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The reaction of [CjHjFe( CO),]2 JTith cyclohexene sulfide has given, in addition to other organometallic products, a relatively 
insoluble, air-stable, black crystalline solid of formula [ ChHjFeS] 4.  Its structural characterization as a tetrameric complex 
was ascertained from a three-dimensional X-ray examination which showed [CjHjFeS] 4 to form monoclinic crystals with four 
molecules in a unit cell of symmetry C2/c and of dimensious a = 18.80 A, b = 7.68 A, c = 15.07 A,  p = 109' 5'. A full- 
matrix least-squares refinement of the nonhydrogen atoms yielded final discrepancy values of 7.8 and 8.1 % for the unweighted 
RI and weighted Rf factors, respectively. The tetrameric structure can be viewed as formed from two interpenetrating dis- 
torted tetrahedra of iron and sulfur atoms; each iron of identical environment is coordinated to a 7i-cyclopcntadicnyl ring, 
three sulfur atoms, and one iron atom. With the assumption of cylindrical symmetry for each cyclopentadienyl ring the 
molecular configuration possesses tetragonal DPd symmetry. A stereochemical consequence of each iron atom attaining a 
closed-shell electronic configuration by the formation of only one iron-iron bond is a symmetrical deformation of the mole- 
cule from an idealized cubic configuration of T d  symmetry (with or without six metal-metal bonds) to the observed configura- 
tion of lower tetragonal symmetry (containing two metal-metal bonds). As a result of a crystallographic twofold axis pass  
ing through the molecule, the Fe& fragment contains one independent Fe-Fe bond of 2.650 4, four chemically equivalent 
independent Fe-S bonds of 2.204 4 (av), and two other chemically equivalent independent Fe-S bonds of 2.250 X (av). 
The Fe-Fe bond in each of the two identical Fe& fragments is also responsible for the symmetrical electron-pair Fe-S bridge 
bonds possessing a sharp Fe-S-Fe angle of 74' (av). The detailed molecular features are compared to those of related molec- 
ular complexes. 

Introduction 
Although a wide variety of metal carbonyl chalco- 

genides have been prepared2-8 for which X-ray dif- 
fraction studiesg-12 have shown unusual configurations 
with new types of bonding, cyclopentadienylmetal 
sulfides are as yet unreported. This paper presents 
the synthesis and characterization by a single crystal 
X-ray analysis of the first such compound, [CjH6FeS]4.13 

Experimental Section 
Preparation and Properties .-Cyclopentadienyliron dicarbonyl 

dimer (8.0 g, 22.6 mmoles) and cyclohexene sulfide (6.0 g, 41.1 
mmoles) were heated under nitrogen in refluxing benzene for 4.5 
hr. Filtration of the resulting black mixture tollomed by partial 
evaporation of the solvent led to  precipitation of a black crystal- 
line air-stable solid, which was recrystallized from a chloroform- 
octane mixture. Since the product slowly decomposed in solu- 
tion and tended to  separate out as a powder, it  was rather dif- 
ficult to  get pure material. Several other products which were 
isolated from the filtrate by chromatographic separation will be 
discussed in a later paper.I4 

(1) Alfred P. Sloan Research Fellow, 1963-1966. 
(2) W. Hieber and J. Gruber, 2. Anovg. Allgem. C h e m . ,  296, 9 1  (1958). 
(3) R. B. King, Inors. Chem., 2 ,  326 (1963). 
(4) L. ivIark6, G. Bor, and E .  Klumpp, Chem. Ind .  (London), 1491 (1961). 
(5) L. Mark6, G. Bor, and G. AlmLsy, Chem. B e y . ,  94, 847 (1961). 
(6 )  L. Mark6, G. Bor, E. Klumpp, B. Mark6, and G. AlmLsy, ibid.. 

(7)  S. A. Khat tab,  L. Mark6, G. Bor, and E. M a r k 6 ,  J .  0i.ganonzelul. 

(8) W. Hieber and T. Kruck, C h e m  B e y . ,  95,  2027 (1962). 
(9) L. F. Dahl and P. W. Sut ton,  Inovg. Chem., 2 ,  1067 (1963). 
(10) C. H. Wei and L. F. Dahl, ibid., 4, 1 (1963). 
(11) C. H. Wei and L. F. Dahl, ibid., 4, 493 (1965). 
(12) C.  H. Wei and L. F. Dahl, Abstracts of Papers, National Meeting 

of the  American Crystallographic Association, Montana State  College, 
Bozeman, Mont., July 1964; t o  be published. 

(13) Before the single crystal X-ray study was begun, this compound was 
believed to  he a hexanuclear ii-on complex on the basis of preliminary analyti- 
cal data. The  correct formulation as a tetrameric species of the above com- 
position was shown irom the X-ray work and veiified by subsequent ele- 
mental analysis. 

96, 955 (1963). 

Chenz., 1, 373 (1964). 

(14) P. hI. Ti-eichel, G. I<. Wilkes, and AI. Brauner, to  be  published. 

Anal.  Calcd for CbH5FeS: C, 39.2; H ,  3.3; S, 20.9; Fe, 
36.6. Found:'& C,39.0; H,3.9; S, 21.1; Fe, 36.1. Theinfra- 
red spectrum of [CjHjFeS]4 as a Nujol null, taken on a Perkin- 
Elmer Model 421 grating spectrometer with NaCl plates, shows 
absorption bonds a t  2960 (w),  2930 (m),  2860 (w) ,  1730 (w) ,  
1417 (m),  1194 (w) ,  1005 (w), 1000 (vw), 828(vw), 805 (vw), and 
707 (vw) cm-l. 

Single Crystal X-Ray Data .-Although oscillation photographs 
of crystals mounted about the b axis did not reveal any indica- 
tions of twinning, zero- and upper-level Weissenberg photographs 
of a number of crystals showed extra reflections characteristic 
of a twinning on the (100) plane. Several recrystallizations of the 
compound from chloroform solution finally yielded a tiny un- 
twinned needle crystal (of length 0.22 mm and average width 
0.07 mm) which was used to collect the intensity data. The 
lattice cell parameters were determined from hk0 and 0kZ pre- 
cession photographs. Multiple-film equiinclination Weissen- 
berg data were obtained for reciprocal levels h0I through h8Z 
with zirconium-filtered Mo K a  radiation. The intensities of 582 
independent diffraction maxima were visually estimated and 
then corrected for Lorentz-polarization effects. Since the esti- 
mated pRmax value was only 0.15, absorption corrections were 
not applied. The variable weights of the observed structure 
factor amplitudes utilized in the least-squares refinement were 
assigned as follows: 4; = 20/F0 if 10 2 4Io(rnin), dti = 1.25, 
IoZ/FoIo(min)2 if 10 < 4Io(min). 

Unit Cell and Space Group.-The crystals of [ CsHfiFeS11 
are monoclinic with lattice parameters a = 18.80 i 0.03 A, b = 
7.68 =k 0.01 A, c = 13.07 & 0.03 A, p = 109' 5' -L 20'; the 
volume of the unit cell is 2056 h3; pcalod = 1.98 g cm-3 for four 
tetramers per unit cell. The total number of electrons per unit 
cell, F(COO), = 1232. Systematic absences of h + k = 2n 4- 1 
for { h k l )  and I = 2% + 1 for (h01) indicate the probable space 
groups Cc (Cs4) and C2/c (Cnh6)), of which the latter centrosym- 
metric one was later confirmed by the structural refinement. 
A11 crystallographically independent atoms were found t o  occupy 
the general eightfold set of positions (8f): (0, 0,  0; ' / B ,  l / 2 ,  0 )  zt 
( 5 ,  y ,  z ;  5 ,  -31, '/* + Z).lG 
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Determination of the Structure.-A careful examination of a 
three-dimensional Patterson function computed17 from the cor- 
rected intensities finally provided a complete interpretation of all 
zntra- and intermolecular Fe-Fe and Fe-S vectors on the basis 
of the space group C2/c. These vectors indicated an Fed34 
molecular fragment in which two irregularly shaped tetrahedra, 
one composed of four iron and the other of four sulfur atoms, 
interpenetrate such that each sulfur is bonded to  three iron atoms 
and each iron is bonded to one iron and three sulfur atoms. 
Approximate positional parameters were obtained for the two 
independent iron atoms, Fel and Fez, and the two independent 
sulfur atoms, S3 and SA, of the Fe& fragment which possesses a 
crystallographic twofold axis. Two cycles of a block-diagonal 
least-squares isotropic refinementla of the derived Patterson co- 
ordinates were carried out in which initial thermal parameters 
based on related s t r u c t ~ r e s ~ - ~ ~  were arbitrarily assumed for the 
iron and sulfur atoms. The resulting value of 19% for the un- 
weighted discrepancy factor, RI = [Z1lFoI - ( F , ( / / Z I F , / ]  X 100, 
indicated the correctness of the Fe4S4 model. Subsequent three- 
dimensional Fourier syntheses’7 located the ten carbon atoms 
of the two independent cyclopentadienyl rings. 

A block-diagonal isotropic least-squares refinernentl8 of all 
fourteen nonhydrogen atoms lowered the RI value to lO.O%, 
after which a full-matrix least-squares program’s with individual 
atomic temperature factors and with nine interlayer scale factors 
was utilized for further refinement. At the end of three cycles 
R1 and RZ = [ZwIlF.l - ~ F o ~ ~ z / Z w ~ F o ~ z ] l ~ z  X 100 stood a t  7.8 
and 8.ly0, respectively; all parameter shifts were less than 8% of 
their individual standard deviations. In  the structure factor 
calculations the scattering factors used for iron were those of 
Thomas and Umeda,zO for sulfur those of Dawson,2’ and for 
carbon those of Berghuis, et aZ.22 A three-dimensional differ- 
ence Fourier map based on the output parameters of the last 
cycle (given in Table I) showed no anomalies. No attempt was 
made to locate the positions of the hydrogen atoms. 

TABLE I 
ATOMIC PARAMETERS WITH STANDARD DEVIATION+ 

Atom x (104uz) Y ( 1 0 4 4  ( 1 0 4 4  B (iwOB) 
0,4294 (2) 0.4339 (4)  
0.4148(2) 0.1902(4) 
0.4448 (4) 0.4648 (7) 
0.4629 (4) 0.1588 (8) 
0.3702(13) 0.4300(33) 
0.4197 (14) 0.5856 (33) 
0.3791 (13) 0.6829(35) 
0.3323 (13) 0.5942 (30) 
0.3167(14) 0.4451 (35) 

0.3232 (13) 0.0259 (31) 
0.2919 (13) 0.1779 (32) 
0.3253 (13) 0.2038(30) 
0.3736 (14) 0.0607 (35) 

0.3733 (13) -0.0592 (28) 

0.1473 (2) 3.18 (11) 
0.2645(2) 3.06(11) 
0.2976(5) 3.27(15) 
0.1495 (4) 3.47 (15) 

-0.0036(15) 4.14(53) 
0.0260 (17) 5.31 (60) 
0.0921 (16) 4.82(58) 
0.1055 (16) 4.06 (52) 
0.0490(17) 5.09(60) 

0.2005 (17) 4.40 (54) 
0.2288 (17) 4.29 (52) 
0.3282(17) 4.09(51) 
0.3604 (17) 4.89 (56) 

0.2834(16, 4.02(50) 

a Standard deviations of last significant figures are given in 
parentheses. 

A listing of the observed and calculated structure factors based 
on these atomic parameters is shown in Table 11. The inter- 
atomic distances and bond angles calculated with the Busing- 
Martin-Levy function and error programz3 are tabulated in 
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Figure 1 .-Molecular configuration of [ CsH5FeS14. 

Tables 111 and IV, respectively. Standard deviations obtained 
from the full inverse matrix also include the estimated lattice 
constant errors. Table V gives the “best” molecular planes 
formed by certain atoms and the distances of these and other 
atoms from the planes obtained by a least-squares method with 
the Smith program.*4 

Results and Discussion 
Crystalline [ C ~ H E F ~ S ] ~  is composed of tetrameric 

molecules with the configuration depicted in Figure 1. 
Each iron atom of similar localized environment is 
coordinated to a rr-cyclopentadienyl ring, three sulfur 
atoms, and one iron atom such that it attains a closed- 
shell electronic configuration. With the assumption of 
cylindrical symmetry for each cyclopentadienyl ring, 
the molecular configuration conforms to the tetragonal 
point group D&2m (Figure 2) within the limits of 
accuracy. The corresponding bond lengths and angles 
for the iron-sulfur framework are identical within 2u of 
the individual values. The close distributions of the 
chemically equivalent molecular parameters about 
their weighted averages (given in Tables I11 and IV)  
support the estimates of the standard deviations com- 
puted from the variance-covariance matrix. Hencc:, 
the “best values” of the molecular parameters utilized 
in this discussion are based on D 2 d  molecular symmetry. 
One of the two symmetry-related molecular twofold 
axes is crystallographically required. 

The stereochemical consequence of only two Fe-Fe 
bonds in the molecule is a symmetrical deformation of 
the metal-sulfur cluster from a cubic Td-33m configura- 
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Crystallographic Function and Error Program,” ORNL-TM-306, Oak Ridge 
National Laboratory, 1964. 
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TABLE I1 
OBSERVED AND CALCULATED STRUCTURE FACTORS 

1 F O  F C  

2 63.6 75.6 
2 261.2 214.7 
2 59.6 50.5 
2 81.2 -86.7 
2 1 k 3 . 8  14b.5 
7 5 6 . 1  -58.0 
2 95.5 82.4 
2 55.k - b l . 6  
2 39.2 36.5 
2 93.5 8 6 . 3  
2 61.3 -52.5 
2 73.1 -69.8 
2 85.8 - 9 3 . 4  
2 98.6 -100.1 
2 81.2 -92.6 
2 6 9 . 6  -75.9 
3 85.5 - L O O . L  
3 k 0 . 2  49.3 
3 153.1 - 1 k 8 . 3  
3 119.7 -118.2 
3 98.3 108.1 
3 4 5 . k  -48.0 
3 4 5 . 9  - k 8 . 5  
3 51.9 -53.1 
3 92.4 98.0 
3 79.8 84.0 
3 119.6 -120.3 
3 k 0 - 9  -55.2 
3 57.5 kb.7  
3 86.8 -88.9 
3 140.1 146.8 
3 46.5 -51.3 
3 k8.2 -51.1 
3 39.0 31.3 
3 213.1 205.6 
3 177.2 -167.8 
3 3 0 . 4  - 4 0 . 8  
3 47.8 4 3 . k  
3 108.3 -116.9 
3 61.7 -60.8 
3 108.9 1 1 3 . 6  
3 40.5 -37.6 
3 54.1 54.5 
3 1 3 1 r l  139.9 
3 7*.b 63.6 
3 50.2 - 4 9 . 8  
3 43.2 - 4 k . I  
3 b4.2 -66.7 
3 b7.3 52.2 
3 159.8 -153.0 
3 45.7 54.1 
3 37.6 11.3 
3 37.8 -42.8 
3 b 7 . 5  - b 2 . I  
3 57.4 -54.9 
3 109.0 119.5 
3 5k.6 - 4 2 . 9  

3 4 1 . 2  -*6.9 
3 199.7 1 8 9 . 6  
3 56.1 bl.2 
3 73.9 -74.8 
3 108.5 -107.b 
3 94.1 108.2 
3 93.9 v2.5 
3 126.7 126.4  
3 b l e b  -53.8 
3 60.4 52.3 
3 6 0 . 4  -67.0 
3 b1.6  63.7  
3 b3.9  -70.9 
3 4 6 . 6  -59.9 
3 8 0 . 6  - 8 3 . 3  
4 91.9 -92.4 
4 53.5 56.9 
4 46.6  55.2 
4 108.7 -107.8 
4 65.7 67.5 
4 98.1 86.7 
4 54.2 43.2 
4 k4.7 42.0 
4 193.0 -191.8 
6 58.8  -61 .5  

3 108.9 1on.a  

4 54.9 61.0  
4 35.0 29.5 
4 51.1 48.0 
4 32.1 - 3 5 . 3  
k 7 b . 2  -76 .5  
4 7 7 . 4  b 3 . 9  
6 0 5 . 8  - 6 4 . 3  
4 9 3 . 3  - 9 1 . b  
4 52.1 57.7 
4 50.0 44.4 
4 5 I . l  59.5 
4 k9.2  -42.7 
4 12.8 -14.4 
4 81.9 9 6 . 2  
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I 
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- I  
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-2 

K 

I 
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3 
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4 
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1 
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0 
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I 
3 
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0 
0 
2 
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3 
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I 
3 
2 
6 
I 
2 
2 
6 
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3 
2 
2 
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b 
6 
8 
I 
3 
7 
? 
2 
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1 
3 
3 
5 
7 
2 
2 
6 
6 
I 
3 
3 
5 
5 
7 
2 
2 
4 
6 
I 
3 
2 
k 
I 
7 
2 
2 
3 
5 
2 
2 
0 
2 
b 
I 
1 
3 
7 
7 
0 
0 

L Fa F C  

k 3 6 . 8  k7.3 
4 79.9 -81.2 
k 91.7 - 9 3 . k  
4 79.1. 71.2 
k 11.7 -60.3 
4 94.0 -98.7 
4 146.1 I5k .O 
4 98.5 98.2 
4 51.5 -45.1 
4 6+.7 -60.9 
k 6 0 . 5  -60.7 
4 190.3 L89.k 
4 45.2 4 2 . 5  
4 83.2 -83.6 
4 49.2 -63.0 
4 b k . k  65.8 
4 99.4 107.5 
4 47.0 -48.5 
4 7b.8 -12.6 
k 47.1 k 9 . 3  
k 119.3 103.8 
4 54.5 -69.0 
4 58.6 59.0 
4 139.2 143.3 
k 137.2 -122.3 
4 63.5 57.1 
4 100.9 -108.2 
4 135.9 124.3 
4 50.7 -50.5 
4 77.6 -66.7 
4 68.7 -81.8 
4 86.8 01.3 
4 71.1 -73.2 
4 100.2 -101.9 
k 45 .0  W.8  
4 93.1 -93.8 
k 50.9 k l . 8  
k 71.0 - b 5 . 1  
4 5 2 . 9  54.9 
5 99.1 -93.7 
5 70.1 -71.6 
5 38.2 29.7 
5 19O.k -187.9 
5 123.7 - 1 2 0 . 3  
5 75.0 -11.8 
5 3 3 . 3  -21.0 
5 l b 5 . 0  - 1 5 b . O  
5 36.5 -44.0 
5 61.2 -63.8 
5 47.v 45.9 
5 131.7 -127.3 
5 49.3 -50.7 
5 5 8 . b  -52.6 
5 88.2 82.0 
5 b6.4 61.0 
5 158.0 -155.5  
5 134.7 - 1 3 4 . 7  
5 179.8 178.5 
5 4 8 . 0  4 6 . k  
5 l l I . 1  118.1 
5 76.7 -60.3 
5 201.3 188.7 
5 164.5 152.1 
5 83.7 90.8 
5 k7.0 46.2 
5 b4.a -56.3 
5 108.0 112.3 
5 105.1 101.6 
5 18.5 76.8 
5 k 5 . 5  4 1 . 7  
5 51.3 -39.7 
5 81.4 83.1 
5 4 1 . 5  17.2 
5 98.3 92.1 
5 65.0 58.3 
5 119.8 125.8 
5 4 3 . k  43.2 
5 92.1 -71 .3  
5 141.6 135.9 
5 113.4 145.0  
5 89.3 61.5 
5 97.3 -102.) 
5 100.3 -93.1 
5 69.0 -10.0 
5 6 9 . 3  -bb.7 
5 91.1 -100.0 
5 60.6 -67.2 
6 71.8 71 .5  
6 156.4 146.0 
6 48.5 -50.4 
6 55.3 47.2 
6 169.2 15b.7 
6 67.3 67.7 
b 7 3 . 4  -53.6 
6 72.7 -63.9 
6 22.7 -87.0 
6 211.1 26k.b 

n 

2 
-2 
-2 

3 
- 3  

3 
- 3  
- 3  
- 3  

k 
-4 

k 
- k  
- k  

5 
-5 

5 
-5  
-5  

5 
6 

-6 
6 

-6 
b 
4 

7 
- 7  
- 7  
- 8  

8 
- 8  
- 8  
- 9  
-9 
-9 

-10 
-10 

11 
-11 
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-11 
-I2 
I2 
13 

-13 
I k  

-16 
0 
0 
I 

- I  
- I  

2 
-2 

2 
-2  
-2 

3 
- 3  

3 
- 3  
- 3  

3 
- 3  
4 

- k  
k 
-4 
4 

- 5  
5 

- 5  
-5 
-6 
-b 

6 
-7 

7 
- 8  
-9 
-9 
-9 
10 

-10 
-11 

11 
-11 
-I I 
-11 

12 
-12 
-16 
-17 
-18 
-20 

O 

K 

2 
2 
8 
I 
I 
3 
3 
5 
1 
0 
0 
2 
6 
8 
I 
I 
3 
3 
5 
1 
0 
0 
2 
2 
6 
6 
I 
I 
3 
0 
2 
2 
b 
I 
3 
5 
0 
8 
I 
I 
3 
5 
0 
2 
I 
3 
2 
0 
2 
6 
I 
3 
5 
2 
2 
4 
4 
6 
I 
I 
3 
3 
5 
1 
7 
2 
2 
4 
4 
6 
I 
3 
3 
7 
2 
4 
b 
I 
3 
2 
1 
3 
5 
2 
k 
I 
3 
3 
5 
1 
2 
k 
4 
I 
k 
2 
0 

L F0 FC 

6 6 2 . 4  59.k  
6 00.8 84.5 
6 41.8 -39.4 
6 62.9 -55.7 
6 106.1 105.5 
6 81.7 -82.1 
6 185.3 177.2 
6 4 6 . 2  -52.0 
6 5b.5 -+3.3 
b 171.9 -176.k 
b 301.8 3 4 5 . 3  
6 115.1 -120.3 
6 66.9 6 6 . 0  
b 56.0 - 5 2 . 1  
6 157.1 -157.2 
6 k 5 . 7  -50.3 
6 53.9 -40.5 
6 171.7 160.7 
b k1.e  -45 .0  
6 67.0 53.1  
6 42.6 -k3 .1  
6 1k5.0  135.8 
6 160.1 -150.1 
b 95.2 -107.7 
b 61.3 53.9 
6 85.9 78.6 
b 132.9 -126.0 
b 78.8 - 7 6 . 2  
6 00.0 79.9 
6 67.1 -61.6 
6 5k.2 -58.0 
6 31.8 -42.5 
6 43.5 31.2 
6 58.2 -59.6 
6 80.9 -75.9 
b 5 5 . k  50.3 
6 221.8 -216.7 
6 7P.7 53.5 

6 45.8 - 6 4 . 3  
6 128.3 -125.1 
6 52.4 51.0  
6 149.9 -151.4 
6 93.5 9 k . 5  
6 93.6 93.6 
6 63.7 -61.0 
6 71.1 78.7 
6 b1.k 77.2 
1 80.9 06.7 
7 57.2 52.2 
7 l k . 8  -77.0 
7 8 4 . 6  77.9 
1 k 8 . 0  3 9 . 3  
1 kO.0  -32.0 
7 80.0 77.1 
7 159.5 -153.0 
7 l k 7 . 3  142.5 

6 7 8 . 1  75.2 

7 80.4 76.8 
r 1 5 1 . 9  - 1 5 0 . k  
7 173.4 163.3 
1 73.6 -69.2 
7 l b . 8  74.9 
1 43.6  28.8 
1 7 k . 6  - k 6 . 3  
7 81.9 71.k 
7 42.6 -42.7 
7 35.1 -39.6 
7 109.7 -110.7 
1 227.8 219.8 
7 48.1 -42.5 
7 221.9 218.1 
7 91 .9  -94 .4  
7 87.6 06.5 
7 103.2 76.1 
7 91.5 -86.0 
7 148.7 126.9 
7 7k.8 -70.0 
7 76.3 18.5 
7 6 0 . 1  -65.7 
7 74.9 -72.8 
7 92.1 - 8 k . b  
1 6 0 . 8  -61.0 
7 78.1 -74.2 
7 49.5 k 5 . 5  
7 I k 9 . 8  -128.1 
7 Lob.+ -95.2 
1 56.3 56.0 
7 6 1 . 5  -56.9 
7 56.9 - 5 5 . 5  
7 13.5 - 4 7 . 2  
7 10.7 13.9 
7 108.8 -106.5 
7 bk.1 bb.4 
7 68.5 5 6 . 0  
7 18.4  6 b . b  
7 k 9 . 1  47.0 
8 108.0 112.2 

n 
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0 
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I 
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-3 
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-7 
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-8 
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-9 
-9 

-10 
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-16 
-18 
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0 
1 

-1 
2 
3 

- 3  
4 
4 

- k  
-5  
-5  
-5  
-6 

7 
-7 
- 7  

8 
-9  

-10 
- 1 1  
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-12 
-12 
-13  
-14 
- 1 5  
-16 
-18 
-20 

0 
0 
I 

- 1  
1 

- I  
2 

-2 
2 

-2  
3 

- 3  
-4 
4 

-4 
-5  
- 5  

6 
-6 
- 7  

K 

2 
8 
1 
3 
5 
5 
0 
0 
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I 
3 
3 
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0 
0 
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1 
I 
3 
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0 
2 

3 
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0 
2 
I 
I 
3 
0 
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8 
I 
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0 
7 
1 
2 
0 
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0 
I 
2 
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I 
I 
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I 
1 
2 
k 
k 
I 
3 
7 
4 
1 
1 
3 
4 
I 
k 
1 
5 
2 
4 
5 
P 
I 
2 
4 
2 
0 
2 
3 
3 
5 
5 
0 
0 
2 
4 
1 
3 
0 
2 
2 
3 
5 
0 
0 
1 

n 

Inorganic Chemistry 

1 F O  F C  

8 5k.7 -60.0 
8 53.0 -34 .7  

b2.O -bb.5 
102.9 101.2 

82.4 -7V.l 
51.8 - 4 6 . 6  

219.8 205.3 
102.2 -99.3 
72.9 -69.5 
59.9 -51.0 

102.3 -99.5 
11k.b  118.5 
147.6 -145.3 

75.6 -75.0 
62.8 bb.6 

155.3 168.4 
396.1 -361.2 

k2.8 -10.9 
57.8 6 6 . 3  
5 8 . 6  b l . 4  

17b.3 86.2 -153.7 4 0 . 7  

103.6 103.7 
258.0 -2kZ.b 

53.8 5 n . 5  
4 9 . 6  45.7 
75.1 -67.8 
73.9 6 6 . 7  
4 l . b  40.8 
54.7 55.0 
4 8 . 9  -45.4 
78.2 n2.0 
52.1 54.2 

155.2 146.0 
41.1 34.7  
k 7 . 5  - k 5 . 0  

110.7 112.5 
1 8 . 1  81.7 
4 8 . 3  -40.1 

132.1 133.8 
47.1 65.2 
93.1 91.3 
62.8 b 4 . 5  
87.9 - n 8 . 8  
k4.2 20.3 
73.6 -83.5 
69.7 -65.7 
50.1 - 5 1 . 1  

106.8 85.8 
136.3 135.8 

79.5 81.5 
111.3 111.4  

102.1 87.6 -92.4 1 0 1 . 8  
L k . 1  -41.9 

9 12.3 69.6 
9 101.1 -107.7 
9 149.9 -144.4 
9 k l . 8  - 4 0 . 3  
9 70.5 -55.9 
9 lOb.7 -101.1 
9 58.3 -57.1 
9 60.9 -59.5 
9 65.9 - b 9 . 9  
9 l b . 4  -61.5 
9 41.8 47.2 
9 76.2 77.2 
9 66.7 64.7 
9 69.9 52.8 
9 59.6 60.1 
9 9 1 . 6  78.9 
9 69.1 58.6  
9 63.0 bk.2 
9 56.0  - 4 7 . 0  
9 4 k . 9  5?.5 
9 b l . 5  - 4 V . 8  
9 56.5 -52.4 

I 0  107.6 -109.0 

10 6 5 . 6  -73.0 
IO 51.4  -63.2 
10 6 7 . 9  bI.7 
I O  11.2 b 0 . 8  
10 100.5 - 1 1 8 . 1  
IO k7.4 -3514 
I O  45.6 4 6 . 3  
10 48.5 46.0  
10 58.4 51.3 
I O  49.5 50.4 
IO 6 3 . 1  71 .9  
IO 41.6  4 8 . 8  
10 37.2 -55.0 
10 46.9 52.1 
10 61.1 -62.2 
10 79.6 97.2 
IO b3.6 bO.1 
10 71.0 b7.7  

I O  43.0 45.0 

n 

7 
8 

-11 
-13 
-14 
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-15 
-15 
-16 
-18  
-10 
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- I  
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- 8  
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-9 

-10 
- 1 1  
-14 
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-1b 

0 
I 

-1 
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3 

- 3  
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4 -+ 
b 

-6 
-7 
-8  

8 
-8  
- 9  

-10 
-10 
-11 
-11 
-12 
-14 
-15 

I 
2 
2 
3 

- 3  
-4 
-4 
-5 
-6  
-6 
-7 
-7  

- 8  
-9 

-10 
-11 
-12 
-13  
-1k  
0 
0 
2 

-4 
-5  
- b  
- b  
-7  
- 7  
- 8  
-9  

-10 
- 1 1  
-12 
- I 4  
- 1 6  

- 3  
- 6  

-9 
-14 

-2 

-10 

n 

- n  

- 8  

K L  

5 I O  
0 I O  
3 10 
I I O  
2 I O  
6 10 
I 10 
3 IO 
2 I O  
0 I O  
2 10 
4 I 1  
1 11 
I I t  
2 I 1  
3 11 
3 I 1  
2 I 1  
2 I1 
6 I1 
4 I 1  
1 I 1  
2 I 1  
4 I 1  
3 I 1  
2 I 1  
3 I 1  
2 11 
I I 1  
2 I 1  
2 12 
I 12 
5 12 
2 I 2  
1 12 
I 12 
0 12 
2 12 
2 12 
0 12 
0 12 
3 I2 
0 12 
2 12 
6 I 2  
3 12 
2 I 2  
6 12 
1 I 2  
3 I 2  
2 12 
0 12 
3 12 
3 13 
2 13 
4 13 
3 13 
3 13 
2 1 3  
b I 3  
3 I 3  
4 13 
6 13 
1 I 3  
3 13 
2 13 
k 13 
I I 3  
2 1 3  
3 13 
2 13 
3 13 
4 1 3  
0 14 
2 14 
2 14 
2 I S  
I 14 
0 I 4  
2 14 
I l k  
3 14 
0 I 4  
3 14 
0 14 
I 14 
2 14 
0 14 
0 14 
I 15 
2 15 
4 15 
I 15 
4 I 5  
0 I 6  
0 ab 
0 16 

FO FC 

6 5 . 9  - b l a b  
67.9 7 4 . 8  
51.0 - L a . )  
76.7 -66.6 
83.3 -11.9 

56.0 7 6 . 3  -6b.8 50.4 
5 b . l  62.5 
59.8 -51.0 
58.0 62.3  
51.2 31.8 
76.5 -68.7 
67.8 -68.1 
77.0 -80.8 
69.9 72.k 

b0.8 50.0 -58.2 54.5 
50.1 57.0 
39.3 -45.8 
53.1 -53.4 

62.7 b 3 . 8  65.6 67.0  
74.5 75.8 
65.9 51.8 
41.4 61.1 
73.2 1 8 . 8  
49 .9  4 6 . 9  

67.7 58.7 -67.5 5*.Z 
63.6 -60.8 
51.9 -64.5 

63.7 65.8 - b O . P  -18.9 
61.6 -b9.9 
93.2 -89.9 
53.4 54.2 
55.0  -51.6 
52.6 -55.9 
90.5 99.9 
17.0  -80.9 

88.6 69 .9  6 b . l  78.9 
81.6 10.1 57.8 7b.9 

6 5 . 4  5k.L 42.8 59.1 

56.1 -10 .1  
70.7 5b.7 
59.2 -b2.1 
45.5 43.0 
4 4 . 3  -43.1 
70.4 -b4.* 
59.1 -56.3 
69.5 - 7 4 . 3  

53.2 52.7 -62.1 -33 .1  
5b.1 -63.2 
77.1 7b.8 
74.3 79.4 
59.5 54.2 
84 .7  b8.5 
b4.1 55.2 
59.4 39.0 
64.0 6 0 . 8  
b 3 . 3  50.9 36.3 50.0 

b3.5 75.9 bb.9 bb.1 

81.7 -82.8 
61.4 - 5 8 . 8  
76.4 -69.7 
k8.7 -37.7 
b l . 3  -59.3 
75.0 6 4 . h  
47.3 48.0 
55.7 54.2 
88.9 -88.5 
7b.l -16.4 

45.7 -53.3 
58.7 -56.3 
72.4 -65.0 
77.9 -17.0 
71.2 -61.2 

68.5 bO.4 -82.5 51.2 
47.b 4b.O 

17.5 -82.7 

75.0 n2.0 
59.1 6 0 . 3  

47.8 73.4 -40.0 b 1 . b  
(15.5 -5R.4 
b l . 8  -66.1 
64.1  49.6 
53.0 -05.9 

59.8 52.5 6 4 . 3  64.0 

tion of regular interpenetrating concentric tetrahedra 
(based on s i x  equivalent metal-metal bonds)25 to one 
of reduced Dtd symmetry. The following geometric 
features are inherent in the Fe& framework: (1) Two 
Fe-Fe bonds of length 2.650 f 0.006 A us. four non- 
bonding Fe.**Fe distances of average value 3.365 + 

(26) The probable existence of a [CbHsCrSla tetramei with this symnietri- 
cal configuration of holohedral tetrahedral symmetry (T,,) such that  each 
chromium atom obtains a closed-shell electronic configuration is in accurd 
with the  announcement by Professor E. 0. Fischer (Niinich) a t  the Second 
International Symposium on Organometa'lic Chemistry (Madison, Wi4., 
Aug 30-Sept 3, 1965) that  this compound has been prepared. lllusion to  
this cyclopentadienylchromium sulfide complex was first made by Fischer 
and co-workers ( E .  0. Fischer, K. Ulm, and H. P. Fritz, Chem. Ber., 93, 
2167 (1960)) in their paper describing the preparation and characterization 
of the corresponding oxide complex [CsHaCrOIa. Presumably this latter 
molecular complex also possesses the T d  configuration. 

0.006 -4 and two larger nonbonding S.5 distances of 
3.334 + 0.009 A vs. four smaller nonbonding S**.S 
distances of average value 2.880 * 0.007 A for the 
distorted tetrahedron of sulfur atoms. The resulting 
dihedral angle of the two FezSz fragments a t  the bond- 
ing Fe-Fe edges is 142.3 * 0.4" compared to the average 
dihedral angle of 161.0" (individual esd, 0.5") for the 
other four Fe2S2 fragments along the nonbonding Fe.*.Fe 
edges. ( 2 )  A shorter mean Fe-S bond length of 2.204 
f 0.004 A for these two identical Fe2S2 fragments con- 
taining the Fe-Fe bonds compared to the mean bond 
length of 2.250 =I= 0.006' A for the four Fe-S bonds 
linking the two FezS2 fragments to each other. These 
Fe-S bond lengths compare favorably with the mean 
lengths for the chemically equivalent Fe-S bonds found 
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Fel-Fez 
Fei . . . Fel' 
Fel . . .Fer' 
Fez. . 'Fez' 

sa. ' .sa 
Sa' ' .Sa' 
Sa ' ' , Sa' 
Sa.. .Sa' 

Fel-S8 
Fel-Sa 
Fez-Sa 
F e 2 S a  

TABLE 111 
MOLECULAR BOND LENGTHS ( A )  

WITH STANDARD DEVIATIONS" 
2.650 (6) Fel-Cs 2 . 1 8  (2) 
3.355 (16) -c3 2 . 1 2  (2) 
3.362 (9) -cr 2.09 (3) 
3.372 (9) -cs 2 . 1 2  (2) 

-Cs 2.15 (3) 
3.365 (6) (wtd av) Fez-Cio 2 . 1 2  (2) 

-c11 2.10 ( 2 )  
-ciz 2 . 2 0  (2) 3,334 (9) 

2.883 (14) -cn 2.20  (2) 
2.874 (10) - G a  2.10  (3) 

2 .14  (1) (wtd av) 2 .891  ( l a )  

CS-CS 1.49 (3) 2.880 (7) (wtd av) 

CS-CI 1.42 (3) 2.201 (9) 
CI-Cs 1.47 (3) 2,202 (8) 

2.198 (8) Cs-Cs 1.40 (3) 
2.215 (9) CB-CS 1.48 (3) 

Cio-CII 1.45 (3) 
2,204 (4) (wtd av) Cll-clz 1 .43  (3) 

Fel-Sa' 2.248 (10) 
Fez-%' 2 . 2 5 2  (11) 

2.250 (8) (wtd av) 1 .45  (1) (wtd av) 

a Standard deviations of last significant figures are given in 
parentheses. 

TABLE IV 
BOND ANGLES ( DEG) WITH STANDARD DEVIATIONS~ 

Sa-Fel- Sa 98.4  (3) 
Sa-Fez-Sa 98.1 (2) 

98.2 (2) (wtd av) 

Sa-Fel-Ss' 80.8 (4) 
&-Fez-%' 80.5 (3) 
6a-Fel-Sd 80.5 (2) 
%-Fez-Sa' 80.6 (3) 

80.6  (2) (wtd av) 

FerSa- Sa' 9 3 . 5  (3) 
Fei-Sa-S4' 93.  1 (2) 
Fez-Ss-Ss' 9 3 . 5  (2) 
Fez-Sn-Sa' 93.3 (3) 

93.3 (2) (wtd av) 

SsSa'-Sa 70.8  (2 )  
Sa-Sh'-Ss 70.7 (3) 

-I__ 

70.8  (2) (wtd av) 

Sa'-Fel-Fez 98 .8  (3) C ~ C B - C I  109.4 (2 .1)  
Sn'-Fez-Fel 9 8 . 6  (3) CSCI-CS 107.8 (2 .3)  - C7-CgCa 1 0 8 , 3  ( 2 . 1 )  

98.7 (2) (wtd av) CS-CP-CS 110.4 (2 .2)  
Cd!a-CS 1 0 4 , 1  (2 .0)  

S a F e r F e z  52 .9  (2) Cio-Cii-C!z 108.9 (2.1) 

Sli-Fe,-Fel 53 .0  (2) CirCia-Cia 105.3 ( 2 . 0 )  
Sa-Fer-Fel 52.9 (2) Cia-Ci4-C1o 112.3 (2 .  1) 

Sa-Fel-Fez 53 .4  (2) cll-c12-c13 110.0 (2.1) 

Cia-Cio-CIi 103.3 (2 .  1) -- 
53.0 (1) (wtd av) 

108.0 (8) (wtd av) 
Fel-Ss-Fea 74.1 (2) 
Fel-&-Fez 73.7 (2) 

73.9 (2) (wtd av) 

Fel-Sz-Fel' 97 .9  (4) 
Fel-&-Fez' 98 .0  (3) 
FerSs-Fel' 98.2 (3) 
Fez-Sa-Fez' 98 .0  (3) 

98 .0  (2) (wtd av) 

a Standard deviations of last significant figures are given in 
parentheses. 

in [C2Hk3Fe(C0)3]z (2.26 A),26 [CzH6SFe(N0)2]z (2.27 
A),27 CsFe&(N0)7.HZ0 (2.25 and 2.20 A),28 [SFe- 
(CO),]z (2.23 A),1° and [SzFe,(CO)g] [SzFez(CO)6] (2.23 
and 2.22 A).11 (3) A larger average S-Fe-S angle of 
98.2 f 0.2" and a smaller average Fe-S-Fe angle of 
73.9 + 0.2" for the two identical Fe2S2 fragments com- 
pared to the average value of 80.6 i 0.3" for the other 
S-Fe-S angles and the average value of 98.0 f 0.2" 

(26) L. F. Dah1 and C. H. Wei, Inovg. Chem., 2, 328 (1963). 
(27 J. T. Thomas, J. H. Robertson, and E. G. Cox, Acta Cvyst., 11, 599 

(1958). 
(28) G. Johansson and W. N. Lipscomb, zbid., 11, 594 (1958). 

TABLE V 
EQUATION OF MOLECULAR PLANE AND DISTANCES (A) 

OF ATOMS PROM THESE PLANES@ 

Plane through Fel, Fez, and Midpoint of Fel'-Fcz' (a) 
0.318X - 0,708Y - 0.6312 + 1.345 = 0 

S3 0.002 C9 0 30 c12 -0.29 
Sa' - 0.006 (2.5 1 .26 c11 1.02 
Sa -1.662 c.3 -1.01 c 1 3  -1.28 
S4 1,672 c6 0.40 ClO 0.91 

CT -0.96 c14 -0.55 

(b)  Plane through Fel', Fez' and Midpoint of Fel-Fez 
0.318X + 0.708Y - 0.6312 - i . 0 4 7  = 0 

-0.002 c9 1.75  C12 -1.75 
0.006 cs 2.06 C1J -2.46 
1.662 c7 3.07 e14 -3 29 

-1.672 Cfi 3.37 ClO -3.13 
cs 2.54 Cll -2.09 

(c) Plane through Cs, Cg, C7, Cg, and Cg 
-0.398X + 0 532Y - 0.7482 + 0.Q77 = 0 
-0 00 c7 -0.00 c9 0.00 

0.00 C8 0.00 Fel -1.74 

(d) 

-0.02 c12 -0.20 c14 0.01 
0.03 c13 0.01 -2 1.75 

Plane through Sa, S?'. and Sa 

Plane through C ~ O ,  C I ~ ,  '212,  c13, and Ci4 
0,842X + 0.524Y - 0.1302 - 3 987 = 0 

(e) 
-0.407X + 0.500Y - 0.i64Z + 4.259 = 0 

3.11 Fet 1.33  
3 .07  Fez -0.53 
3.03 Sa -2.35 
3.06 Fci' -1.57 

Fez' - 1.58 3.11 

( f )  Plane through Sa, Sa, and Sq' 
0.858X + 0.499Y - 0,1212 - 7.186 = 0 

-3.08 Fez -1.34 
-3.07 Fe1 0 .53  
-3.16 53 2.35  
-3.11 Fel' 1.58 
-3.07 Fez' 1.58 

a The equation of each plane is expressed in orthogonal co- 
ordinates x, Y, and Z,  which are related to  the monoclinic cell 
coordinates by the transformation X = ax + cz cos p ,  Y = by ,  
and Z = cz sin p. 

for the other Fe-S-Fe angles. Hence, the Fe-Fe 
bonds in the two identical Fe&z fragments are respons- 
ible for the resulting molecular geometry with the 
sharp Fe-S-Fe bridge angles of 74" (av). Similar 
remarkably acute Fe-S-Fe angles for the symmetrical 
electron-pair bridge bonds in [CZH&Fe(CO)s]z (68" 
(av)) , 26 CsFe&( N 0) 7' - 
HzO (75" (av)),28 [SFe(CO)s]z (70" (av)),lO [SzFe3 
(CO)e][S2Fez(CO)~] (71" (av) and 70')" also are the 
result of strong Fe-Fe bonds which in these complexes 
vary in average length from 2.55 to 2.72 A. 

The equivalence both the carbon-carbon bond lengths 
in the cyclopentadienyl rings and of the (cyclopenta- 
dienyl carbon)-iron distances within their standard 
deviations (Table 111) is consistent with a uniform de- 
localized bonding of each ring with its iron atom. The 
least-squares plane through each of the cyclopentadi- 
enyl rings (Table V, (c) and (d)) show that the ring 
atoms do not deviate significantly from coplanarity. 
No evidence of unusual cyclopentadienyl ring libration 

[ C2H&3Fe (NO) 212 (74 ") , 27 
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t b )  
Figure 2.-Projections of the molecule down the three orthog- 

onal symmetry directions corresponding to the tetragonal point 
group Dd2 (based on cylindrical symmetry for the cyclopenta- 
dienyl rings). The direction of the crystallogrephic twofold axis 
is indicated for each of the three views. (a) Projection down the 
principal molecular Sa-% axis which contains tffo vertical Ud 

mirror planes a t  right angles to each other. (b)  Projection down 
one of the two symmetry-related molecular CZ-2 axes. (c) Pro- 
jection down the other symmetry-related molecular CZ-2 axis 
which is crystallographically required. 

is indicated from the three-dimensional Fourier and 
electron-density difference maps or from the isotropic 
atomic thermal parameters listed in Table I. The per- 
pendicular distances from the iron atoms to the mean 
plane of their cyclopentadienyl carbon rings (Table V, 
(c) and (d)) are 1.74, and 1.75 A ;  the average value of 
1.75 A is similar to the corresponding perpendicular 
Fe-(cyclopentadienyl ring) distance in [C5H~Fe(C0)2]2 
(1.74 A),29 (C6H5C2C02CH3)3COFe(C0)2: (1.71 A),30 
and [CaHL!H2Fe(C0)4]Fe(CO)~ (1.67 A4),31 but appears 
significantly longer than the correspond ng perpendicu- 
lar distance in ferrocene (1.66 A) ,32 dibenzoylferrocene 
(1.66 A),33 a-keto-1,l'-trimethyleneferrocene (1.64 A) , 3 4  

and 1,l'-tetramethyleneferrocene (1.64 A). 35 These 
differences may be interpreted in terms of a weaker 
(cyclopentadienyl ring)-iron interaction for complexes 
with only one cyclopentadienyl ring coordinated to an 
iron compared to that for complexes with two cyclo- 
pentadienyl rings bonded to an iron. 

The packing of the four molecules in the unit cell as 
viewed along the b axis is shown in Figure 3. The short- 

(29) 0. s. Mills, Acta Cyvst., 11, 620 (1958). 
(30) L. F. Dahl, R. J. Doedens, W. Huhel, and J. Nielsen, J. Am. Ciiem. 

Soc., 88, 446 (1966). 
(31) J. Meunier-Piret, P. Piret, and M. Van Meerssche, Acta Cvyst., 19, 85 

(1965). 
(32) J. D. Dunitz, L. E. Orgel, and A. Rich, {bid., 9, 373 (1956). 
(33) Y. T. Struchkov, and T. L. Khotosyanova, Kvzstailogva/ia, 2, 382 

(34) N. D. Jones, R. E. Marsh, and J. H. Richards, Acta Cyyst., 19, 330 

(35) M. B. Laing and K. N. Trueblood, ibid., 19, 373 (1965). 

(1957). 

(1965). 

Figure 3.-Molecular packing in the unit cell viewed down the 
[0 101 direction, 

est intermolecular C.**C distances of 3.6 A and C*..S 
distances of 3.8 A do not indicate any abnormal 
CH...HC and CH...S interactions other than the usual 
van der Waals forces. 

The coordination about each of the two crystallo- 
graphically independent iron atoms projected down a 
line perpendicular to its cyclopentadienyl ring is given 
in Figure 4. It is noteworthy that for each iron atom 
the ring of cyclopentadienyl carbon atoms is parallel 
within 2" =t 10' to the plane through the three sulfur 
ligands (Table V, (e) and (f)) .  The localized environ- 
ment of the one cyclopentadienyl ring, one iron, and 
three sulfur ligands about each iron atom is not unlike 
that observed for each metal atom in [CjH5Mo(COs) 
C ~ H S N ~ ( C O ) ~ ,  37 and [ ( C ~ H J ~ M O Z H  { P(CH3)2 1 (CO)?]. 38 

However, a symmetrical distortion in [C5H5FeS]4 due to 
the coordination of the iron ligand to two of the three 
sulfur ligands results in two sets of ligand-metal-ligand 
angles of 80.6" (av) and 53.1" (av) (see Figure 4) rather 
than the corresponding angles of approximately 76" 
found for the four nonbonding ligands in each of the 
above-mentioned complexes. With the assumption 
that the cyclopentadienyl groups occupy three coordi- 
nation sites, the bonding of these complexes has been 
interpreted in terms of a seven-coordinated metal. 
The three normally 0-type metal orhitals directed to- 
ward the metal-coordinated cyclopentadienyl ring can 
be delocalized under assumed local symmetry into one 

(36) F. C. Wilson and D. P. Shoemaker, J .  Chem. Phys. ,  27, 8OY (1Y57). 
(37) H. W. Baird and L. F. Dahl, to  be published. 
(38) R. J. Doedens and L. F. Dahl, J. Ana. Cheni. Soc., 87, 2576 (1965). 
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Figure 4.-Localized environment about each of the two crystallographically independent iron atoms of [CsH,FeS] 4 projected along 
The essentially identical orientation of the cyclopentadienyl ring relative t o  the other iron 

The close conformity of the molecular parameters for the iron-sulfur frame- 
the normal of the cyclopentadienyl ring. 
and three sulfur ligands is shown for both Fei and Fez. 
work to  the vertical Ud mirror plane is seen. 

orbital of al symmetry and one pair of e symmetry which 
interact by direct overlap with the appropriate orbitals 
of equivalent symmetry belonging to the cyclopenta- 
dienyl ring. Under this simplified perfect-pairing 
bonding description the resulting bonding MO’s con- 
tain the three pairs of electrons. 

Since submission of our paper, we have received a 
preprint from Drs. R. A. Schunn, C. J. Fritchie, Jr., 
and C. T. Prewitt [Inorg. Chem., 5 ,  892 (1966)] on the 
crystal structure of another crystal modification of 
[CbH,FeS]4. We are indebted to them for making 
their results available to us prior to publication in 
order to allow a detailed comparison of their structure 
of the orthorhombic phase with our structure of the 
monoclinic phase. Schunn, Fritchie, and Prewitt 
isolated and characterized by X-ray diffraction both the 
monoclinic and orthorhombic phases of [CjH5FeS],, 
but they carried out a complete structural analysis of 
only the orthorhombic phase. We isolated and char- 
acterized by a complete structure determination only 
the monoclinic phase. A comparison of their mono- 
clinic crystal data with ours shows all three corre- 
sponding lattice lengths and the @ angle to agree very 
well within 0.5 of our estimated uncertainties. 

A comparison of the two sets of molecular parame- 
ters is informative. Although the molecular packing is 
different for the two phases, the corresponding bond 
lengths are amazingly similar, as can be seen from the 
tabulation of the “best values” of these parameters 
based on Dnd-T2m symmetry in which each cyclopenta- 
dienyl ring is assumed to possess cylindrical symmetry 
(Table VI). In the monoclinic crystal modification one 
of the two symmetry-related molecular twofold axes is 

TABLE VI 
BOVD LENGTHS (A)  

Monoclinic 

Fe-Fe 2 650 i 0 006 2 618 i 0 002 631 

Fe-S 2 204i 0 004 2 2 0 6 i O  002 
2 250 i 0 008 2 256 i 0 003 

Fe-CsFs (ring center) 1 74 and 1 75 1 757 =t 0 005 

phase Orthoihombic phase 

2 644 i 0 002)  

crystallographically required, while in the orthorhombic 
crystal form one of the two vertical Ud mirror planes is 
crystallographically demanded. The significant devia- 
tion of the two cyclopentadienyl carbon atoms of the 
two crystallographically independent rings from an 
idealized vertical mirror plane in the monoclinic phase 
of [CsHbFeSld is indicated in Figures 2 (a) and 4. In 
contrast, each molecule of the orthorhombic phase has 
two cyclopentadienyl rings bisected by a mirror plane 
of Pnam with the other two rings being mirror images 
of each other. 

The excellent agreement of the molecular parameters 
for the two phases indicates that “good” photographic 
data can yield under proper treatment significant 
structural results which compare favorably with the 
generally more precise results obtained from “good” 
counter data. 
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