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cessible decomposition routes, the weakest bond@) breaks first. 
The abundance of fragment ions produced by electron impact 
is thought to reflect27 a partitioning of excess energy of the 
parent ion into the energetically accessible decomposition 
pathways. Because of the greater excitation energy in mass 

(i.e., highest m / e )  fragment usually results from the lowest 
energy decomposition pathway. 

(27) McLafferty, F. W. "Interpretation of Mass Spectra", 3rd ed.; University 
Science Books: Mill Valley, CA, 1980. 
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The reaction of C O ~ ( C O ) ~  with CS2 at  room temperature has resulted in the formation of the new hexameric cobalt- 
carbonyl-ulfur complex [Co3(C0)&] (r3-SCS) [Co,(CO),S] containing a four-electron-donor SCS ligand dissymmetrically 
linked to two tricobalt clusters, as opposed to the structural isomer [CO,(CO),C](~,-CS~)[CO,(CO)~S], in which the linkage 
of the CS2 group to the identical two tricobalt clusters is symmetric. The structure has been unambiguously characterized 
by X-ray analysis. The crystals contain four formula species in an orthorhombic cell of symmetry Pnma and of dimensions 
II = 17.067 (5) A, b = 13.074 (5) A, and c = 13.493 (5) A. Full-matrix least-squares refinement of 32 independent atoms 
has yielded discrepancy indexes R(F) = 0.056 and R ( P )  = 0.049 based on 777 reflections with F: 1 a(F2). The 
disordered-crystal model successfully utilized in the refinement asiumes a random distribution of each molecule in one 
of two orientations related to each other by a crystallographic mirror plane. In the C O ~ ( C O ) ~ C  fragment, which is related 
to itself by the mirror plane, the C O ~ C  unit forms a tetrahedron with an idealized C3,-3m symmetry with its apical carbon 
being utilized to form a u bond with one ligand sulfur atom, while in the CO,(CO)~S fragment the triangle of basal cobalt 
atoms takes up an isosceles array due to distortion caused by the formation of cobalt-carbon and cobaltsulfur bondings. 
As in other cases of statistically disordered structures, the resulting molecular configuration precludes the accurate determination 
of molecular parameters, thereby resulting in some anomalous geometries in the molecule. 

Introduction 
The reactions of dicobalt octacarbonyl with carbon disulfide 

under varying conditions have resulted in a number of or- 
ganometallic complexe~.~-~ In addition to the sulfur-free 
bis(methinyltricoba1t enneacarbonyl), [CCo3(C0).J2, the 
structure of which has been determined: at least eight different 
sulfur-containing polynuclear complexes of the formula 
Co,(CO),C$, have been separated by column chromatog- 
r a p h ~ ~ , ~  or by thin-layer chromatography4" and their struc- 

(1) (a) Research supported by the Office of Health and Environmental 
Research, US. Department of Energy, under contract W-7405-eng-26 
with the Union Carbide Corp. (b) Wei, C. H. Annu. Prog. Rep.-Oak 
Ridge Nail. Lab., Biol. Div. 1967, 325. 

(2) Markb, L.; Bor, G.; Klumpp, E. Angew. Chem. 1963, 75, 248. 
(3) Klumpp, E.; Bor, G.; Mark& L. J .  Organomet. Chem. 1968, 1 1 ,  207. 
(4) Bor, G.; Dietler, U. K.; Stanghellini, P. L.; Gervasio, G.; Rosetti, R.; 

Sbrignadello, G.; Battiston, G. A. J.  Organomet. Chem. 1981,213,277. 
(5) Stanghellini, P. L.; Gervasio, G.; Rossctti, R.; Bor, G. Xth International 

Conference on Organometallic Chemistry, Toronto, Canada, Aug 9-14, 
1981; Paper 3A04. 

( 6 )  Gervasio, G.; Rossetti, R.; Stanghellini, P. L.; Bor, G. Proc. In?. Conf. 
Coord. Chem. 1982, 22, 762. 

(7) Bor, G.; Gervasio, G.; Rossetti, R.; Stanghellini, P. L. 29th IUPAC 
Congress, Cologne, Federal Republic of Germany, June 5-10, 1983; 
paper P 60. 

(8) Brice, M. D.; Penfold, B. R. Inorg. Chem. 1972, 1 1 ,  1381. 

tures established by X-ray analyses: SCo3(CO),,9 S2C04(C- 

(CO)&l (~3-cS2)  [ C O ~ ( C O ) ~ S I , " ~  C O & ( C O ) ~ & ~  SC0,- 
(C2)(C0)14,s C O ~ ( C O ) ~ ~ C ~ S ~ , ~  and [CO~(CO)~C]~SCO. '~  The 
large assortment of these structures provides a dramatic il- 
lustration of the importance of metal-metal and metal-ligand 
interactions in determining the molecular configurations of 
the polynuclear cobalt carbonyl complexes. 

In addition to the above-quoted complexes, another complex, 
initially formulated as C O ~ ( C O ) ~ ~ C S ~  on the bases of its ele- 
mentary analyses and IR absorption bands, was considered 
to be an isomer of [CO~(CO)~](~,-CS,)  [Co3(C0),S] and 
was designated Ia.233 Mark6 et al.2 further reported that this 
complex contains no bridging carbonyl group and that the CS2 

o)lO,lo [co3(co)8l(rs-CS2)[Co3(CO)7S]," [c03- 

(9) Wei, C. H.; Dahl, L. F. Inorg. Chem. 1967, 6, 1229. 
(10) Wei, C. H.; Dahl, L. F. Cryst. Struct. Commun. 1975, 4 ,  583. 
(11) (a) Blount, J. F.; Dahl, L. F., unpublished results. (b) Gervasio, G.; 

Rossetti, R.; Stanghellini, P. L.; Bor, G. Inorg. Chem. 1982, 21, 3781. 
(12) Gervasio, G.; Rossetti, R.; Stanghellini, P. L.; Bor, G. J .  Chem. Soc., 

Dalton Trans. 1983, 1613. 
(1 3) It should be pointed out that this compound was also initially proposed 

to have a molecular formula CO,(CO)~&S, and hence was assigned 
isomer Ib. The mast pronounced difference between Ia and Ib was that 
in their IR absorption patterns in the bridging carbonyl stretching region 
the former showed no band while the latter showed a band at 1838 cm-l. 
The molecular weight for either compound, however, was not rep~rted.~,~ 
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Table 1. Crystal Data and Intensity Collection for 
[CO 3~co~,cl~~,-scs~[co,(co~,sl 
fw: 921.988 
space group: D:f,-Pnma D o b d  = 2.02 (2) g a 
a = 17.067 (5) A 
b = 13.074 (5) A 
c = 13.493 (5) A 
V =  3010.75 A 3  temp: 24°C 

2 = 4  

Dcalcd = 2.034 g 

F(000) = 1784 
cryst dimens: 0.08 X 0.15 X 0.25 mm 
p(Mo Ka) = 36.15 cm-' 

radiation: Mo K a  
takeoff angle: 1.0-1.5" (w  scan), 3.0" (6-20 scan) 
20 limits: 1-50" 
scan type: w scan (20 1-35"), 8-28 scan (20 34-50') 
scan step: 0.025"/step ( w  scan), O.O5"/step (0-20 scan) 
time per step: 2 s (w scan), 10 s (0-26 scan) 
20 offset: 0.4-0.635" (w scadb  
bkgd count time: 56-80 s (w scan), 200 s (0-26 scan) 
no. of unique nonzero reflcns collected: 938 
reflcns with FO2 > a(Fo2): 777 
no. of variables: 241 
data-to-variables ratio: 3.22 

tetrachloride and diiodomethane. 
depending on the 20 range. 

Crystal density measured by flotation in mixtures of carbon 
Aperture widths varied 

Wei 

group is attached to cobalt atoms through pure u bondings. 
As part of a systematic structural investigation of polynu- 

clear cobalt chalcogen complexes including t r i m e r i ~ , ~ J ~ , ' ~  
tetrameric,10J6 pentameri~, '~  and hexameric c o m p l e ~ e s , ~ * ~ ~ ~  
a single-crystal X-ray determination of complex Ia was un- 
dertaken. The structural analysis reported here has shown the 
compound to be a hexameric species in which a CO~(CO)~S 
fragment is linked dissymmetrically to a sulfur and the carbon 
atoms of CS2 with the remaining sulfur atom being u bonded 
to the apical carbon atom of a CO~(CO)~C moiety. The 
compound is hence a structural isomer of [CO,(CO)~C] (p3- 
CS2)[Co3(C0)7S],"b in which the coordination of CS2 to the 
two tricobalt clusters is symmetrical. Furthermore, the space 
group requirements of the title compound necessitate the 
hexameric molecule to be orientated in two alternative con- 
figurations (of opposite chirality) in the crystalline space, in 
a way somewhat similar to that for a disordered structure 
reported for CO~(CO),~BH~N(C~H~)~.~~ 
Experimental Section 

The preparation of the compound was reproduced by allowing 15.6 
g of C O ~ ( C O ) ~  and 25 mL of CSz (mole ratio c o 2 ( c o ) ~ : c ~ 2  = 1:9) 
to react at room temperature (24 'C) according to procedures similar 
to those described by Klumpp et al.3 After 1 day the crude product 
was digested in 30 mL of hexane and filtered. The black residue was 
further separated by silica gel chromatography (column diameter 23 
mm, length 63 cm) using hexane as an eluent. The portion containing 
Ia was recrystallized from a hexane solution, and approximately 0.45 
g was obtained. The IR absorption spectrum in hexane solution gave 
essentially the same absorption bands as reported3 in the region of 
2000-2100 cm-I, and the X-ray diffraction patterns were identical 
with those of the crystalline sample generously furnished by Drs. L. 
Mark6 and G. Bor, then of the Hungarian Oil and Gas Research 
Institute (Veszprefi). 

Found:z1 Co, 39.44; S, 10.29; C,  23.82. The molecular weight 
determination using CHC13 as the solvent2' gave the value 893 f 44 
(vs. 921.988 calculated).2z 

Anal. Calcd for cO6Sjc18016: CO, 38.35; s, 10.43; c, 23.45. 

(14) Stevenson, D. L.; Wei, C. H.; Dahl, L. F. J .  Am. Chem. Soc. 1971,93, 
6027. 

(15) Wei, C. H.; Dahl, L. F. J .  Am. Chem. Soc. 1968, 90, 3960. 
(16) Wei, C. H.; Mark6, L.; Bor, G.; Dahl, L. F. J.  Am. Chem. Soc. 1973, 

95, 4840. 
(17) Wei, C. H.; Dahl, L. F. J .  Am. Chem. SOC. 1968, 90, 3969. 
(18) Wei, C. H.; Dahl, L. F. J .  Am. Chem. SOC. 1968, 90, 3977. 
(19) Stevenson, D. L.; Dahl, L. F. J .  Am. Chem. SOC. 1967, 89, 3727. 
(20) Klamberg, F.; Askew, W. B.; Guggenberger, L. J. fnorg. Chem. 1968, 

7 ,  2265. 
(21) Performed by Galbraith Laboratories, Inc., Knoxville, TN 37921. 

X-ray Data Collection. Preliminary photographs showed that the 
crystals belong to the orthorhombic system, with space group either 
Pnma or Pn21a.z3 Five strong reflections in the 28 range 27-35O 
were centered with an Oak Ridge computer-controlled diffractometep 
with Nb-filtered Mo Kal  (A = 0.7093 A) radiation, and the cell 
parameters were refined by the least-squares method. 

In general, the crystals were of poor diffracting quality. Attempts 
to obtain crystals of high quality using solvents other than hexane, 
however, were fruitless. The selected crystal of dimensions 0.08 X 
0.15 X 0.25 mm was mounted in a thin-walled capillary with a tiny 
amount of grease. The maximum mosaic spread of the crystal was 
estimated to be 0.6'. A summary of crystal data and intensity 
collection is given in Table I. 

Up to a 219 limit of 35', the intensities were measured by an w 
step-scan technique, in which three scans were performed for each 
reflection: a main scan with the detector set at the computed 28 and 
two backgroun scans with the detector offset lower and higher in 28. 
The time spent on each background measurement was equal to the 
time spent on the main scan. For the higher 28 range (34-50'), the 
data collection program PEAKTOP was modified to selectz7 strong 
reflections. Only those accepted were then measured by a 8-28 
step-scan technique, in which backgrounds were measured at  the 
beginning and end of each scan. During the course of data collection, 
no significant change in the intensities of the standard reflection was 
observed. 

Of the 938 unique nonzero reflections with 28 5 50" (equivalent 
to a minimum spacing 0.84 A), the 777 reflections with F: 2 u(F2) 
were utilized in the refinements of the structure. No absorption 
corrections were applied (pLRmax = 0.54). Variances uz(F2) for use 
in least-squares weighting were estimated in a manner similar to that 
given elsewhere.28 

Solution and Refinement of the Structure. Attempts to interpret 
large peaks in a three-dimensional sharpened Patterson function in 
terms of the proposed molecular formula C O ~ ( C O ) ~ & S ~  were un- 
successful. Instead, two independent sets of triangular arrays of cobalt 
atoms could be assigned. Initially, one of them was placed on the 
crystallographic mirror plane (J = and the other related by the 
mirror plane passing through Co(2) and the midpoint of Co( 1) and 
Co( 1') (primed atoms represent mirror-related corresponding atoms). 
Least-squares refinementzg of this partial structure using isotropic 
thermal parameters and the centrosymmetric space group Pnma 
yielded an R(F) value of 0.44. From the subsequent difference-Fourier 
maps interpretation of large peaks enabled the assignment of three 
sulfur atoms. From the successive Fourier syntheses and least-squares 
refinements it then became apparent that the two cobalt atoms (Co(4) 
and co(5))  of the C O ~ S  fragment were off the mirror plane, neces- 
sitating this portion of the molecule to have two alternative orientations 
related to each other by the crystallographic mirror plane. After the 
refinement of this disordered partial model (R(F) down to 0.27), a 
new difference-Fourier synthesis was computed. Interpretation of 
this map combined with stereochemical knowledge eventually enabled 

These results show the mole ratio Co/S = 2, in agreement with the 
finding of Klumpp et aL3 The molecular weight determined suggests 
the plausible molecular formula CO~(CO),~C&, which agrees with the 
X-ray-derived formula of C O ~ ( C O ) ~ ~ C ~ S ~  within experimental errors. 
After the structure was solved, the application of the program NORMAL 
(part of the program M U L T A N ~ ~ )  for the data set up to 28 = 50' (1 108 
reflections) revealed that the statistical averages of JE2 - 1) and / E )  were 
1.058 and 0.753, corresponding to those for a centrosymmetric crystal 
(theoretical values for centrosymmetric 0.968, 0.798 and for acentric 
0.736.0.886, respectivelyz5). This supports the centrosymmetric space 
group chosen in this study (see below). 
Germain, G.; Main, P.; Woolfson, M. M. Acta Crystallogr., Sect. A: 
Cryst. Phys., Diffr., Theor. Gen. Chem. 1971, A27, 368. 
Karle, I. L.; Dragonette, K. S.; Brenner, S. A. Acta Crystallogr. 1965, 
19, 713. 
Busing, W. R.; Ellison, R. D.; Levy, H. A.; King, S. P.; Roseberry, R. 
T. Oak Ridge Natl. Lab., [Rep.] ORNL ( U S . )  1968, ORNL-4143. 
The criteria used were as follows. With a So takeoff angle and a wide 
counter slit (6 mm), each reflection to be tested was measured at the 
calculated 28 value for 10 s followed by a background measurement for 
10 s with the detector offset 1.5O lower than in 28. If the time required 
to achieve the u(N)/N ratio of 0.3 was less than 50 s, the reflection was 
accepted. This ratio, where N is the net count, decreases as the counting 
time is increased. 
Wei, C. H.; Jacobson, K. B. Inorg. Chem. 1981, 20, 356. 
Busing, W. R.; Martin, K. 0.; Levy, H. A. Oak Ridge Natl .  Lab., 
[Rep.] ORNL-TM (US) 1962, ORNL-TM-305. 



A Hexameric Cobalt-Carbonyl-Sulfur Complex 

Table 11. Positional and Isotropic Thermal Parameters for 
[ CO,(CO),C] (~,-SCS)[Co,(CO),Sl~~b 

X Y 
0.2360 (1) 
0.3574 (2) 
0.1304 (2) 
0.0160 (3) 
0.0088 (2) 
0.2541 (3) 
0.0837 (8) 
0.0898 (4) 
0.259 (1) 
0.163 (1) 
0.258 (2) 
0.132 (1 )  
0.258 (1) 
0.408 (1) 
0.399 (1) 
0.1 17 (3) 
0.222 (1) 

-0.064 (1) 
-0.029 (3) 

-0.069 (1) 
-0.040 (2) 

0.073 (2) 

0.273 (2) 
0.068 (8) 
0.275 (1) 
0.442 (1 )  
0.427 (1 )  
0.1 00 (2) 
0.281 (1) 

-0.1 16 ( 2 )  
-0.064 (1) 

0.105 (1) 
-0.102 (2) 
-0.069 (1) 

0.1566 (3) 0.7085 (2) 
' /4 0.6713 (2) 
' /4 0.3014 (2) 
0.2012 (4) 0.1882 (3) 
0.1914 (4) 0.3756 (3) 
'14 0.4757 (4) 
0.0985 (17) 0.2833 (8) 
0.1970 (7) 
' 1 4  

/4 

0.040 (3) 
0.138 (2) 
0.131 (3) 
0.148 (3) 
' 1 4  

0.375 (5) 
'14 

0.110 (2) 
0.319 (4) 
' i 4  

0.107 (2) 
0.306 (3) 

0.129 (1) 
0.1 14 (2 )  
0.090 (2) 
' /4 

0.473 (3) 
' /4 

0.073 (3) 
0.390 (2) 
'14 

0.026 (3) 
0.393 (2) 

-0.030 (2) 

0.5061 i5j  
0.605 (1) 
0.435 (2) 
0.647 (2) 
0.717 (2) 
0.835 (2) 
0.617 (1) 
0.795 (2) 
0.297 (4) 
0.236 (2) 
0.173 (1) 
0.1 88 (4) 
0.076 (2) 
0.420 (1) 
0.406 (2) 
0.604 (2) 
0.727 (1) 
0.913 (1) 
0.575 (1) 
0.871 (1)  
0.314 (3) 
0.199 (2) 
0.148 (2) 
0.173 (1) 
0.003 (2) 
0.445 (2) 
0.420 (1) 

8.1 (1) 
9.0 (2) 
6.0 (1) 
6.4 (2) 
6.4 (2) 
8.2 (3) 
6.5 ( 5 )  
6.4 (3) 
6.6 (8) 
7.1 (8) 

12.3 (14) 
11.7 (8) 
16.5 (12) 
13.5 (14) 
13.0 (15) 
7.0 (17) 
8.3 (11) 

10.7 (9) 
9.7 (20) 

22.5 (30) 
9.5 (8) 
5.4 (9) 

15.7 (11) 
16.0 (8) 
21.9 (12) 
15.5 (10) 
22.4 (20) 

9.8 (12) 
12.1 (9) 
10.2 (1 2) 
10.7 (9) 
23.7 (21) 
11.6 (14) 
9.5 (8) 

The estimated standard deviations are given in all tables and in 
the text. The digits in parentheses correspond to the least 
significant digits of the parameters. 
temperature factors were calculated by the relation given by 
Hamilton (Hamilton, W. C. Acta Crystallogr. 1959, 12, 609) 
Be,  = 8n2(U11 + U,, t U,,)/3, where Uii = &i/2n2ai*' (ai* values 
are the reciprocal cell parameters). ' Related to C(8) by the 
crystallographic mirror plane at y = '14. 
the crystallographic mirror plane at y = '14. 

The equivalent isotropic 

Related to C(11) by 

the location of 16 terminal carbonyl ligands and two additional carbons, 
of which one atom, C(A), was equally coordinated to three cobalt 
atoms to form a C O ~ C  cluster. 

A close examination of the geometry surrounding the resulting 
C O ~ ( C O ) ~ S  fragment revealed that C(8), O(9) and C( 1 l) ,  O( 12) were 
nearly related to the corresponding partners by the mirror plane. 
Hence, only the average positions for C(8), O(9) and C( 1 l) ,  O( 12) 
were taken as independent. Several cycles of the refinement, in which 
only cobalt and sulfur atoms were assigned anisotropic thermal pa- 
rameters, resulted in the R(F) value 0.1 13. In the final refinement 
all atoms except for C(6) ,  C(9), and C(12) were assigned anisotropic 
thermal parameters, and the refinement was carried out until all 
parameter shifts became less than 1% of the corresponding esd's. The 
final figures for R(F), R ( p ) ,  and R , ( p )  (defined as [CwlApI2/  
w F $ ] I / ~ )  were 0.056, 0.049, and 0.076, respectively. The standard 
deviation of an observation of unit weight, defined as [wlAF12/(n - 
P ) ] ' / ~ ,  where n is the number of observations and p the number of 
variables fitted to the data set, was 1.199. A final difference-Fourier 
synthesis showed no residual peak grkater than 0.44 or less than -0.35 
e/A3. 

The least-squares refinements were carried out on p. Atomic 
scattering factors used were those of Thomas and Umeda30 for cobalt, 
those of Dawson" for sulfur, and those of Berghuis et al.32 for carbon 

(30) Thomas, L. H.; Umeda, K. J .  Chem. Phys. 1957, 26, 293. 
(31) Dawson, B. Acta Crystallogr. 1960, 13, 403. 
(32) Berghuis, J.; Haanappel, Ij. M.; Potters, M.; Loopstra, B. 

MacGillavry, C. H.; Veenendaal, A. L. Acta Crystallogr. 1955, 8, 
0.; 
478. 
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Table 111. Selected Bond Lengths (A) and Bond Angles (deg) 

Co(l)-Co(l ' )  2.441 (7) C0(3)-s(2) 2.15 (2) 
Co(l)-C0(2) 2.457 (4) CO(4)-S(2) 2.19 (2) 
Co(1)-C(A) 1.89 (1) CO(5)-S(2) 2.16 ( I )  

c0(3)-c0(4) 2.560 (5) CO(5)-S(3) 2.240 (7) 
c0(4)-c0(5) 2.534 (6) C(A)-S(1) 1.75 (2) 
c0(5)-c0(3) 2.427 (5) S ( l )C(B)  1.65 (2) 

C(B)-S(3) 1.72 (2) 

Co(2)-C(A) 1.90 (2) Co(3)-C(B) 1.88 (2) 

59.6 (2) 
60.2 (1) 
80.3 (7) 
80.9 (6) 
49.5 (4) 
49.6 (5) 
49.9 (4) 

136.5 ( 5 )  
120.9 (1 1) 
56.9 (1 )  
62.1 (2)  
61.0 ( 1 )  
72.4 (7) 
71.4 (5) 
68.6 (6) 

54.5 (3) 
53.1 (6) 
53.8 (3) 
54.8 (4) 
55.5 (6) 
55.8 (3) 
77.7 (2) 
96.2 (4) 
81.7 (6) 

102.6 (4) 
126.4 (12) 
108.8 ( I  0) 
91.2 (8) 

119.9 (11) 
112.3 (10) 

Figure 1. Perspective view of the molecule [Co3(C0)&](w3- 
SCS) [Co3(C0),S], showing the p3-SCS bridging group connected 
to the two tricobalt clusters, CCo3(C0), and SCo3(CO),. All atoms 
are labeled. Primed atoms are related to the corresponding nonprimed 
atoms by the crystallographic mirror plane. 

and oxygen. The real and imaginary dispersion corrections of cobalt 
and sulfur for Mo Ka radiation by C r ~ m e r ~ ~  were also included. The 
final positional and isotropic temperature factors (or their equivalents) 
are listed in Table 11. Some selected bond lengths and angles, 
calculated with the Busing-Martin-Levy program:4 are given in Table 
111. All figures were prepared by use of the Johnson program.35 Lists 
of observed and calculated structure amplitudes and of anisotropic 
thermal parameters, a complete listing of bond lengths and angles, 
and two stereoscopic views of the molecule are available as supple- 
mentary material. 

(33) Cromer, D. T. "International Tables for X-ray Crystallography"; Ky- 
noch Press: Birmingham, England, 1974; Vol. IV, Table 2.3.1, p 149. 

(34) Busing, W. R.; Martin, K. 0.; Levy, H. A. Oak Ridge Natl. Lab., 
[Rep.] ORNL-TM (US) 1964, ORNL-TM-306. 

(35) Johnson, C. K. Oak Ridge Natl. Lab., [Rep.] ORNL (US.) 1976, 
ORNL-5138. 
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1; 

I -  I - 

L 

a 

1 
c 

L 

Figure 2. Two alternative molecular orientations viewed down the c axis. For the sake of clarity, carbonyl groups for the symmetry-related 
molecules (lower portion of the figure) are not shown. Postional parameters for the atoms in (a) are given in Table 11. 

Results and Discussion 
The crystal structure of [CO,(CO)~C](~,-SCS) [Co,(CO),S] 

consists of discrete molecules of a hexacobalt species as shown 
in Figure 1 .  The two tricobalt carbonyl clusters, CO~(CO)~C 
and Co,(CO),S, are linked by a tridentate bridging SCS group 
in a dissymmetrical fashion through the bondings of S(  1) to 
the apical carbon atom C(A) of CO,(CO)~C and of C(B) and 
S(3) to the two cobalt atoms Co(3) and Co(5) of Co3(C0),S. 
The C O ~ ( C O ) ~ C  fragment of the molecule is related to itself 
by the crystallographic mirror plane, which also relates the 
remaining portion of the molecule. The resulting consequence 
is the existence of two alternative configurations with respect 
to the mirror plane, as illustrated in Figure 2. 

The C O ~  plane of the CO~(CO)~C fragment is seen in Figure 
2 to tilt relative to the c axis by 13.62 (9)O, and its plane 
normal makes an angle of 10.7 (7)’ with the C(A)-S(1) 
vector. The other C O ~  plane of the Co3(C0),S fragment has 
its plane normal forming angles of 109.5 ( l ) ,  19.5 ( l ) ,  and 
88.2 (2)O with a, b, and c axes, respectively. Eleven atoms 

0(7),  and O(10)) are constrained to lie on the crystallographic 
mirror plane. Minimum intermolecular distances (excluding 
those between mirror-related, disordered portions of the 
molecule) of 3.00 (4) A for s-O contacts, 3.06 (4) A for C--0 
contacts, and 2.92 (3) 8, for 0-0 contacts suggest no ab- 
normal interactions among molecules. In view of the disorder, 
however, it is conceivable that not all molecular parameters 
are normal, which in turn gives rise to deformation for some 
molecular geometries. This can be further visualized by the 
inspection of Figure 2, in which many thermal ellipsoids 
(particularly those on the mirror plane) have the individual 
principal axis that corresponds to the largest root-mean-square 
component of thermal displacement nearly coincident with the 
b axis, suggesting that the molecule as a whole could be slightly 
off the mirror plane and that it is not unlikely that the posi- 

(Co(2), cO(3), S(1), C(Ah C(B), W), C(7), C(10), 0(5), 

tional parameters for the atoms of the C O ~ ( C O ) ~ C  fragment 
and those lying on the mirror plane represent the average of 
a pair of positions.36 

The geometry of the Co3(CO)9C moiety is analogous to 
those found in the structures of [Co,(CO),C] (p3-CS2) [ C O ~ -  
(c0)7s1 I b  [co3(c0)9C] 2sc09l2 C03(C0) 10BH2N(c2H5)3>: 
C O ~ ( C O ) ~ C C H ~ , ~ ’  [ C O ~ ( C O ) , C ] ~ C O , ~ ~  C O ~ ( C O ) ~ ~ C ~ H ,  
c6(co)18c4,4° c08(c0)24c6941 [cc$3(c0)912,42 C,H,C(O)- 
C C O ~ ( C O ) ~ , ~ ~  and (CO)9C03CCl, in which each apical 
carbon is symmetrically bonded to a basal C O ~ ( C O ) ~  fragment 
to result in an idealized C3,-3m symmetry. The three cobalt 
atoms of the C O ~ C  core in this structure form a rough1 

for Co( l)-Co( 1’) and Co( 1)-C0(2); the apical C(A) atom is 
nearly equidistant from the three cobalt atoms (average Co- 
C(A) distance 1.89 (1) A), and it has the average value 49.7 
(3)’ for C(A)-Cc-Co angles. Furthermore, the dihedral angle 
between the plane of the three cobalt atoms and the plane 
defined by one cobalt atom and its two equatorial carbonyl 

equilateral triangular array with 2.441 (7) and 2.457 (4) K 

(36) It is noteworthy that atoms C(10) and O(5) have the two largest 
root-mean-square components of thermal displacement along the b axial 
direction, being 0.849 (7) and 0.834 (4) A, respectively. The ratios of 
the largest and the smallest displacements along the corresponding 
principal axes for these two atoms were calculated to be usually large, 
being 4.0 (8) and 3.5 (5 ) .  respectively, with the remaining atoms having 
the ratios ranging from 1.3 (2) for O(6) to 3.1 (5)  for C(4). 

(37) Sutton, P. W.; Dahl, L. F. J .  Am. Chem. SOC. 1967, 89, 261. 
(38) Allegra, G.;  Valle, S. Acta Crystallogr., Sect. B Struct. Crystallogr. 

Cryst. Chem. 1969, B25, 1079 
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Spencer, J.  L. Inorg. Chem. 1970, 9, 2197. 
(40) Dellaca, B. J.; Penfold, B. R.; Robinson, B. H.; Robinson, W. T.; 

Spencer, J.  L. Inorg. Chem. 1970, 9,  2204. 
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(44) Bartl, K.; Boese, R.; Schmid, G. J .  Organomet. Chem. 1981, 206, 331 .  



A Hexameric Cobalt-Carbonyl-Sulfur Complex 

Table IV. Comparison of Selected Bond Distances (A) 
and Angles (deg) for [Co,(CO),C](~*,-SCS)[Co,(CO),s] 
and SCo KO),  (CSNMe, )48 

this work ref 48 

2.421 (5) 
1.88 (2) 
2.240 ( I )  
1.72 (2) 

71.1 (2) 
81.7 (6) 
91.2 (8) 

108.8 (10) 

2.440 (1) 
1.958 (5 )  
2.260 (2) 
1.695 (5 )  

77.11 (5)  
82.39 
93.9 (2) 

106.6 (3) 

carbon atoms was calculated to be 27 (1)' with respect to 
Co( 1) and 27 (1)' with respect to C0(2), in agreement with 
the average value of 30' given by Penfold and Robinson.45 

Many structures of cobalt carbonyl complexes containing 
the C O ~ S  moiety with the sulfur located at the apical position 
have been reported, and a comparison of Co-Co and Co-Sa, 
distances for this family of complexes has been made.llb It 
is well understood that the C O ~ ( C O ) ~ S  fragment can be con- 
sidered to arise from the replacement of two cis equatorial 
carbonyl groups in the SCo3(CO): molecule with a bidentate 
bridging ligand. The triply bridging metal-coordinated apical 
sulfur in the C O ~ ( C O ) ~ S  entity shares four of its valence 
electrons with the metals, and the displacement of the two 
electron-pair carbonyl donors by the three-electron-donor 
ligand results in a closed-shell electronic configuration for each 
cobalt atom. The situation is similar to those observed in the 
structures of [co3(co) , ]  (ps-CS2) [ C O ~ ( C O ) ~ S ]  ,11 [ C O ~ -  
( c o ) & ]  (P,-C%) [Co3(C0)7S]711b [ ~ C ~ ~ ( C O ) ~ ~ ~ Z ~ Z , ~ ~  
SCO,(C~)~(~-CH,CNC~H~~),~~ and S C O ~ ( C O ) ~ ( C S N M ~ , ) , ~ ~  
in which the substitution of the bidentate bridging ligand for 
the two carbonyl groups invariably leads to significant de- 
formations of the molecule. In the present structure, the three 
basal cobalt atoms are constrained to possess an isosceles 
triangular array, as shown by a considerably short Co( 3)- 
Co(5) distance of 2.427 ( 5 )  8, as compared to 2.560 ( 5 )  and 
2.534 (6) 8, for the other two co(3)-c0(4) and Co(4)-Co(5) 
distances. Since S(2) is nearly equidistant from the basal 
cobalt atoms (average Co-S distance 2.17 (1) A), the de- 
formation of the triangular C O ~  unit entails distortions of the 
C O ~ S  fragment, leading to a smaller angle, 68.6 (6)', for 
Co(3)-S(2)-Co(5) than the other two Co-S-Co angles (72.4 
(7) and 71.4 ( 5 ) ' ) .  

The bonding of the bridging SCS ligand to the two tricobalt 
clusters and the resulting alteration in its geometry are of 
chemical interest. Through the u bondings to co(3) and 
Co(5), the two bidentate atoms S(3) and C(B) form a four- 
membered ring system that is found to be planar to within 
0.062 ( 5 )  A. This ring system is nearly in the same plane 
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defined by Co(3), co(4), and co(5) (dihedral angle 7.2 (3)'). 
A bookkeeping account of electrons shows that the bridging 
CS2 ligand in the structural isomer [Co,(CO),C] (p3-CS2)- 
[CO~(CO)~S]  lib also donates four electrons, except that the 
symmetric bondings of the two sulfur atoms to the CO,(CO)~S 
fragment results in a formation of a five-membered ring system 
that was reported to be strictly planar. In the present molecule, 
the three angles subtended by the neighboring atoms of C(B) 
are 126.4 (12), 108.8 (lo), and 119.9 (11)' for Co(3)-C- 
(B)-S( l) ,  Co(3)-C(B)-S(3), and S (  1)-C(B)-S(3), respec- 
tively, and the C(B) atom is out of the lane defined by the 

displacement of S( 3) from the crystallographic mirror plane). 
The near-planarity of the C(B) atom and the central angles 
with the three bonded neighbors unequivocally establishes that 
the C(B) atom possesses trigonal-orbital character. Although 
the bond length 1.72 (2) A for S(3)-C(B) can be compared 
with 1.696 (11) and 1.674 (10) A for [Co,(CO),C](p3- 
CS2)[Co3(C0)7S],11b 1.695 ( 5 )  A for S C O ~ ( C O ) ~ ( C S N M ~ ~ ) , " ~  
and 1.71 1 (8) A for Fe4(C0)12S(CSNMe2)(CNMe2),49 the 
S(1)-C(B) distance of 1.65 (2) A is noticeably shorter than 
that for the S(3)-C(B) bond.50 Unfortunately, the relatively 
large esd's associated with these bond lengths (due to the 
crystal disorder and to a small data-to-variable ratio of 3.22) 
do not permit a precise assessment of the degree of *-electron 
delocalization within the S(  1)-C(B)-S(3) fragment. 

The stereochemical environment surrounding the chelation 
of carbon and sulfur atoms to the Co,(CO),S entity in this 
structure is analogous to that found in the structure of 
S C O , ( C O ) ~ ( C S N M ~ , ) . ~ ~  A comparison of the pertinent 
molecular parameters for the four-membered rings formed is 
given in Table IV, from which a close agreement between the 
corresponding pairs of parameters can be seen. 
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surrounding three atoms by 0.223 (6) K (due in part to the 
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