiro, D. H. Templeton, and A. Zalkin, Inorg. Chem., 7, 2165 (1968); 
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At the time of this study, the notable structurally 
characterized exceptions to the "metal nonbonding" 
tetramers included (1) the cubane-like [Fe4(/z

5-C6H6)4-
(CO)4] molecule,12 which contains a completely bonding 
tetrahedron of iron atoms, and its monocation13 and 
(2) [Fe4(/i6-C5H5)4S4]B (B = O,14 +I ,1 6 '1 6 +21^17) and 
the [Fe4(S2C2(CFi)S)4S4]

2- anion,18 which contain dis
torted cubane-like Fe4S4 cores whose deformations 
from cubic Td geometry have been ascribed to iron-iron 
interactions. In this connection it should be noted that 
the distorted Fe4S4 fragment of the [Fe4(«

6-C6H6)4S4]
2+ 

cation17 is analogous in geometry to the distorted Fe4S4 

core of the electronically equivalent [Fe4(S2C2(CF3)2)4-
S4]2- anion.18 These Fe4S4 clusters have been the sub
ject of considerable interest in that X-ray diffraction 
investigations of the 8-Fe clostridial ferredoxin from 
micrococcus aerogenes™ and the high-potential iron-
sulfur protein of chromatium vinosumm have shown that 
both of these Fe-S proteins, which are involved in 
electron transfer redox reactions in vivo, contain cubane-
like Fe4S4 cores. The resulting biochemical implica
tions of the Fe4S4 cubane geometry have provided 
further impetus to the study of both the chemical be
havior and structure of inorganic analogs containing 
the Fe4S4 moiety.21 

This paper reports the designed synthesis of the un
known cobalt analog of [Fe4(«

s-CoH6)4S4], viz., [Co4-
(«5-C5H3)4S4] which from electronic considerations 
would be presumed to belong to the "metal nonbond
ing" class of cubane-like tetramers. This complex was 
prepared in the hope that it, in similar fashion, could 
be successfully oxidized to at least one cationic species 
without rupture of its atomic framework. A com
parison of the geometries of such a neutral tetramer and 
its monocation was deemed highly desirable in that no 
previous experimental knowledge existed concerning 
the stereochemical effect due to removal of a valence 
electron from a cubane-like system containing a non-
bonding tetrahedron of metal atoms. The structural 
characterizations of the neutral [Co4(rt

5-C5Hs)4S4] mol
ecule and its monocation have provided an opportunity 
to examine further the nature of the metal-metal in
teractions in these organometallic complexes. 
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91, 6962 (1969). 

(19) L. C. Sieker, E. Adman, and L. H. Jensen, Nature (London), 
235, 40 (1972). 
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J. Kraut, Cold Spring Harbor Symp. Quant. Biol., 36, 381 (1972). 

(21) The compound [N(C2H5J4J2
1 [Fe4S4(SCH2C6H5)J"'- has been 

recently prepared and characterized by X-ray diffraction as well as by 
pmr and Mossbauer spectroscopy, ESCA, electronic spectra, and mag
netic susceptibility (T. Herskovitz, B. A. Averill, R. H. Holm, J. A. 
Ibers, W. D. Phillips, and J. F. Weiher, Proc. Nat. Acad. Sci. U. S., 69, 
2437 (1972); B. A. Averill, T. Herskovitz, R. H. Holm, and J. 
A. Ibers, J. Amer. Chem. Soc, in press. 

Experimental Section 

Preparation and Characterization of [Co4(A
5-C5H5)4S4] and [Co4-

(^-C5Hs)4S4I
+PF6-. The neutral [Co4(/z5-C5H5)4S4] complex was 

prepared by the reaction of Co^/i'-CsHs^Se with excess triphenyl-
phosphine. The production of the triphenylphosphine sulfide 
adduct via cleavage of the disulfide bridges is accompanied by for
mation of the tetramer, [Co4(A6-C5H5)4S4]. The identification of 
triphenylphosphine sulfide was accomplished by comparison of its 
infrared spectrum with that of an authentic sample.22 

All reactions were run in standard glassware under a n'*.,ogen 
atmosphere. The Co4(AB-CsH5)4S6 complex was prepared by the 
method of Uchtman and Dahl23 with one modification. The 
crude product was purified by the pouring of a chloroform solution 
of the complex onto a Florisil column. Elution with CHCl3 fol
lowed by evaporation yielded Co4(/!5-C5H5)4S6 in 65% yield. The 
composition of this product was confirmed by comparison 
of the infrared and nmr spectra with those of an authentic 
sample.23 

A solution of 0.250 g (0.36 mmol) of Co4(/!5-C5H5)4S6 was dissolved 
in toluene with 0.250 g (0.95 mmol) of P(C6H5)3 and refluxed for 60 
hr. The solution was then evaporated to a small volume and 
poured onto an acid-washed alumina column. Elution with 
benzene removed the triphenylphosphine sulfide from the reaction 
product. The reddish black [Co4(/!

6-C5Hn)4S4] was obtained in 40 % 
yield by elution with CHCl3 and then evaporation of the solvent 
under vacuum. [Co4(/i

6-C5H5)4S4) is insoluble in nonpolar organic 
solvents and sparingly soluble in polar solvents. Crystals suitable 
for X-ray diffraction were grown from a chloroform-toluene solu
tion by slow evaporation under nitrogen. The formulation of the 
complex as [Co4(/i

5-C5H5)4S4] was indicated by mass spectral data 
which are presented in Table I. 

[Co4(/i5-C5H5)4S4]
+PF6- was prepared by the stoichiometric addi

tion of a methanolic solution of AgPFs to a solution of the neutral 
tetramer in dichloromethane. Upon the addition of 0.040 g (0.16 
mmol) of AgPF6 to 0.100 g (0.16 mmol) of [Co4(/i

5-C3H,5)4S4], the 
solution immediately became darker and a finely divided precipitate 
of metallic silver appeared. The solution was heated in order to 
increase flocculation and hence the rate of precipitation of the silver 
metal. Filtration through CELITE removed the silver precipitate 
from the solution. Crystals of the monocation suitable for X-ray dif
fraction were grown by slow evaporation under nitrogen of an ace-
tonitrile-toluene solution of the salt. Magnetic susceptibility mea
surements by the Faraday method24 at five different field strengths 
between 5.5 and 8.0 kOe revealed a paramagnetic species with one 
unpaired electron. The effective magnetic moment of 1.73 BM was 
corrected for a slight field dependence attributed to a small amount 
of antiferromagnetic cobalt oxide impurity. Solid-state infrared 
spectra" (KBr pellet) of the neutral tetramer and the hexafluoro-
phosphate salt of the monocation exhibit absorption bands char
acteristic of the cyclopentadienyl ligands. 

X-Ray Data Collection, (a) [Co4(^-C6Ho)4S4]. Preliminary 
Weissenberg and precession photographs of the neutral tetramer 
exhibited C2h-2jm monoclinic symmetry. The observed systematic 
absences for [IM] of h + k = 2« + 1 and for [ItOl] of / = In + 1 
were compatible with two space groups, C2/c and the acentric Cc. 
The centric C2/c was subsequently shown to be the correct choice by 
an interpretation of the Patterson vectors and by the successful re
finement of the crystal structure. A single crystal of dimensions 
0.20 X 0.20 X 0.68 mm along the [100], [001], and [010] directions, 
respectively, was mounted on a thin glass fiber with epoxy cement. 
After optical and X-ray alignment26 on a Datex-controlled, General 
Electric full-circle diffractometer equipped with a scintillation 
counter and pulse height analyzer adjusted to admit 90% of the Mo 
Ka (X 0.7107 A) peak, 17 reflections were carefully centered in the 
X-ray beam by adjustment of the 29, x, and <t> values so as to maxi
mize the intensities of the diffracted beams. The angle settings 

(22) Sadtler Standard Spectra, Sadtler Research Laboratories, 
Philadelphia, Pa., 1964. 

(23) V. A. Uchtman and L. F. Dahl, / . Amer. Chem. Soc, 91, 3756 
(1969). 

(24) We wish to thank Mr. James Kleppinger of the University of 
Wisconsin (Madison) for performing the magnetic susceptibility mea
surements. 

(25) Infrared spectra were recorded (KBr pellets) on a Beckman IR-10 
spectrometer. 

(26) T. C. Furnas, "Single Crystal Orienter Instruction Manual," 
General Electric Co., Milwaukee, Wis., 1957. 
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Table I. Mass Spectral Data for [Co4(A
8-C5Hs)4S4]<

1 

Ion 

Co4(C5Hj)1S4
+ 

Co4(C5Ha)3S4
+ 

Co,(C5H5)4S
+ 

Co3(C5Hs)3S8
+ 

Co3(C5Hs)4
+ 

Co3(C5Hs)3S2
+ 

Co4(C5Hs)3
+ 

Co(C5Hs)4S3
+ 

Co4(C5H5)S3
+ 

Co2(C5H5)3S2
+ 

Co2(C6Hs)2S4
+ 

Co3(CsHs)3
+ 

Co4S4
+ 

Co(C5Hs)4
+ 

Co3S4
+ 

Co2(C5H5)^S+ 

Co2(C5H5)S3
+ 

Co(C5Hs)3
+ 

Co(C5H5)S4
+ 

Co2(C5H5)S2
+ 

Co2S4
+ 

Co3(CsHs)+ 

Co3S2
+ 

Co(C5Hs)2S
+ 

Co(C5H5)S3
+ 

Co2(CsH6)S
+ 

Co3S
+ 

Co(C5Hs)2
+ 

Co(C5H5)S2
+ 

CoS4
+ 

Co2(C5Hs)+ 

Co2S2
+ 

Co3
+ 

Co(C5H5)S
+ 

Co(C5H5)+ 
CoS2

+ 

Co2
+ 

CoS+ 

Co+ 

m/e 

624 
559 
469 
468 
437 
436 
431 
415 
397 
377 
376 
372 
364 
319 
305 
280 
279 
254 
252 
247 
246 
242 
241 
221 
220 
215 
209 
189 
188 
187 
183 
182 
177 
156 
124 
123 
118 
91 
59 

Intensity* 

0.7 
0.5 
0.4 
1.6 
0.7 
3.1 
0.4 
1.5 
0.3 
0.3 
3.1 
0.6 
0.5 
0.4 
0.4 
1.4 
1.3 
1.2 
1.1 
9.3 
0.6 
0.4 
0.4 
0.5 

12.1 
1.0 
0.3 

49.5 
3.6 
3.3 

13.7 
1.3 
1.1 
0.5 
7.3 
1.9 
1.1 

58.1 
100.0 

0 Mass spectra were obtained on an AEI MS-902 mass spectrom
eter at 70 eV with a probe temperature of 160°. Samples were 
introduced into the ion source by a direct inlet system. b Intensity 
values are presented as relative ion abundances with respect to the 
peak at m/e 59. 

were refined by a least-squares procedure"28 to yield lattice param-
etersofa= 18.014(6) A, b = 7.974(2) A, r = 15.736 (4) A, and Q = 
115.281 (9)°. The volume of the unit cell is 2044.2 A3. The ex
perimental density of 2.01 g cm-3 measured by the flotation method 
agrees well with a calculated one of 2.03 g cm-3 based on four mole
cules per unit cell. 

Data were collected by the 9-26 scan technique with scan speeds 
of 2°/min and (stationary-crystal)-(stationary-counter) background 
measurements of 15 sec on each side of the peak. Symmetric scans 
of 2.00° for 29 < 12°, 1.70° for 12° < 29 < 20°, and 1.40° for 20° < 
29 < 45.0° were employed. AU independent reflections within the 
sphere 29 < 45.0° were sampled. Four reflections which were 
sampled at approximately 4-hr intervals were used as standards for 
crystal alignment, crystal decay, and instrument stability. During 
the collection of the asymmetric unit no significant changes (> 3.5 %) 
were observed in the intensities of these standard reflections. A 
reflection was considered to be statistically observed if the integrated 
intensity, /, was greater than twice the esd, a(I), of the intensity. 
The data reduction formulas are the following: / = S — B(TIt), 
<T(I) = [S + B(TItV + (0.05/)2]'A, \F\ = (//Lp)V=, and (7(F) = 
<r(I)/2\F)Lp, where S is the scan count for time T, B the total back
ground count measured for time t, and Lp the Lorentz-polarization 
corrections. Since the transmission coefficients (based on a linear 

absorption coefficient of 37.05 cm -1 for Mo Ka radiation) varied 
from 0.42 to 0.56, absorption corrections29 were applied to the indi
vidual structure factors. No corrections for extinction were made. 

(b) [Co4(/!
5-CsH5)4S4]

+PF6-. Oscillation and Weissenberg 
photographs of [Co4(/i

6-C5Hs)4S4]
+PF6

- revealed tetragonal Ca-A/m 
Laue symmetry. Systematic absences for \hkl) of h + k + I = 
2n + I define a body-centered cell with possible space groups /4, /4, 
or IAIm. A small needle crystal of dimensions 0.10 X 0.10 X 0.36 
mm along the [100], [010], and [001] directions, respectively, was 
mounted on a thin glass fiber with epoxy cement such that the c* 
axis was approximately parallel to the spindle axis of the goniom
eter. After optical and X-ray alignment26 on a Datex-controlled 
General Electric full-circle diffractometer equipped with a scintilla
tion counter and pulse height analyzer adjusted to admit 90% of the 
Mo Ka (X 0.7107 A) peak, 18 reflections were carefully centered in 
the X-ray beam. The 29, x, and 4> values obtained were least-
squares refined2'12B to yield lattice parameters of a = b = 12.777(3) 
and c = 7.815 (2) A. The volume of the unit cell is 1273.6 A3. The 
experimental density of 2.00 (2) g cm -3 agrees quite well with the 
calculated value of 2.005 g cm-3 for Z = 2. Based on two cubane-
type species per cell, considerations of the possible molecular sym
metry indicated that the correct space group is /4. This choice was 
confirmed by the successful refinement of the structure. 

Intensity data were collected via the 6-29 scan technique with scan 
speeds of 2°/min. Scan widths of 1.8° for 29 < 10.0°, 1.6° for 
10.0° < 29 < 20.0°, and 1.4° for 20.0° < 26 < 45.0° were employed. 
A (stationary-crystal)-(stationary-counter) background measure
ment of 20 sec was made on both sides of each peak. Four reflec
tions were sampled at intervals of every 100 reflections as standards 
of instrument stability, crystal alignment, and crystal decay. No sig
nificant changes (>3.0%) were observed for any of these standard 
reflections. The data were reduced according to the formulas 
given previously, and 396 independent reflections were considered 
observed with / > <x(/). The subsequent solution and refinement 
of the structure will be discussed below. 

After the initial structural determination, intensity data were re^ 
collected with the same crystal on a NOVA-automated Syntex Pl 
diffractometer equipped with a scintillation counter, a pulse height 
analyzer adjusted to admit 90% of the Mo Ka peak (X(Ka1) 0.70926 
A, X(Ka)2 0.71354 A), and a crystal graphite monochromator set at 
a Bragg 26 angle of 12.2°. The orientation matrix was determined 
by the centering of 15 reflections and a subsequent refinement of the 
26, o), <f>, and x values. For the data collection, the co-29 scan tech
nique was used with variable scan speeds and scan widths based on 
the relative intensity of each peak. The background was measured 
on each side of the peak by (stationary-crystal)-(stationary-counter) 
techniques. The total background time alloted for each peak was 
equal to two-thirds of the total scan time. Two reflections, which 
were sampled periodically at intervals of every 50 reflections as 
standards of instrument stability, crystal alignment, and crystal 
decay, exhibited no significant changes (i.e., >3%) throughout the 
experiment. The same data reduction formulas were used with a 
linear correction to account for the variable scan speeds. All inde
pendent data with 9 < 30.0° were sampled. The statistical criterion 
for a datum to be considered observed was that / > 2<r(I). Correc
tions for Lorentz-polarization effects as well as polarization of the 
incident beam due to the crystal monochromator were included in 
the data reduction which yielded 402 independent observed reflec
tions. Since the calculated transmission coefficients (based on a 
linear absorption coefficient of 30.90 cm-1 for Mo Ka radiation) 
varied from only 0.73 to 0.76, a correction for absorption was 
deemed unnecessary. No corrections for extinction were made. 

Solution of the Structures, (a) [Co4(/i
5-C5H.,)4S4]. The struc

ture of the neutral tetramer was determined by the heavy-atom 
technique. Analysis of the vectors in a three-dimensional Patter
son map,30 based on 1172 observed reflections, revealed the location 
and orientation of the tetramer about the crystallographic twofold 
axis. A Fourier synthesis30 phased on the two independent cobalt 
and two independent sulfur atoms (which gave discrepancy factors 
of Ri = 24% and Rt = 45 %31) did not provide unequivocal infor-

(27) A. S. Foust, "ANGSET," Ph.D. Thesis (Appendix), University 
of Wisconsin (Madison), 1970. 

(28) The uncertainties (given in parentheses) of the lattice parameters 
obtained from ANGSET are estimates of precision and are unrealistically 
small on account of the large number of reflections used in the least-
squares determination. 

(29) J. F. Blount, "DEAR," based on a method given by W. R. Bus
ing and H. A. Levy, Acta Crystallogr., 10, 180 (1957). 

(30) J. F. Blount, "A Three-Dimensional Crystallographic Fourier 
Summation Program," Ph.D. Thesis (Appendix), University of Wis
consin (Madison), 1965. 

(31) R1 = [2||Fo| - |Fc||/S|Fo|] X 100and R, = [2wi\\F0\ - \F0\\y 
Wi\F0\"-Y/'. X 100. All least-squares refinements were based on the 
minimization of Xw1I[F0I — [F0W

1 with the individual weights Wi = 
1 Ia(F0)K 
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mation about the locations of the cyclopentadienyl carbon atoms. 
However, isotropic least squares32 coupled with Fourier difference 
maps eventually revealed the positions of all ten crystallographically 
independent carbon atoms. Refinement of this model with iso
tropic thermal parameters reduced the residuals to Ri = 9.8 % and 
Rt = 13.6%. At this point idealized coordinates for the cyclo
pentadienyl hydrogen atoms were calculated with the program 
MIRAGE.33 These idealized positions for the hydrogen atoms were 
not allowed to vary during the least-squares refinement but were 
recalculated after each cycle so as to take into account the shifts in 
positions of the carbon atoms. The hydrogen thermal parameters 
were constrained to an isotropic value of 3.0 A2. Anisotropic full-
matrix refinement of all nonhydrogen atoms reduced the residuals 
to Ri = 4.5 % and R2 = 5.7 % at convergence. In the latter stages 
of refinement real and imaginary corrections to the scattering factors 
due to anomalous dispersion were applied for cobalt {viz., Af = 
0.4, Af" = 1.1) and sulfur {viz., A/' = 0.1, A/" = 0.2).34

o A final 
Fourier difference map revealed no peak greater than 0.5 e/A3. The 
final goodness-of-fit parameter was 1.89 which indicates an under
estimation of the standard deviation of an observation of unit 
weight. 

(b) [CO4(/J5-COHO)4S4]+PF6-. The structure of the monocation 
was also determined by the heavy atom technique. Interpretation 
of a three-dimensional Patterson map30 yielded the locations of the 
independent cobalt and sulfur atoms. A Fourier synthesis30 phased 
on these two atoms (which gave reliability indices of R1 = 32% and 
Rt = 36 %)31 provided initial coordinates for the independent phos
phorus atom. Further Fourier syntheses coupled with isotropic 
least-squares32 refinement provided positional parameters for the 
cyclopentadienyl carbon atoms. In addition, six octahedrally dis
posed peaks around the phosphorus atom were interpreted as being 
fluorine atoms. Least-squares refinement of this model for the 
PF6

- anion was unsuccessful, however, in that the fluorine atomic 
positions would not converge at chemically reasonable sites. Fur
thermore, the inordinately high isotropic thermal parameters for 
the phosphorus atom (~15 A2) and six fluorine atoms (~20 A2) 
indicated that the chosen model did not accurately reflect the elec
tron distribution of the anion. In the hopes that a more accurate 
determination of the phases would provide the true location and 
orientation of the PF6~ anion, an anisotropic refinement of the atom 
in the cation was undertaken. This resulted in residuals of Ri = 
16% and Rt = 21 % and correctly revealed via a Fourier difference 
map a twofold disorder of each of the two PF6~ anions in the unit 
cell. The independent phosphorus atom sits on a crystallographic 
4_axis (corresponding to one set of twofold special positions 2c of 
/4) with 12 half-weighted fluorine atoms (of which three are crys
tallographically independent) located such that the two orientations 
of the PFjT anion are related to each other by a rotation of 90° 
about the 4 axis (Figure 135). 

Before final refinement, the absolute configuration of the mole
cule in the space group was determined by an inclusion in the struc
ture factor calculations of both the real and imaginary corrections 
for anomalous dispersion {viz., A/' = 0.4, Af" = 1.1 for cobalt; 
A/' = 0.1, Af" = 0.2 for sulfur; and A/' = 0.1, Af" = 0.2 for 
phosphorus).34 The reliability indices of Ri = 13.3% and Ri = 
6.9 % obtained for x, y, z, as opposed to the values of Ri = 13.6% 
and Rt = 10.9% obtained for x, y, z, established the enantiomorph 
at the 0.5% level of confidence.36 As in the neutral tetramer, ideal
ized coordinates were determined33 for each hydrogen atom after 
each least-squares cycle; isotropic temperature factors of 3.0 A2 

were assigned to each hydrogen atom and were not varied in the 
least-squares refinements. Three different least-squares refinements 
were done in an attempt to determine a "best" model for the mono-
cation. The first refinement (A) utilized the initial data set (from 
the General Electric diffractometer) and anisotropic thermal param
eters for all nonhydrogen atoms. At convergence the final residuals 
were Ri = 7.4% and R2 = 7.0%, the goodness-of-fit parameter was 
1.68, and the data-to-parameter ratio was 4.35:1; the largest param-

& & 

(32) W. R. Busing, K. O. Martin, and H. A. Levy, "ORFLS, A 
Fortran Crystallographic Least-Squares Program," ORNL-TM-305, 
Oak Ridge National Laboratory, Oak Ridge, Tenn., 1962. 

(33) J. C. Calabrese, "MIRAGE," Ph.D. Thesis (Appendix), Uni
versity of Wisconsin (Madison), 1971. 

(34) "International Tables for X-Ray Crystallography," Vol. Ill, 
The Kynoch Press, Birmingham, England, 1962, p 215. 

(35) C. K. Johnson, "ORTEP, A Fortran Thermal-Ellipsoid Plot 
Program for Crystal Structure Illustration," ORNL-3794, Oak Ridge 
National Laboratory, Oak Ridge, Tenn., 1964. 

(36) W. C. Hamilton, Acta Crrstallogr., 18, 502 (1965). 

Figure 1. The two orientations of the crystal disordered PF6" 
anion relatedto each other by a 90° rotation about the crystal
lographic Si-4 axis. The atoms are represented by thermal el
lipsoids of 5 % probability. 

eter shifts during the last cycle were less than half the esd. The last 
two refinements utilized the second data set (from the Syntex dif
fractometer). In the second refinement (B) the thermal motion of 
each of the three half-weighted fluorine atoms was treated isotropic-
ally, while all other nonhydrogen atoms were allowed to vibrate 
anisotropically. At convergence the final residuals were Ri = 
7.0% and Rt = 6.1%, the goodness-of-fit parameter was 1.54, and 
the data-to-parameter ratio was 5.1:1; the large isotropic^thermal 
parameters of the fluorine atoms {viz., 14.5,10.0, and 16.5 A2) indi
cated, however, that these atoms (as found in other previously re
ported refinements of PF6

- anions) were experiencing considerable 
nonspherical thermal motion which would be best handled by an 
anisotropic thermal model. A third refinement (C) with aniso
tropically varying thermal parameters for all nonhydrogen atoms 
converged with final residuals of Ri = 6.7 % and Rt = 5.8 %, and 
with a goodness-of-fit parameter of 1.49; the data-to-parameter 
ratio for this model was 4.3:1. The fact that the changes in corre
sponding R values are significant at the 0.01 level of confidence36 is 
not surprising since it is only reasonable to expect that anisotropi
cally varying thermal parameters will better reflect the extensive 
thermal motion of the fluorine atoms. However, the relatively 
small decrease of 0.3 % in the R values indicates that (with consider
ation of the 20% decrease in the data-to-parameter ratio) the param
eters obtained in the isotropic refinement, especially those of the 
cation, are perhaps equally accurate. Final Fourier difference 
maps revealed no residual electron density greater than 0.5 e/A3. 

A comparison of the atomic positional and thermal parameters as 
well as the interatomic distances and bond angles for the cation re
veals that the corresponding parameters of refinements B and C are 
identical within 2a. Refinement A is not in quite such good agree
ment with refinements B and C in that wider variations «6<r) were 
exhibited among the corresponding thermal parameters. However, 
the only interatomic distance in the cation which differs by more than 
2o- between refinement Aand refinements B and C is the Co-C(5) 
distance which is 1.91 (4) A in refinement A, 2.05 (3) A in refinement 
B, and 2.08 (3) A in refinement C. All corresponding bond angles 
in the cation agree within 2a for all three refinements. Although 
the individual atomic positional and thermal parameters for the 
anion agree within 2a for all three refinements, several of the F-P-F 
bond angles show much wider discrepancies. 

The lower R values obtained from the second set of data vs. those 
from the first set are indicative of the different statistical criteria 
used. In the first data set a reflection was considered observed and 
included in the structural determination if / > a{I), while in the 
second set a stricter requirement was employed, viz., I > 2a(I). The 
net result is that the weak and relatively less reliable intensities play 
a more dominant role in refinement A. For the purposes of the dis
cussion, the parameters of refinement B will be utilized in deference to 
both the relatively low esd's found for the cation and to the more 
chemically reasonable geometry obtained for the PFe- anion. 

The atomic scattering factors used in all refinements for the non
hydrogen atoms were those of Hanson, et al.,sl while the hydrogen 

(37) H. P. Hanson, F. Herman, J. D. Lea, and S. Skillman, ibid., 17, 
1040 (1964). 
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Table II. Final Positional and Thermal Parameters for [Co^^-CoHs^SO" 

Atom 

Co(I) 
Co(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 

Co(I) 
Co(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) 

1O*0II 

27.4(4) 
33.0(4) 
36.0(7) 
31.0(7) 
29(2) 
36(3) 
42(3) 
54(4) 
30(3) 
44(3) 
33(3) 
44(3) 
86(5) 
56(4) 

X 

0.07813 (4) 
0.06978(5) 
0.06637(9) 
0.05854(9) 
0.1784(3) 
0.1147(4) 
0.1004(4) 
0.1555(5) 
0.2023(4) 
0.1013(4) 
0.1701 (4) 
0.1876(5) 
0.1271 (6) 
0.0751 (5) 
0.2021 
0.0853 
0.0587 
0.1599 
0.2461 
0.0751 
0.2021 
0.2336 
0.1225 
0.0270 

B. 
1O4022 

106.2(17) 
101.0(16) 
104.2(27) 
107.2(28) 
142(12) 
148 (12) 
330 (21) 
330 (21) 
203 (14) 
123(11) 
172(13) 
183 (16) 
247 (19) 
197(15) 

A. Positional Parameters 
y 

0.13836(10) 
0.42852(10) 
0.41694(19) 
0.14942(19) 

-0 .0280(8 ) 
-0 .1082(8 ) 
-0 .0131 (12) 

0.1235(11) 
0.1144(9) 
0.6776(7) 
0.5975(9) 
0.4593(10) 
0.4575(11) 
0.5935(10) 

-0 .0665 
-0 .2125 
-0 .0389 

0.2121 
0.1956 
0.7804 
0.6316 
0.3779 
0.3742 
0.6242 

Anisotropic Thermal Parameters' 
10^,3 

38.9(5) 
35.0(5) 
41.3(9) 
40.6(9) 
50(4) 
62(5) 
47(4) 
80(6) 
82(5) 
51(4) 
63(4) 
78(6) 
33(4) 
54(4) 

1O4012 

7 . 4 ( 5 ) 
- 8 . 5 ( 5 ) 
- 3 . 5 ( 1 0 ) 
- 0 . 8 ( 1 0 ) 
2^ (4) 
20(5) 
61(7) 
77(8) 
4(5) 

- 1 9 ( 5 ) 
- 2 7 (5) 

4(6) 
- 8 5 ( 8 ) 
- 4 0 ( 6 ) 

1 O 4 0 I 3 

1 0 . 8 ( 3 ) 
6 . 8 ( 3 ) 

1 1 . 9 ( 6 ) 
10.9(6) 
11 (2) 
11(3) 
8(3) 

45(4) 
22(3) 
17(3) 
10(3) 

- 1 9 ( 4 ) 
1(4) 

22(3) 

Z 

0.22070(5) 
0.36009(5) 
0.21711 (10) 
0.35139(10) 
0.2809(4) 
0.2057(5) 
0.1237(5) 
0.1510(6) 
0.2472(6) 
0.4096(5) 
0.4105(5) 
0.4703(6) 
0.5065(5) 
0.4687(5) 
0.3477 
0.2091 
0.0587 
0.1085 
0.2855 
0.3725 
0.3746 
0.4845 
0.5515 
0.4816 

10*02, 

8.6(6) 
- 1 . 6 ( 6 ) 

6.4(11) 
6.2(11) 

20(5) 
- 1 2 ( 6 ) 
- 2 5 ( 8 ) 

92(9) 
31(7) 

- 1 7 ( 6 ) 
- 2 2 ( 6 ) 
- 2 2 ( 8 ) 

- 3 ( 7 ) 
- 4 7 (7) 

" In this and subsequent tables the estimated standard deviations of the last significant figuresare given in parentheses. h The positional 
parameters for the hydrogen atoms are recalculated after each least-squares cycle and fixed at 1.0 A from their attached carbon atoms. Their 
thermal parameters were fixed at an isotropic value of 3.0 A2. c The anisotropic thermal parameters are of the form exp[ —(0n/;

2 + fink2 

+ 033/
2 + 2.M* + 20i3« + 20M*/)]. 

scattering factors were from Stewart, et al.38 The atomic param
eters from the output of the last least-squares cycle for [Co4(/i

5-
C5Hs)4S4] are given in Table II,39 while those from refinements A, B, 
and C for [Co4(/!

5-C5H5)4S4]
+PF6~ are supplied in Table III.39 In

teratomic distances and bond angles with estimated standard devia
tions, calculated40 from the full inverse matrix containing the esti
mated uncertainties in lattice parameters, are documented in Tables 
IV and V. Least-squares planes41 of interest were calculated. 

Results and Discussion 

General Description of the Structure (a) [CO4(ZJ5-
C5Hs)4S4]. The neutral [Co4(^-C5Ha)4S4] compound 

(38) R. F . Stewart, E. R. Davidson, and W. T. Simpson, J. Chem. 
Phys., 42, 3175 (1965). 

(39) Observed and calculated structure factors for the neutral [Co4-
(AS-C5Hs)4S4] molecule and [Co4(/!5-CsH5)4S4]-PFe- (refinement B) will 
appear following these pages in the microfilm edition of this volume of 
the journal. Single copies may be obtained from the Business Opera
tions Office, Books and Journals Division, American Chemical Society, 
1155 Sixteenth St., N.W., Washington, D . C. 20036, by referring to 
code number JACS-73-2164. Remit check or money order for S3.00 
for photocopy or $2.00 for microfiche. 

(40) W. R. Busing, K. O. Martin, and H. A. Levy, " O R F F E , A 
For t ran Crystallographic Function and Error Program," ORNL-TM-
306, Oak Ridge National Laboratory, Oak Ridge, Tenn., 1964. 

(41) D. L. Smith, " P L A N E S , " Ph.D. Thesis (Appendix IV), Uni
versity of Wisconsin (Madison), 1962. 

crystallizes as discrete molecules with a cubane-like 
molecular geometry comprised of two interpenetrating 
nonbonded tetrahedra (Figures 2 and 335). The four 
Co(C5H5) fragments are interconnected by triply 
bridging sulfur atoms such that the cobalt and sulfur 
atoms lie at alternate corners of a distorted cube. In 
the absence of any net metal-metal interactions, an 
isolated neutral [Co4(/r

6-C_5H5)4S4] molecule would be 
expected to possess a T<r4:3m cubic geometry (with the 
assumption of cylindrical symmetry for the cyclo-
pentadienyl rings). 

The crystallographic site symmetry of the tetramer 
is C2-2 with the twofold axis coincident with one of the 
three pseudo-Si-i molecular axes. However, an ex
amination of the molecular parameters reveals a small 
but crystallographically significant nonsystematic dis
tortion which may be attributed to crystal packing 
forces (vide infra). Although the 12 Co-S distances (of 
which six are crystallographically independent) show 
very little deviation (i.e., <0.008 A), the six nonbonding 
Co • • • Co distances (of which four are crystallograph
ically independent) show a large variation of 0.107 A 

Journal of the American Chemical Society / 95:7 / April 4, 1973 



Table III. Final Positional and Thermal Parameters for [Coi^-CsHyAl+PF,,-. Refinements A, B, and C 
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Atom 
. Positional Parameters 
z Atom 

Cobalt 
(A) 
(B) 
(C) 

Sulfur 
(A) 
(B) 
(C) 

Phosphorus 
(A) 
(B) 
(C) 

F(l)° 
(A) 
(B) 
(C) 

F(2)° 
(A) 
(B) 
(C) 

F(3)° 
(A) 
(B) 
(C) 

C(I) 
(A) 
(B) 
(C) 

C(2) 
(A) 
(B) 
(C) 

0.5725(2) 
0.5732(2) 
0.5732(2) 

0.5629(4) 
0.5642(5) 
0.5640(5) 

0 
0 
0 

0.0931 (138) 
0.0937(43) 
0.0995(56) 

0.1076(42) 
0.1179(29) 
0.1164(63) 

0.0741 (124) 
0.0679(43) 
0.0570(61) 

0.5997(32) 
0.6047(27) 
0.6062(27) 

0.6950(27) 
0.6981 (22) 
0.6976(21) 

0.6076(3) 
0.6078(2) 
0.6078(2) 

0.5956(4) 
0.5949(4) 
0.5951 (4) 

1A 1A lh 
0.5284(81) 
0.5301 (35) 
0.5400(61) 

0.5407(48) 
0.5423(32) 
0.5323(68) 

0.5264(84) 
0.5155(41) 
0.5096(99) 

0.6695(25) 
0.6676(22) 
0.6663(22) 

0.6411 (24) 
0.6392(21) 
0.6404(21) 

0.3639(4) 
0.3640(4) 
0.3640(4) 

0.6458(5) 
0.6463(7) 
0.6461 (7) 

1U 1U 1U 
0.3724(257) 
0.3598(83) 
0.3224(123) 

0.2484(184) 
0.2267(64) 
0.2096(155) 

0.1103(170) 
0.0948 (68) 
0.0911 (63) 

0.1227(34) 
0.1227(32) 
0.1203(32) 

0.1997(42) 
0.2015(33) 
0.2041 (35) 

C(3) 
(A) 
(B) 
(C) 

C(4) 
(A) 
(B) 
(C) 

C(5) 
(A) 
(B) 
(C) 

H(I)" 
(A) 
(B) 
(C) 

H(2) 
(A) 
(B) 
(C) 

H(3) 
(A) 
(B) 
(C) 

H(4) 
(A) 
(B) 
(C) 

H(5) 
(A) 
(B) 
(C) 

0.7079(24) 
0.7086(22) 
0.7087(22) 

0.6319(39) 
0.6300(35) 
0.6267(34) 

0.5657(33) 
0.5620(25) 
0.5613(24) 

0.5667 
0.5738 
0.5771 

0.7442 
0.7488 
0.7492 

0.7691 
0.7680 
0.7685 

0.6261 
0.6204 
0.6151 

0.4947 
0.4937 
0.4939 

0.6949(29) 
0.6951 (25) 
0.6954(25) 

0.7631 (19) 
0.7609(19) 
0.7609(18) 

0.7348(29) 
0.7421 (26) 
0.7427(26) 

0.6434 
0.6404 
0.6377 

0.5868 
0.5858 
0.5868 

0.6895 
0.6896 
0.6895 

0.8162 
0.8110 
0.8106 

0.7679 
0.7773 
0.7788 

0.3436(49) 
0.3474(38) 
0.3467(36) 

0.3599(49) 
0.3686(46) 
0.3673 (43) 

0.2363(56) 
0.2222(47) 
0.2158(43) 

0.0148 
0.0139 
0.0110 

0.1526 
0.1575 
0.1632 

0.4232 
0.4308 
0.4295 

0.4537 
0.4647 
0.4633 

0.2210 
0.1963 
0.1864 

Atom 10',Su 
B. Thermal Parameters= 

10^22 10*(333 104,3l2 10'fti lO'fe 

Co (A) 
(B) 
(C) 

S (A) 
(B) 
(C) 

P<* (A) 
(B) 
(C) 

F(I) (A) 
(B) 
(C) 

F(2) (A) 
(B) 
(C) 

F(3) (A) 
(B) 
(C) 

C(I) (A) 
(B) 
(C) 

C(2) (A) 
(B) 
(C) 

C(3) (A) 
(B) 
(C) 

C(4) (A) 
(B) 
(C) 

C(5) (A) 
(B) 
(C) 

91(3) 
83(2) 
82(2) 

166 (7) 
116(6) 
117(6) 
120 (20) 
107 (17) 
102 (17) 
400 (147) 

14.5(13) ' 
149 (53) 
122 (42) 
10.0(9)« 

151 (52) 
391 (162) 

16.5(14)« 
199 (57) 
194 (35) 
174(30) 
174(30) 
134 (28) 
97 (22) 
81 (20) 

180 (33) 
129 (25) 
136(25) 
361 (57) 
297 (52) 
311 (51) 
221 (50) 
153 (32) 
161 (32) 

121 (3) 
96(3) 
98(3) 
78(5) 
76(5) 
76(5) 

120 
107 
102 
250 (104) 

171 (61) 
166 (50) 

183 (52) 
241 (133) 

536(168) 
172 (35) 
140 (27) 
147 (28) 
159(34) 
165 (29) 
163 (29) 
139(31) 
164 (31) 
171 (31) 

34(17) 
53(18) 
50 (17) 

166 (39) 
109 (27) 
131(29) 

127 (4) 
119(4) 
120 (4) 
125 (8) 
131 (9) 
131 (8) 
384 (57) 
382 (45) 
393 (51) 

1214 (407) 

611 (217) 
687 (239) 

674 (274) 
554 (175) 

327 (103) 
172(51) 
141 (39) 
151 (40) 
264 (72) 
194 (56) 
252 (66) 
309 (79) 
198 (54) 
149 (48) 
351 (77) 
295 (69) 
266 (64) 
577(116) 
392 (88) 
288 (76) 

- 2 4 ( 2 ) 
- 2 3 (2) 
- 2 3 (3) 

8(5) 
3(4) 
4(4) 
0 
0 
0 

-107(99) 

12 (42) 
66 (36) 

- 1 1 (38) 
- 2 0 (85) 

-110(108) 
- 9 1 (31) 
- 7 9 (25) 
- 7 4 (25) 
- 5 3 ( 2 6 ) 
- 3 7 ( 2 0 ) 
- 2 9 (19) 
- 3 5 ( 2 3 ) 
- 6 9 (20) 
- 8 6 ( 2 1 ) 
- 9 6 (25) 
- 5 5 ( 2 3 ) 
- 4 2 (22) 
- 2 7 (34) 
- 1 9 ( 2 4 ) 
- 2 4 (24) 

- 1 0 ( 4 ) 
- 8 ( 4 ) 
- 9 ( 4 ) 

- 1 1 ( 8 ) 
- 6 ( 9 ) 

- 1 3 ( 9 ) 
0 
0 
0 

593 (218) 

-50 (101) 
37 (106) 

39(115) 
- 2 2 2 (168) 

79 (65) 
- 4 0 (46) 

7(41) 
37 (42) 

101 (41) 
37(31) 
23 (31) 

-123(47) 
- 8 4 (37) 
- 7 5 (35) 
119(67) 
91 (61) 

124 (60) 
93 (62) 
82 (43) 
96 (40) 

- 1 0 ( 4 ) 
- 1 6 ( 4 ) 
- 1 5 ( 4 ) 
- 1 5 ( 1 0 ) 
- 3 5 (8) 
- 3 2 ( 8 ) 

0 
0 
0 

-180(152) 

- 1 1 1 (120) 
46(113) 

- 1 4 3 (123) 
3 (144) 

104 (107) 
114(39) 
63 (34) 
45 (36) 

- 3 (40) 
54 (32) 
73 (34) 
44 (50) 
- 7 ( 4 1 ) 
- 5 ( 3 7 ) 

- 7 8 (40) 
- 4 4 (39) 
- 4 1 (37) 

-200 (59 ) 
12 (44) 
54 (42) 

" Corresponds to crystalline disordered site with occupancy factor of Vs- * Footnote b, Table II. c Footnote c, Table II. d For the phos
phorus atom located on a special position (2c) on a 4 axis, 0u and /322 are required by symmetry to be equal, and flu, (3i3, and fc to be zero. 
«Isotropic thermal parameter. 
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Table IV. Interatomic Distances (A) and Angles (deg) for [Co4(A
5-CsH5)4S4] 

Co(I)-•• Co(I') 
Co(I)---Co(2) 
Co(I)---Co(2') 
Co(2)---Co(2') 

S(D-•• S(I') 
S(D- --S(2) 
S(I)' --S(2') 
S(2)---S(2') 

Co(I)-C(I) 
Co(l)-C(2) 
Co(l)-C(3) 
Co(l)-C(4) 
Co(l)-C(5) 
Co(2)-C(6) 
Co(2)-C(7) 
Co(2)-C(8) 
Co(2)-C(9) 
Co(2)-C(10) 

S(l)-Co(l)-S(2) 
S(l)-Co(l)-S(2') 
S(2)-Co(l)-S(2') 
S(l)-Co(2)-S(l') 
S(l)-Co(2)-S(2) 
S(l')-Co(2)-S(2) 

C(l)-C(2)-C(3) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4KX5)-C(1) 
C(5)-C(l)-C(2) 

C(l)'--C(7)i 
C(3)---C(3)n 

C(4)---C(7)m 

C(8)---C(8)IV 

C(IO)---C(10)v 

A. Intramolecular Distances 
3.315(2) 
3.236(1) 
3.343(1) 
3.299(2) 
3.295 (wtdav) 

2.984(3) 
3.048 (2) 
2.950(2) 
2.980(3) 
2.990 (wtdav) 

2.111(6) 
2.118(6) 
2.114(6) 
2.113(7) 
2.101(6) 
2.121(6) 
2.118(6) 
2.105(6) 
2.096(7) 
2.126(7) 
2.112(av) 

B. 
86.18(6) 
82.84(6) 
83.82(6) 
84.16(6) 
86.22(6) 
82.84(6) 

106.8(6) 
107.7(6) 
108.2(6) 
108.3(7) 
109.0(6) 

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

C(l)-C(2) 
C(2)-C(3) 
C(3)-C(4) 
C(4)-C(5) 
C(5)-C(l) 
C(6)-C(7) 
C(7)-C(8) 
C(8)-C(9) 
C(9)-C(10) 
C(IO)-C(I) 

Bond Angles 
Co(l)-S(l)-Co(2) 
Co(l)-S(l)-Co(2') 
Co(2)-S(l)-Co(2') 
Co(l)-S(2)-Co(l') 
Co(l)-S(2)-Co(2) 
Co(l')-S(2)-Co(2) 

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) 

C. Selected Intermolecular Distances0 

3.655(9) 
4.029(11) 
3.668(9) 
3.907(15) 
3.577(15) 

H(l)---H(7)i 
H(3)---H(3)n 

H(4)---H(7) in 

H(8)---H(8)IV 

H(IO)---H(10)v 

2.230(2) 
2.232(2) 
2.230(2) 
2.226(2) 
2.234(2) 
2.226(2) 
2.230 (av) 

1.401 (9) 
1.422(10) 
1.411 (12) 
1.386(11) 
1.396 (9) 
1.388(9) 
1.395(10) 
1.431 (11) 
1.389(11) 
1.383(10) 
1.400 (av) 

93.12(4) 
97.23(4) 
95.64(4) 
95.99(4) 
92.86(4) 
97.01 (4) 

108.4(7) 
106.5(7) 
108.1 (6) 
107.8(7) 
109.2(6) 

2.444 
2.221 
2.471 
2.122 
2.384 

» The superscripts refer to the following symmetry operations: 
1H -yA- z; (V) *, 1 - y, 1 - z. 

(l)x,y - l ,z; (l\)x,y,z; (HI)V2 x, y 
lh, Vs - z; (IV) V* - x, 

Co(I), 

Figure 2. The neutral [Co4(A
5-C5H5)4S4] molecule of crystallo-

graphic Cj-2 site symmetry ideally conforms to cubic Td-Hm 
molecular symmetry. The nonhydrogen atoms are represented by 
thermal elliposoids of 40% probability. 

while the six nonbonding S • • • S distances vary by 
0.098 A (vide infra). 

The packing of the tetrameric molecules is presum-

Co(2) 

Figure 3. The Co4S4 framework of [Co4(/j
5-C5H5)4S4]" (n = 0, +1) 

with the crystallographically independent interatomic distances of 
the neutral molecule (of crystallographic site symmetry_G-2) and 
the monocation (of crystallographic site symmetry S4-4). Those 
of the monocation are given in brackets. 
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Table V. Interatomic Distances (A) and Angles (deg) for 
[Co4(tf>-C5H5)4S4]+PF6-

A. 

Co(I)-Co(I') 
Co(l)-Co(2) 
Co(I)-S(I) 
Co(l)-S(2) 
Co(I)-Sd') 
Co-C(I) 
Co-C(2) 
Co-C(3) 
Co-C(4) 
Co-C(5) 

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

S(I) '"S(I ' ) 
S(I)- • -S(2') 
S(I)-Co(I)-Sd') 
S(l)-Co(l)-S(2) 
S(2)-Co(l)-S(2') 
Co(l)-S-Co(2) 
Co(l)-S-Cod') 
Co(I)-S-Co(I') 
C(l)-C(2)-C0) 
C(2)-C(3)-C(4) 
C(3)-C(4)-C(5) 
C(4)-C(5)-C(l) 
C(5)-C(l)-C(2) 

P-F(I) 
P-F(2) 
P-F(3) 
F(I)-P-F(I') 
F(I)-P-Fd) 
F(I)-P-FO) 
F( I)-P-Fd') 
F(2)-P-F(3) 
Fd)-P-FO') 
FO)-P-FO') 
F(I)-P-FO') 
Fd)-P-Fd') 

The [COj(^-C5H O4SJ+ Cation0 

Refinement 
A 

3.314(6) 
3.165(5) 
2 .2d (5) 
2.200(8) 
2.222(7) 
2.073 (24) 
2.069(23) 
2.065(30) 
2.128(22) 
1.909(40) 
2.049 (av) 

1.406(37) 
1.328 (43) 
1.310 (44) 
1.334(53) 
1.294(39) 
1.334 (av) 

2.924(11) 
3.077(8) 

87.7(3) 
88.4(3) 
82.8(2) 
91.8(2) 
91.7(2) 
97.1 (2) 

110(3) 
110(3) 
103 (3) 
117(4) 
99(3) 

B. The PF6" 
Refinement 

A 

1.569 (62) 
1.470(63) 
1.484(64) 

112(9) 
87(8) 
85(4) 
93(5) 
91(6) 
90(6) 
85 (15) 

170 (16) 
179(11) 

Refinement 
B 

3.330(5) 
3.172(5) 
2.215(5) 
2.217(7) 
2.221(7) 
2.074(22) 
2.078(24) 
2.062 (24) 
2.087(24) 
2.047(30) 
2.070 (av) 

1.391 (34) 
1.352 (34) 
1.319(38) 
1.457(43) 
1.344(36) 
1.373 (av) 

2.929(10) 
3.085(8) 

88.1 (3) 
88.2(2) 
82.6(2) 
91.3(3) 
91.4(2) 
97.2(3) 

109 (3) 
112(3) 
104 (3) 
109 (3) 
106 (3) 

" Anion 
Refinement 

B 

1.522 (49) 
1.610(36) 
1.504 (52) 

111(5) 
88(3) 
88(2) 
85(3) 
91(3) 
99(3) 
73(4) 

160(4) 
167 (4) 

i 

Refinement 
C 

3.330(5) 
3.172(5) 
2.214(5) 
2.215(7) 
2.223(7) 
2.089(22) 
2.065 (22) 
2.066(22) 
2.072(23) 
2.082(28) 
2.075 (av) 

1.380 (34) 
1.326(35) 
1.351(38) 
1.467(42) 
1.356(35) 
1.376 (av) 

2.930(10) 
3.083(8) 

88.0(3) 
88.2(2) 
82.6(2) 
91.3(3) 
91.5(2) 
97.2(2) 

1110) 
110(3) 
104 (3) 
108 (3) 
105 (3) 

Refinement 
C 

1.483(70) 
1.576(75) 
1.445(40) 

135 (8) 
80(5) 
82(3) 
91(7) 
97(6) 

103 (7) 
61(6) 

142 (6) 
157(9) 

" Co(I) and Co(2) are crystallographically equivalent and are 
related by symmetry operation v, x, S; Co(I) and Co(I') are related 
by symmetry operation x, y, z as are Cod) and Co(2'). The cor
responding sulfur atoms are related by similar symmetry relation
ships. 

ably dictated by van der Waals interactions among the 
cyclopentadienyl rings. The cyclopentadienyl rings 
act as buffers to the Co4S4 core of each molecule such 
that there are no short intermolecular contacts in
volving the cobalt or sulfur atoms. The interactions 
resulting from the H • • • H separations (Table IV) less 
than 2.4 A, twice van der Waals radius for hydrogen, 
probably represent major contributions to the crystal 
packing forces. A [010] projection of the monoclinic 
unit cell of [Co4(/!

5-C6H6)4S4) is presented in Figure 4. 
(b) [Co4(/j

5-C6H6)4S4]+PF6-. Crystalline [Co4(A
6-

C6Hs)4S4I+PF6
- is comprised of discrete [Co4(A

6-
C6Hs)4S4]+cations and twofold-disordered PF6

-anions. 
The central phosphorus atom of the anion lies 

Figure 4. View down the [010] direction showing the orienta
tions of the four neutral [Co4(A5-C5H5)4S4] molecules, each lying 
on a crystallographic twofold axis, in the monoclinic unit cell of 
symmetry C2/c. 

on a crystallographic 4 axis with the two disordered 
sets of fluorine atoms related by this rotary-inversion 
symmetry axis. The tetrameric cation is arranged 
about the other crystallographically independent 4 axis 
with a geometry closely approximating Z)2<r42m tetrag
onal symmetry. The gross configuration of the mono-
cation is quite similar to that of the neutral tetramer in 
that the oxidation does not produce a drastic change in 
configuration but only a small but yet highly significant 
tetragonal distortion of the Co4S4 core which is evident 
from comparison of the corresponding distances and 
bond angles. The crystal packing is undoubtedly 
dominated by long-range ionic forces as well as van der 
Waals forces. There is only one distance less than the 
sum of van der Waals radii—viz., a weak hydrogen bond 
of 2.18 A between H(4') and F(I). The regular te
tragonal deformation of the Co4S4 framework of the 
monocation from the idealized tetrahedral Td geometry 
of the neutral homolog coupled with the long contacts 
between ionic species is compatible with the premise 
that crystal-packing interactions do not play a dominant 
role in accounting for the observed distortion. A 
[001] projection of the tetragonal unit cell of [Co4-
(A6-CsH5)4S4]+PF6

- is given in Figure 5. 
Within the tetragonal unit cell, the PF 6

- anions are 
randomly distributed in one of two orientations about 
a crystallographic S4-4 axis. Only the phosphorus 
atom has unit occupancy, while the three crystallo
graphically independent fluorine atoms are each half-
weighted which generates (via the 4 site symmetry) 12 
half-weighted fluorine atoms. The two orientations of 
the hexafluorophosphate anions are related to each 
other by a rotation of 90° around the 4 symmetry axis 
(Figure 1). The geometry of the octahedral-like anion 
is poorly defined primarily due to the composite effects 
of excessive thermal motion of the fluorine atoms and 
the crystallographic disorder. Refinement A, which 
was based on the initial data set, provided the most 
octahedral-like geometry with the seven independent 
cis F-P-F angles varying from 85 (15) to 112 (9)° and 
with the two independent trans F-P-F angles being 
170 (16) and 179 (11)°. The P-F bond distances were 
1.47 (6), 1.48 (6), and 1.57 (6) A. Refinement B, which 
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Figure 5. View down the [001] direction depicting the packing 
the two [Co4(/;

5-CoH5)4SJ+ monocatiqns and two PF6
- anions in the 

tetragonal unit cell of symmetry IA^ Each of the two ordered 
monocations is located about a 54-4 crystallographic axis (cor
responding to the one set of twofold special positions 2a), and the 
composite of the two orientations of each of the two disordered PF6

-

anions lies on a SV4 axis (corresponding to the one set of twofold 
special positions 2c). Only one of the two orientations of each 
crystal disordered PF6

- anion is shown. 

utilized isotropic thermal parameters for the fluorine 
atoms, resulted in P-F bond distances of 1.50 (5), 
1.52 (5), and 1.61 (4) A; cis F-P-F angles of range 73 
(4) to 111 (5)°; and trans F-P-F angles of 160 (4) and 
167 (4)°. Refinement C, which utilized anisotropic 
thermal parameters for the fluorine atoms and which 
thereby is purportedly a better thermal model, ex
hibited an even wider range of interatomic parameters. 
The P-F bond distances are slightly shorter at 1.44 (4), 
1.48 (7), and 1.58 (8) A; there is an even greater angular 
distortion of the octahedral geometry with the cis 
F -P -F angles ranging from 61 (6) to 135 (8)° and with 
the trans F-P-F angles being 142 (6) and 157 (9)°. The 
chemically unreasonable distortions of the anion and 
large esd's of the distances and bond angles for the 
three refinement models are readily attributed to the 
large anisotropic thermal motion of the fluorine atoms, 
the crystal disorder of the anion, and the low data-to-
parameter ratio. This is reflected in the variance-
covariance matrix which reveals strong coupling among 
the individual positional and thermal parameters of the 
fluorine atoms. Fortunately, this problem of low 
resolution for the anion is not encountered for the 
[Co4(^-CsHs)4S4]+ monocation (vide supra). 

Cobalt • • • Cobalt Distances. The valence electron 
requirements of each cobalt atom in the neutral tetramer 
are satisfied by the cyclopentadienyl and bridging sulfur 
ligands without necessity of any metal-metal interac
tions. The four independent metal-metal distances of 
3.236 (1), 3.299 (2), 3.315 (2), and 3.343 (1) A are ap
propriately nonbonding. It is not at all unreasonable 
to attribute the differences in these extremely long non-
bonding metal-metal distances to subtle anisotropic 
effects in the crystal packing forces which are not ob
vious from an examination of the interatomic distances. 
As noted above, the short H - H distances between 
some of the cyclopentadienyl hydrogen atoms may 
represent a major portion of these packing forces, al
though it is not possible to predict the distortions of the 

Co4S4 core resulting from these short contacts. It is 
noteworthy that similar metal-metal bond-length distor
tions have been observed in the solid state for other 
cubane-like tetramers containing a nonbonding tetra
hedron of metal atoms—e.g., in the [Coij(acac)-
(CH3OH)J4(OCHs)4] molecule42 (of crystallographic 
C2-2 site symmetry) for which the four independent 
nonbonding C o - Co distances in the Co4O4 core 
range from 3.10 (1) to 3.17 (I)A, in [Os4(CO)12O4]

38 (of 
crystallographic 54-4 site symmetry) for which the 
two independent nonbonding Os- • Os contacts in the 
Os4O4 core are 3.190 (4) and 3.253 (4) A, and in [Re4-
(CO)12(SCHs)4]

5 (of crystallographic C2-2 site sym
metry) for which the four independent nonbonding 
Re- • Re distances in the Re4S4 core vary from 3.854 
(3) to 3.957 (3) A. Although the observed differences in 
nonbonding metal • • • metal distances in each of these 
cubane-like molecules are also statistically significant in 
the solid state, there is (to our knowledge) no chemical 
significance in the observed variations aside from the 
presumed anisotropic effects of the crystal packing 
forces. 

The contrasting closeness of all the Co-S distances to 
one another in both the neutral [Co4(^-CsHs)4S4] 
molecule and the [Co4(A

B-C5Hs)4S4]
+ monocation (vide 

infra) emphasizes that, in general, the metal-ligand 
bonds are relatively rigid compared to the much weaker 
metal-metal interactions, and hence any angular de
formations of the cubane-like M4X4 core due to pack
ing effects will be manifested from potential energy 
considerations in varying metal-metal distances with a 
maximum variation expected (and found as illustrated 
above) for metal-metal distances for which the inter
actions are nonbonding (or of a repulsive nature). The 
ability to separate without difficulty the predicted de
formation due to electronic effects from the unpre
dictable, superimposed distortions arising from crystal-
packing interactions is made possible by the fact that 
an alteration of the number of antibonding electrons in a 
metal cluster system in general causes drastic changes in 
the metal architecture which (particularly from the re
sulting directional shifts of the metal atoms) can be 
easily discerned.'-16'17'43 

Oxidation of the neutral tetramer produces a tetrag-
onally distorted monocation with two crystallo-
graphically independent cobalt-cobalt distances. These 
two interatomic distances are unequally divided among 
the six metal-metal distances in the molecule. Four 
of the distances have been shortened (relative to the 
average value of 3.295 A in the neutral tetramer) by 
0.12 to 3.172 (5) A, while the other two distances of 
3.330 (5) A are 0.035 A longer than the average non-
bonding Co • • • Co distance in the neutral tetramer. 
The electronic implications of these bond-length changes 
will be discussed below. 

Sulfur- • -Sulfur Distances. The small distortions in 
[Co4(^-C5Hs)4S4] from a regular tetrahedral geometry 
are also reflected in the nonbonding S- • -S distances 
which range from 2.950 (2) to 3.048 (2) A with a 
weighted average value of 2.990 A. Of the six non-
bonding S • • • S distances in the monocation (of which 

(42) J. A. Bertrand, A. P. Ginsberg, R. I. Kaplan, C. E. Kirkwood, 
R. L. Martin, and R. C. Sherwood, Inorg. Chem., 10, 240 (1971). 

(43) Cf. (a) N. G. Connelly and L. F. Dahl, / . Amer. Chem. Soc, 92, 
7472 (1970); (b) C. E. Strouse and L. F. Dahl, ibid., 93, 6032 (1971), 
and references cited therein. 
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only two are crystallographically independent), under 
the idealized Aw geometry two are 2.929 (10) A and 
four are 3.085 (8) A. The shorter S- • S distance of 
2.929 (10) A is normal to the two identical longer 
Co- • -Codistances of 3.330(5) A. 

Cobalt-Sulfur Bond Distances. The six crystallo
graphically independent Co-S bonding distances in the 
neutral tetramer range from 2.226 (2) to 2.234 (2) A 
with an average value of 2.230 A. In the [Co4(A

5-
C6HB)4S4]+ monocation, the 12 Co-S bonding distances, 
of which only three are crystallographically independent, 
are broken down under assumed Du symmetry into 
four chemicallyo equivalent bond lengths of identical 
value 2.215 (5) A and eight chemically equivalent bond 
lengthso (of 2.217 (7) and 2.221 (7) A) which average 
2.219 A. The overall bond-length average of 2.218 A 
for the 12 Co-S bonds in the monocation being slightly 
shorter by 0.012 A than the average Co-S bond length 
of 2.230 A in the neutral parent is not unexpected from 
electronic-charge considerations. The Co-S bonds are 
sufficiently strong that a removal of one electron, even 
from an MO containing substantial metal-ligand bond
ing character between the cobalt atoms and triply 
bridging sulfur atoms, would not be anticipated to pro
duce any appreciable change in the 12 Co-S bond 
lengths. 

These cobalt-sulfur distances are significantly longer 
than the average metal to triply bridging sulfur distances 
found for metal coordinated apical sulfur atoms in tri
angular metal cluster systems—e.g., Co3(/!

5-C5H6)3S2 

(2.157 (3) A),1 Co3(CO)9S (2.139 (4) A),44 FeCo2-
(CO)9S (2.158 (4) A),45 [Co5(CO)7S]2S2 (2.144 (6) A),46 

and the SCo8(CO)6S3 residue of the SCo6(CO)11-
(SC2H6), molecule (2.163 (6) A).47 However, these 
distances between the metal and triply bridging sulfur 
atoms in [Co4(/;

6-C5H6)4S4] compare favorably with 
those of average value 2.23 (2) A in Co4(^-C6Hs)4S6

23 

and of average value 2.217 (3) A in [Fe4(^-C6Hs)4S4].14 

These pronounced variations in the average metal to 
triply bridging sulfur distances in the cubane-like metal 
clusters from those in triangular metal clusters signify 
that a meaningful comparison of metal-sulfur distances 
in these organometallic chalcogen clusters must first 
take into account the overall geometry of the complex 
and that one must be exceedingly careful in making 
correlations of bond length changes with stereochemical 
or bonding principles in those cases involving metal 
cluster systems of different basic geometry. 

The Cyclopentadienyl Ligands. The two indepen
dent distances between the cobalt atoms and the cen-
troids of the pentahapto-coordinated cyclopentadienyl 
rings in the neutral [Co4(/i

6-C6H6)4S4] tetramer are 
virtually identical at 1.742 and 1.747 A. The corre
sponding ten independent cobalt-carbon distances ex
hibit a small range of values from 2.096 (7) to 2.126 (7) 
A with the average value of 2.112 A being in relatively 
good agreement with those in other cobalt-cyclo-
pentadienyl complexes. In the [Co4(A

5-C6H6)4S4]+ 
monocation these values are slightly smaller with the 
one independent Co-C5H5 (centroid) distance being 

(44) C. H. Wei and L. F. Dahl, Inorg. Chem., 6, 1229 (1967). 
(45) D. L. Stevenson, C. H. Wei, and L. F. Dahl, J. Amer. Chem. Soc, 

93, 6027 (1971). 
(46) D. L. Stevenson, V. R. Magnuson, and L. F. Dahl, ibid., 89, 

3727 (1967). 
(47) C. H. Wei and L. F. Dahl, ibid., 90, 3977 (1968). 

2173 

1.701 A and the five individual cobalt-carbon distances 
ranging from 2.047 (30) to 2.087 (25) A with an average 
value of 2.070 A. In both complexes the cyclopenta
dienyl ligands undergo considerable librational motion 
as evidenced both from the large anisotropic thermal 
parameters (Tables II and III) and from the elongated 
ellipsoids shown in Figure 2. The C-C ring distances, 
which reflect this rotational motion, vary from 1.383 
(10) to 1.431 (11) A in the neutral tetramer and from 
1.317 (38) to 1.457 (43) A in the monocation. The 
planarity of each of the cyclopentadienyl rings is 
demonstrated by the fact that no carbon atom in either 
complex deviates from its mean plane by more than 
0.013 A. 

Bonding Description. In order to rationalize the 
observed deformation in the architecture of the central 
Co4S4 core from an idealized cubic Td geometry in the 
neutral [Co4(/i

6-C5H5)4S4] molecule to an idealized 
tetragonal D2d geometry in the monocation, a deiocal-
ized molecular orbital model needs to be employed. 
Although a simple metal cluster model has been out
lined elsewhere in qualitative descriptions of the bonding 
of other cubane-like molecules,7'13"16 a brief resume 
is presented here in connection with its particular ap
plication to the [Co4(A

6-C6H6)4S4]
n(« = 0,+ l) complexes. 

Each cobalt atom has nine valence orbitals (viz., the 
five 3d, one 4s, and three 4p ao's) which transform under 
Ta molecular symmetry (with the assumption of cylin
drical symmetry for each cyclopentadienyl ring) to 
yield 36 metal orbital combinations of symmetry 3ai + 
3e + 3ti + 6t2. The three valence orbitals per sulfur 
atom involved in the cobalt-sulfur bonding (i.e., the 
fourth tetrahedral-like sulfur orbital containing the 
unshared electron pair may be excluded as nonbonding 
in this treatment) combine under Td molecular sym
metry to give symmetry orbitals of ai + e + ti + 2t2 

representations. Likewise, the three filled 7r-orbitals 
of the cyclopentadienyl rings of ax + e localized sym
metry transform to give symmetry orbitals of aL + 
e + ti + 2t2 representations. The symmetry orbitals 
of the sulfur and cyclopentadienyl ligands are assumed 
to interact with the corresponding symmetry orbitals 
of the tetracobalt fragment to give bonding and anti-
bonding molecular orbitals of which the bonding ones 
are completely occupied and the antibonding ones are 
empty. 

For simplicity, a perfect-pairing approximation is 
then utilized in which the metal-ligand interactions are 
separated from the metal-metal interactions. This 
leaves a set of orbitals of ai + e + ti + 2t2 representa
tions which are considered to be essentially tetrametal 
in character. The qualitative nature of these symmetry 
arguments is immediately obvious, since the consider
able mixing which may occur between the metal-metal 
and metal-ligand orbitals belonging to the same repre
sentation is not taken into account in this metal cluster 
model.48-49 

(48) Recent LCAO-MO-SCF calculations" on Co3(CO)9S and 
other metal cluster systems have demonstrated that the energy levels of 
the molecular orbitals are strongly dependent upon both the metal-metal 
and metal-ligand interactions. Nevertheless, with recognition of its 
inherent limits, this metal cluster model has been found to provide much 
useful qualitative bonding information concerning the predictions of 
molecular geometries and of relative variations in metal-metal distances 
in metal cluster systems.1'7- i».i5.« 

(49) B. K. Teo, M. B. Hall, R. F. Fenske, and L. F. Dahl, to be sub
mitted for publication. 
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From the use of symmetry-adapted wave functions 

(previously derived and available elsewhere) involving 
a basis set of directed hybrid metal orbitals which are 
primarily involved in the tetracobalt interactions, it can 
be readily seen from overlap considerations that three 
sets of orbitals of ai + e + t2 representations are bond
ing while two sets, ti + t2, are antibonding. 

For the neutral [Co4(/!
5-C5H5)4S4] molecule, all of the 

tetracobalt bonding and antibonding energy levels are 
fully occupied by the 24 valence electrons available 
from the four d6 Co(III) (i.e., this formal oxidation state 
results from each cobalt providing one electron to com
plete the Co-C5H5 bonding and two electrons to com
plete the electron pair a bonds with the sulfur atoms) 
such that the cobalt-cobalt bond order (in the valence 
bond formalism) is zero. Furthermore, the separations 
among the tetracobalt levels are small due to the long 
metal-metal distances and resulting small overlap inte
grals. In valence bond terms, this MO picture corre
sponds to a closed-shell configuration for each cobalt 
atom without the necessity of any net cobalt-cobalt 
bonding interactions. 

Removal of one electron from either the antibonding 
ti or antibonding t2 level by oxidation of the neutral 
[CO4(/J5-C5H5)4S4] molecule would produce an orbital 
degeneracy of the ground state for the monocation 
(under Td symmetry) for which a deformation from Td 
to Din geometry is permissible via a Jahn-Teller-active vi
bration.50 From Jahn-Teller considerations,51 the triply 
degenerate levels ti and t2 each split under Du symmetry 
such that the doubly degenerate level e is of lower en
ergy than that of the nondegenerate level. If (under 
Td symmetry) the antibonding level ti lies above the 
antibonding t2 one, then the unpaired electron in the 
monocation would probably occupy (under DM sym-

(50) Cf. (a) R. W. Jotham and S. F. A. Kettle, submitted for publica
tion; (b) E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, "Molecular 
Vibrations," McGraw-Hill, New York, N. Y., 1955, p 340. 

(51) This argument is based on the premise that if the highest anti-
bonding triply degenerate level splits under Did symmetry to give a 
doubly degenerate level higher in energy than the nondegenerate one, 
then there would be three unpaired electrons in the doubly degenerate 
level which should lead to a further lowering of the symmetry via a 
Jahn-Teller mechanism to the Di point group. It is thus assumed that 
the crystallographically determined 54-4 site symmetry (and idealized 
Du-Mm geometry) for the monocation provides experimental evidence 
for the nondegenerate level lying higher than the doubly degenerate one 
under Du symmetry. 

metry) an a2 level, but if the antibonding level t2 is higher 
in energy than the antibonding ti one (under Td sym
metry), then the unpaired electron in the monocation 
would probably reside in a nondegenerate antibonding 
level of b2 representation. Examination of the sym
metry-adapted orbitals reveals that under Du symmetry 
the a2 and b2 molecular orbitals are each primarily of 
importance to four of the six antibonding cobalt-cobalt 
interactions. Hence, if an electron is removed from 
either of these nondegenerate orbitals, a shortening of 
four of the six metal-metal distances would be predicted 
for the monocation compared to the average metal-
metal distance in the neutral [Co4(A

6-C5H5)4S4] mole
cule. These predictions are in complete accord with 
the observed geometrical deformation which occurs 
upon oxidation of the neutral tetramer to the monocat
ion in that four of the six metal-metal distances (viz., 
Co(l)-Co(2), Co(l)-Co(2'), Co(l')-Co(2), and Co(I')-
Co(2')) in the Co4S4 core are shorter by 0.12 A relative 
to the average cobalt-cobalt nonbonding distance in 
the neutral [Co4(/z

5-C5H5)4S4]. This bond length short
ening represents under this metal cluster model an in
crease in the individual valence bond order from O to 
0.125 for each of the four equivalent cobalt-cobalt bonds 
for a total limiting metal-metal bond order of 0.5.52 
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(52) Since in a metal cluster system the electrons are delocalized over 
the entire metal orbital framework, the total metal-metal bond order in 
the [Co4(A5-CsH5)4S4]+ monocation may not necessarily be distributed to 
give zero bond order for each of two pairs of metal atoms and 0.125 
bond order for each of four pairs of metal atoms. However, this limit
ing situation is presumed in the [Co4(A5-CsH5)4S4]̂  monocation on 
the basis of bond length comparisons which show the two longer identi
cal Co-Co distances in the monocation to be analogous to the average 
nonbonding Co- • Co distance in the neutral [C04(A5-CsH5)4S4] mole
cule. 

Journal of the American Chemical Society j 95:7 / April 4, 1973 


