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Finally, we may note that the present complex readily 
decomposes in solution forming (n-C5Hs)2Fe2(C0)3(S02); 

(22) M. R. Churchill and K. L. Kalra, Inorg. Chem., 12, 1650 an X-ray crystallographic characterization of this new spe- 
cies is currently in progress.“ (1973). 
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cis-p-Carbonyl-p-(sulfur dioxide)-bis(r-cyclopentadienylcarbonyliron), cis-(n-C, HS), Fe, (CO) (SO,), crystallizes in the cen- 
trosymmetric orthorhombic space group Pbca [D2h1’; No. 611 with a = 22.461 (3), b = 11.470 ( 2 ) ,  and c = 21.415 (3) A. 
The measured and calculated densities are respectively 1.865 (10) and 1.878 g cm” for 2 = 16. The asymmetric unit con- 
tains two (n-C, H,),Fe,(CO),(SO,) molecules. Single-crystal X-ray diffraction data complete to 20 = 46.5” (Mo Ka radia- 
tion) were collected with a Picker FACS-1 diffractometer, and the structure was solved by means of conventional Patterson 
and Fourier techniques. Least-squares refinement of atomic positional and thermal parameters, with hydrogen atoms in- 
cluded in calculated positions, converged with RF = 5.18% and R,F = 3.68% for 3975 independent reflections. The two 
independent molecules have essentially identical conformations, each consisting of two ( r -Cs  H,)Fe(CO) units linked by a 
direct iron-iron bond which is bridged symmetrically by a carbonyl and a sulfur dioxide ligand. The molecule has an over- 
all cis geometry. 

Introduction 

which sulfur dioxide acts as a bridge between two (or more) 
metal atoms and we have reported the crystal structure of 
[(n-CSH5)Fe(C0)2]2(S02)1,2 in which the two iron atoms 
are bridged only by a sulfur dioxide ligand (as shown in I). 

We have recently become interested in molecular species in 
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A by-product in the synthesis of [(n-C,H5)Fe(CO)2]2(S02) 
is (n-CSH5)2Fe2(CO)3(S0,);2 this new molecule also results 
from the decomposition of [(n-CsHs)Fe(CO)2]z(S02). The 
present article concerns the crystallographic characterization 
of (n-CSHS)2Fe2(C0)3(S02). 

It may be noted that the results of X-ray diffraction studies 
have been reported for at least one other species in which 
sulfur dioxide bridges two metal atoms; the molecular struc- 
ture of Fe2(C0)8(S02) (11) has been examined, independent- 
ly, by two research groups.394 

(1) Part I V :  

(2) M. R. Churchill, B. G. DeBoer, K. L. Kalra, P. Reich-Rohnvig, 

(3) J. Meunier-Piret, P. Piret, and M. van Meerssche, Bull. SOC. 

M. R. Churchill, B. G. DeBoer, and K. L. Kalra, 
Inorg. Chem., 12, 1646 (1973).  

and A. Wojcicki, J. Chem. SOC., Chem. Commun., 981 (1972).  

Chim. Belg., 76,  314 (1967). 

I1 

Collection and Reduction of X-Ray Diffraction Data 

A. Wojcicki of The Ohio State University. Preliminary optical 
examination showed beautifully formed red octahedra (presumably 
with well-developed {Ill} faces). However. these faces had a 
“matte” appearance, rather than being lustrous. Upon poking with 
a needle the “crystals” crumbled to powder, indicating that the origi- 
nal material has decomposed at some stage. Careful microexcavation 
of the rubble formed from some of the larger “crystals” did, however, 
lead to our obtaining some more-or-less eilipsoidal single crystals, the 
surfaces of which closely resembled that of a well-dried prune. 
Discussions with Professor Wojcicki indicated that the method of 
production of this material had not yet been optimized, that its 
stability in solution was uncertain, and that recrystallization was not 
recommended. 

A single-crystal X-ray diffraction study was therefore undertaken 
on a highly nonideal “prune-shaped’’ crystal of length -0.3 mm and 
maximum radius -0.1 mm. 

Preliminary examination of the crystal was carried out using 
precession and cone-axis photographs, thereby demonstrating the 
D,, h u e  symmetry of the diffraction pattern, obtaining approxi- 
mate cell dimensions, and revealing the systematic absences Okl for 
k = 2n + 1, ,401 for 1 = 2n + 1, and hkO for h = 2n + 1, consistent 
only with the centrosymmetric orthorhombic space group Pbca 

A sample of (n-C,H,),Fe,(CO),(SO,) was provided by Professor 

(&hl’; NO. 61). 

(4) R. F. Bryan and P. T. Greene, to be submitted for publica 
tion. 
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Data were inspected for evidence of extinction. No systematic 
pattern is discernible but it may be noted that disagreement for the 
“strongest” reflection (212) is quite large, with IFo I= 911 and 
lFcl = 999 units (1 unit = 0.7289 electron; see ref 12 for the where- 
abouts of the table of structure factor amplitudes). 

Positional and isotropic thermal parameters are listed in Table I ;  
ariisotropic thermal parameters are collected in Table 11. 

The Molecular Structure 
Interatomic distances are shown in Table 111, while bond 

angles are given in Table IV. The labeling of atoms for 
molecule A is shown in Figure 1 and for molecule B is shown 
in Figure 2. It can easily be seen that the stereochemistry 
of the two molecules which define the asymmetric unit is 
closely similar and varies significantly only in the rotational 
orientation of the T-cyclopentadienyl rings about their 
Fee . C p  axes (Cp is defined as the centroid of the T-cyclo- 
pentadienyl ligand). This effect is most noticeable for the 
system Cl-C2-C3-C4-C5 in the two molecules. Other 
features, except the magnitudes and, occasionally, orienta- 
tion, of the atomic thermal vibration ellipsoids, seem to be 
constant from one molecule to the other. 

The molecule is in a cis configuration (ie.,  may formally 
be represented by 111, rather than IV). It is possible, how- 

111 IV 

ever, that the trans isomer (IV) could exist, since the related 
species ( T - C ~ H ~ ) ~ F ~ ~ ( C O ) ~  has been isolated in both cis (V)13 
and trans (VI)14 forms. The species VII, with no bridging 

V VI 

u u  
VI1 VI11 

ligands, has been proposed’’ as an intermediate in the equili- 
bration of V and VI, and so, presumably, an isomer of (T- 
CSH,)2Fe2(C0)3(S02) with structure VI11 is not impossible. 
We may note, at this point, that S-bonded sulfur dioxide 

(12) A table of observed and calculated structure factor amplitudes 
will appear following these pages in the microfilm edition of this 
volume of the journal. Single copies may be obtained from the 
Business Operations Office, Books and Journals Division, American 
Chemical Society, 1 1 5 5  Sixteenth St., N.W., Washington, D. C. 20036. 
Remit check or money order for $3.00  or $2.00  for microfiche, 
referring to code number INORG-73-1650. 

J. Chem. SOC. A ,  3068 (1970).  

The basic molecular geometry of this isomer had been determined 
many years earlier: 

(13) R. F. Bryan, P. T. Greene, M. J .  Newlands, and D. S. Field, 

(14) R. F. Bryan and P. T. Greene, J. Chem. SOC. A ,  3064 (1970). 

0. S. Mills, Acre Crystallog?‘., 1 1 ,  6 2 0  (1958). 
(15) A. R. Manning, J. Chem. SOC. A ,  1319 (1968). 
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Table I. Final Positionaln and Isotropic Thermal Parameted for 
c i s - ( ~ - C g H I ) a F e l ( C 0 ) 3 ( S 0 a ) ,  with Esd’s‘ 

Atom X Y z B, A2 

( P  ) Atoms in Molecule A 
Fel 0.175658 (22) 0.142810 (44) 0.189852 (25) 2.28 
Fe2 0.071169 (23) 0.199102 (44) 0.232079 (24) 2.27 
S 0.090105 (40) 0.073268 (85) 0.158226 (47) 2.58 
0 1  0.07096 (11) 0.10673 (25) 0.09518 (12) 3.94 

011 0.16611 (13) 0.36602 (24) 0.25300 (16) 4.94 
0 1 2  0.18386 (14) 0.28811 (27) 0.07902 (16) 5.30 
0 1 3  0.04071 (14) 0.37909 (25) 0.14250 (16) 4.88 
C1 0.24753 (21) 0.14105 (43) 0.25434 (24) 4.80 
C2 0.26822 (18) 0.12734 (40) 0.19344 (27) 4.72 
C3 0.24360 (21) 0.02739 (41) 0.16742 (22) 4.43 

C5 0.20951 (21) 0.04661 (47) 0.26639 (23) 5.02 
C6 0.07387 (18) 0.18171 (39) 0.33082 (19) 3.72 
C7 0.03242 (19) 0.26732 (34) 0.31406 (19) 3.71 

C9 0.00260 (18) 0.09663 (35) 0.27048 (20) 3.62 
C10 0.05593 (19) 0.07508 (33) 0.30305 (20) 3.62 
C11 0.14741 (17) 0.27824 (33) 0.23394 (19) 2.98 
C12 0.17976 (16) 0.23044 (34) 0.12251 (20) 3.10 
C13 0.05172 (17) 0.30656 (34) 0.17701 (19) 3.10 
H1 0.2572 0.2022 0.2825 5.6 
H2 0.2948 0.1789 0.1727 5.6 
H3 0.2502 -0.0019 0.1265 5.6 
H4 0.1854 -0.0933 0.2087 5.6 
H5 0.1890 0.0330 0.3045 5.6 
H6 0.1082 0.1933 0.3561 4.4 
H7 0.0338 0.3471 0.3260 4.4 
H8 -0.0449 0.2527 0.2591 4.4 
H9 -0.0198 0.0406 0.2478 4.4 
H10 0.0759 0.0023 0.3062 4.4 

(B) Atoms in Molecule B 
F e l  0.375578 (24) 0.306568 (49) 0.490708 (25) 2.79 
Fe2 0.344602 (22) 0.116986 (43) 0.434239 (25) 2.28 
S 0.353588 (45) 0.288948 (82) 0.392529 (44) 2.69 
01 0.29787 (13) 0.34402 (24) 0.37193 (14) 4.21 
0 2  0.40214 (12) 0.30368 (23) 0.34791 (12) 4.05 
011 0.32680 (13) 0.12357 (25) 0.56899 (14) 4.49 
0 1 2  0.26283 (15) 0.41762 (29) 0.51846 (16) 5.56 
0 1 3  0.21573 (12) 0.13615 (27) 0.42846 (16) 5.03 
C1 0.41982 (22) 0.45280 (46) 0.52352 (29) 5.70 
C2 0.45166 (21) 0.40747 (44) 0.47240 (25) 4.92 
C3 0.46983 (18) 0.29419 (46) 0.48751 (23) 4.81 
C4 0.44976 (21) 0.26925 (50) 0.54925 (27) 5.65 
C5 0.41897 (22) 0.36611 (58) 0.57084 (26) 6.29 
C6 0.41663 (20) 0.00283 (42) 0.45338 (26) 4.77 
C7 0.42469 (17) 0.05504 (35) 0.39518 (22) 3.80 
C8 0.37664 (19) 0.02437 (34) 0.35678 (20) 3.62 

0 2  0.07649 (12) -0.04859 (21) 0.17314 (15) 4.18 

C4 0.20768 (21) -0.02341 (36) 0.21339 (28) 4.93 

C8 -0.01134 (17) 0.21468 (35) 0.27686 (20) 3.59 

C9 0.33849 (19) -0.04711 (36) 0.39337 (26) 4.50 
C10 0.36394 (23) -0.06032 (36) 0.45213 (25) 4.72 
C11 0.34115 (16) 0.16083 (35) 0.52070 (20) 2.99 
C12 0.30640 (21) 0.37365 (35) 0.50641 (20) 3.61 
C13 0.26633 (17) 0.12946 (31) 0.43146 (19) 3.06 
H1 0.4022 0.5280 0.5257 6.2 
H2 0.4593 0.4467 0.4342 6.2 
H3 0.4919 0.2436 0.4612 6.2 
H4 0.4559 0.1990 0.5719 6.2 
H5 0.4007 0.3726 0.6107 6.2 
H6 0.4428 0.0092 0.4881 5.1 
H7 0.4572 0.1031 0.3832 5.1 
H8 0.3707 0.0476 0.3146 5.1 
H9 0.3020 -0.0808 0.3799 5.1 
H10 0.3479 -0.1045 0.4857 5.1 

a Hydrogen atoms are in calculated positions with C-H = 0.95 A 
(cf: ref 9). b “Equivalent” isotropic thermal parameters, listed for 
nonhydrogen atoms, correspond to the average of the mean-square 
displacements along the principal axes of the anisotropic atomic 
vibration ellipsoid. C Estimated standard deviations (esd’s), shown 
in parentheses, are right-adjusted to the least significant digit of the 
preceding number. 

resembles carbon monoxide in its coordination properties 
and that species with terminal SO2 ligands have been synthe- 
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Table 11. Anisotropic Thermal Parametersapb for Nonhydrogen Atoms in the Two Independent cis-(a-C,H,),Fe,(CO),(SO,) Molecules 
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Atom Bll B,, B33 B,, B13 4 3  (U)C 

Fel  
Fe2 
S 
0 1  
0 2  
011 
0 1 2  
0 1 3  
c1 
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c 1 0  
c 1 1  
c12 
C13 

Fel 
Fe2 
S 
0 1  
0 2  
011 
0 1 2  
0 1 3  
c 1  
c 2  
c 3  
c 4  
c 5  
C6 
c 7  
C8 
c 9  
c10  
c11 
c12  
C13 

2.08 (2) 
2.29 (2) 
2.13 (4) 
3.29 (12) 
4.17 (14) 
4.74 (16) 
5.79 (18) 
5.55 (17) 
3.90 (21) 
2.11 (19) 
4.05 (22) 
4.20 (23) 
4.16 (23) 
3.26 (19) 
4.38 (21) 
2.68 (18) 
3.49 (20) 
4.80 (23) 
2.70 (17) 
2.52 (17) 
2.75 (18) 

2.53 (2) 
1.90 (2) 
3.25 (4) 
4.51 (14) 
4.86 (14) 
5.05 (16) 
4.86 (17) 
2.08 (13) 
4.83 (24) 
3.80 (22) 
2.32 (20) 
3.55 (22) 
4.46 (25) 
3.43 (22) 
2.90 (20) 
4.16 (21) 
3.28 (21) 
6.14 (28) 
2.16 (17) 
4.53 (22) 
2.64 (18) 

2.61 (2) 
2.30 (2) 
2.93 (4) 
6.00 (16) 
2.70 (12) 
4.15 (15) 
5.80 (18) 
4.24 (15) 
5.57 (28) 
5.63 (27) 
4.77 (24) 
2.75 (20) 
6.92 (29) 
5.30 (24) 
3.76 (20) 
4.40 (22) 
3.83 (20) 
2.88 (10) 
3.23 (19) 
3.45 (19) 
3.33 (18) 

3.44 (3) 
2.54 (2) 
2.71 (4) 
4.19 (14) 
4.32 (14) 
5.55 (17) 
6.08 (17) 
6.63 (19) 
5.75 (28) 
5.05 (25) 
6.94 (30) 
7.91 (33) 

10.34 (42) 
5.05 (25) 
3.46 (20) 
3.28 (19) 
2.88 (20) 
2.69 (19) 
3.95 (19) 
3.49 (20) 
3.24 (19) 

2.15 (2) 
2.22 (2) 
2.66 (4) 
2.54 (13) 
5.66 (19) 
5.93 (18) 
4.30 (17) 
4.84 (17) 
4.92 (24) 
6.43 (32) 
4.47 (23) 
7.85 (36) 
3.98 (23) 
2.60 (19) 
2.99 (19) 
3.70 (20) 
3.56 (21) 
3.18 (21) 
3.01 (18) 
3.32 (19) 
3.22 (19) 

2.41 (2) 
2.39 (2) 
2.11 (4) 
3.91 (15) 
2.95 (13) 
2.87 (14) 
5.75 (19) 
6.37 (19) 
6.50 (33) 
5.91 (30) 
5.18 (27) 
5.50 (29) 
4.06 (27) 
5.83 (29) 
5.03 (26) 
3.40 (20) 
7.36 (32) 
5.33 (29) 
2.87 (19) 
2.82 (20) 
3.30 (19) 

I. Molecule A 
0.05 (2) 
0.05 (2) 

-0.22 (3) 
0.33 (12) 

-0.98 (11) 
-1.79 (13) 
-0.22 (14) 

1.20 (13) 
1.48 (22) 
0.54 (18) 
2.48 (20) 
1.08 (17) 
2.29 (23) 

-0.68 (18) 
0.11 (17) 
0.62 (16) 

0.40 (17) 

0.03 (15) 
0.24 (15) 

11. Molecule B 

-1.32 (16) 

-0.32 (15) 

-0.51 (2) 
-0.03 (2) 
-0.52 (4) 

-1.49 (12) 
-0.13 (13) 

0.97 (12) 

2.54 (15) 
0.04 (12) 

-1.97 (20) 
-2.19 (20) 
-1.44 (19) 
-1.15 (23) 
-2.65 (27) 

2.26 (19) 
0.13 (16) 
0.50 (17) 

1.26 (19) 
0.21 (15) 

-0.26 (16) 

-0.19 (18) 
-0.46 (15) 

-0.04 (2) 
0.37 (2) 
0.11 (3) 

-0.68 (10) 
0.80 (12) 
1.77 (14) 
0.95 (14) 
0.09 (14) 

-1.91 (20) 
-0.44 (19) 
-0.41 (20) 
-1.77 (23) 
-0.01 (19) 

0.22 (16) 
1.69 (17) 
1.27 (16) 
0.95 (17) 
1.58 (18) 
0.54 (15) 
0.28 (15) 
0.54 (15) 

-0.11 (2) 
-0.05 (2) 

0.02 (4) 
-1.15 (12) 

1.10 (12) 
0.39 (12) 
1.04 (15) 

-0.46 (13) 
0.35 (24) 
0.10 (20) 

-0.59 (18) 
-2.44 (22) 
-0.22 (21) 
-0.80 (19) 

0.83 (16) 
0.70 (18) 
0.29 (21) 
1.80 (25) 

0.18 (17) 
-0.19 (14) 

-0.27 (15) 

-0.16 (2) 

-0.62 (4) 
-0.77 (11) 
-0.93 (12) 
-2.51 (14) 

0.13 (2) 

1.91 (15) 
1.76 (13) 

0.34 (25) 

0.95 (22) 
2.47 (23) 
0.37 (18) 

0.77 (17) 
0.34 (17) 
0.89 (16) 

-1.13 (23) 

-0.87 (21) 

-0.25 (17) 

-0.46 (16) 
-0.24 (17) 
-0.08 (17) 

-0.53 (2) 
0.04 (2) 
0.27 (3) 
0.79 (12) 
0.25 (11) 
1.28 (13) 

-0.27 (16) 
-0.07 (16) 
-3.47 (26) 
-1.39 (23) 
-1.47 (24) 
-0.56 (27) 
-3.25 (29) 
-0.68 (22) 
-0.78 (19) 
-0.62 (16) 
-1.97 (21) 

0.93 (19) 
0.42 (16) 

0.05 (16) 
-0.31 (16) 

(0.18, 0.16, 0.16) 
(0.18, 0.17, 0.15) 
(0.21, 0.17,0.16) 
(0.28, 0.21,0.16) 
(0.29, 0.22, 0.16) 
(0.34, 0.21, 0.17) 
(0.30, 0.27, 0.18) 
(0.30, 0.26, 0.18) 
(0.31, 0.23, 0.17) 
(0.29, 0.27,0.16) 
(0.30, 0.23,0.15) 
(0.33, 0.24, 0.15) 
(0.34, 0.23, 0.15) 
(0.26, 0.20, 0.17) 
(0.26, 0.22, 0.15) 
(0.26, 0.21, 0.15) 
(0.25, 0.22,0.15) 
(0.27, 0.19, 0.15) 
(0.22, 0.19, 0.17) 
(0.21, 0.20, 0.17) 
(0.21, 0.21, 0.17) 

(0.22, 0.18, 0.16) 
(0.18, 0.17, 0.15) 
(0.21, 0.18, 0.16) 
(0.26,0.25, 0.17) 
(0.28, 0.22, 0.16) 
(0.28, 0.25, 0.17) 
(0.32, 0.27, 0.18) 
(0.29, 0.28,0.16) 
(0.36, 0.25, 0.16) 
(0.31, 0.26, 0.16) 
(0.31, 0.25, 0.14) 
(0.32, 0.30,0.14) 
(0.39, 0.24, 0.16) 
(0.30, 0.26, 0.15) 
(0.26, 0.20, 0.18) 
(0.24, 0.22, 0.17) 
(0.32, 0.20, 0.16) 
(0.32, 0.22, 0.17) 
(0.23, 0.19,0.16) 
(0.24, 0.21,0.18) 
(0.21, 0.20, 0.17) 

a In units of A' and in the same form as the normal isotropic thermal parameter. These coefficients enter the equation for the calculated 
structure factor in the form e~p[-0.25(B,,h~u*~ + B,,k2b*' + B3,12c*2 + 2Bl,hku*b* + 2Bl,hlu*c* + 2B,,klb*c*)]. b Estimated standard 
deviations are derived from the inverse of the final least-squares matrices. C These are the root-mean-square amplitudes of vibration (in A) 
along the three principal axes of the atomic vibrations ellipsoids. For orientations, see Figures 1 and 2. 

C 

Figure 1. Labeling of atoms in molecule A. This diagram shows 
the 50% probability envelopes for the vibration ellipsoids of non- 
hydrogen atoms. Hydrogen atoms are omitted from this diagram for 
the sake of clarity. 

sized and some of them characterized via X-ray diffraction 
techniques, e.g., [Ru(NH~)~(SO~)C~']  (IX),I6 Ir(PPh3)2C1- 
(CO)(SO,) (X)," and Rh(PPh3)2C1(CO)(S02) (XI)." 

(16) L.  H.  Vogt, J .  L. Katz, and S. E. Wiberley, Inorg. Chem., 4, 
1157 (1965).  

IX 

X XI 

Within the diamagnetic C~~-(T-C~H~)~F~~(CO)~(SO~) 
molecule each iron atom may be formally assigned an oxida- 
tion number of $1 (Le., d7 outer electronic configuration); 
the appropriate 18-electron ("noble gas") configuration is 

(17) S. J .  La Placa and J .  A. Ibers, Inorg. Chem., 5 ,  405 (1966). 
(18) K. W. Muir and J .  A. Ibers, Inorg. Chem., 8, 1921 (1969). 
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Table 111. Interatomic Distances (A) for cis-(n-C, H,),Fe,(CO),(SO,), 
with Estimated Standard Deviationsa 

Atoms Molecule A Molecule B 

(A) Distances from Iron Atoms 
Fe 1 -Fe2 2.597 (1) 2.584 (1) 
Fel-S 2.187 (1) 2.169 (1) 
Fe2-S 2.181 (1) 2.175 (1) 
Fel-C11 1.925 (4) 1.951 (4) 
Fe2-Cll 1.939 (4) 1.920 (4) 
Fe l .  . C p l b  1.734 (1) 1.728 (1) 
Fe2. . CpZb 1.737 (1) 1.735 (1) 
Fel-C1 2.125 (4) 2.072 (4) 
Fel-C2 2.088 (4) 2.101 (4) 
Fel-C3 2.077 (4) 2.t-23 (4) 
Fel-C4 2.099 (4) 2.129 (5) 
Fel-C5 2.117 (4) 2.088 (5) 
Fe2-C6 2.125 (4) 2.121 (4) 
Fe2-C7 2.110 (4) 2.107 (4) 
Fe2-C8 2.094 (4) 2.097 (4) 
Fe2-C9 2.105 (4) 2.080 (4) 
Fe2-ClO 2.110 (4) 2.115 (4) 
Fe 1-C 12 1.760 (4) 1.766 (5) 
Fe2-Cl3 1.761 (4) 1.765 (4) 

(B) Distances from Sulfur Atoms 
s-0 1 1.470 (3) 1.470 (3) 
s-02 1.466 (3) 1.460 (3) 

(C) Distances within Carbonyl Ligands 
C l l -011  1.165 (4) 1.165 (5) 
c12-0 12 1.146 (5) 1.131 (5) 
C13-013 1.140 (5) 1.141 (4) 

(D) Distances within n-Cyclopentadienyl Rings 
C1-C2 1.394 (7) 1.407 (7) 
C2-C3 1.390 (6) 1.400 (7) 
c3-c4 1.400 (6) 1.426 (7) 
c4-c5 1.391 (7) 1.388 (8) 
C5-C1 1.403 (7) 1.420 (8) 
C6-C7 1.400 (6) 1.395 (6) 
C7-C8 1.402 (6) 1.402 (6) 
C8-C9 1.397 (5) 1.422 (6) 
c9-c10 1.408 (6) 1.390 (7) 
ClO-C6 1.419 (6) 1.388 (6) 

Q Distances are not corrected for thermal motion. Esd’s include 
errors in the unit cell parameters and the effect of all positional 
correlation factors of magnitude >0.10. b Cpl is the centroid of the 
ring Cl-C2-C3-C4-C5, and Cp2 is the centroid of the ring C6-C7- 
C8-C9-C10. 

Figure 2. Labeling of atoms in molecule B, showing 50% probability 
envelopes for the vibration ellipsoids of nonhydrogen atoms. 

then achieved by the donation of six electrons from a n- 
cyclopentadienyl anion, two electrons from a terminal car- 
bonyl group, and one electron each from a bridging carbonyl 
ligand, a bridging sulfur dioxide ligand, and the other iron 
atom. 

(4) to 2.125 (4) and 2.094 (4) to 2.125 (4) 8 for the two 
rings in molecule A and from 2.072 (4) to 2.129 (5) and 

The Fe-C(n-cyclopentadienyl) distances range from 2.077 

Table IV. Interatomic Angles (deg) for cis-(n-C,H,),Fe,(CO),(SO,) 
Atomic Molecule A Molecule B - 

(A) Angles Involving Iron Atoms 
Fe2-Fel-S 53.43 (3) 53.60 (3) 
Fel-Fe2-S 53.64 (3) 53.41 (3) 

47.99 (10) 47.63 (10) Fe2-Fel-G11 
Fel-Fe2-Cl1 47.56 (10) 48.63 (10) 
S-Fel-C11 98.98 (12) 98.57 (13) 
S-Fe2-Cll 98.77 (12) 99.34 (12) 
Fe2-Fel-C12 100.99 (10) 102.64 (10) 
Fel-Fe2-Cl3 99.50 (10) 102.46 (10) 
S-Fel-C12 90.08 (13) 91.42 (14) 
S-Fe2-C 13  91.53 (14) 90.29 (12) 

87.61 (18) 87.82 (17) C11-Fel-C12 
Cll-Fe2-Cl3 84.56 (17) 88.34 (17) 
Cpl-Fel-Fe2Q 134.67 (3) 133.92 (3) 
Cp2-Fe2-FelQ 135.06 (3) 132.87 (3) 
Cp 1-Fe 1 -Sa 126.82 (4) 126.06 (4) 
Cp2-Fe2-Sa 124.05 (4) 124.20 (4) 
Cpl-Fel-Clla 119.99 (12) 120.81 (12) 

Cpl-Fel-Cl2Q 123.57 (12) 122.70 (14) 
Cp2-Fe2-Cl3Q 124.82 (13) 124.36 (12) 
C1-Fe 1 -C2 38.62 (20) 39.41 (19) 
C2-Fe 1-C3 38.98 (17) 38.71 (18) 
C3-Fel-C4 39.17 (18) 39.19 (19) 
C4-Fel-C5 38.52 (18) 38.42 (24) 
C5-Fel-C1 38.64 (19) 39.91 (20) 
C6-F e2-C7 38.61 (16) 38.51 (17) 
C7-Fe2-C8 38.95 (16) 38.95 (16) 
C8-Fe2-C9 38.85 (14) 39.79 (17) 
C9-Fe2-ClO 39.03 (17) 38.70 (19) 

38.25 (18) ClO-Fe2-C6 39.14 (16) 

(B) Angles Involving Bridging Ligands 
Fel-S-Fe2 72.93 (04) 72.99 (04) 
0 1 4 - 0 2  112.78 (17) 112.95 (18) 
Fel-S-01 116.47 (12) 116.41 (13) 
Fe2-$01 115.86 (12) 115.73 (12) 
Fel-$02 117.66 (12) 116.97 (12) 
Fe2-S-02 115.70 (13) 116.31 (12) 

84.45 (15) 83.74 (16) Fel-C11-Fe2 
Fel-(211-0 11 138.62 (32) 135.78 (34) 
Fe2-C11-011 136.96 (32) 140.47 (34) 

Angles Involving Terminal Carbonyl Groups 
Fel-C12-0 12 178.32 (42) 177.61 (43) 
Fe2-C13-013 177.24 (40) 178.49 (43) 

(D) Angles within n-Cyclopentadienyl Systems 
c 5  -c 1-c2 106.73 (26) 107.66 (47) 
c 1 -c2-c 3 109.61 (43) 108.13 (48) 
c2-c3-c4 106.90 (43) 107.97 (45) 
C3-C4- c 5  108.45 (40) 107.81 (52) 
c4-c5-c 1 108.29 (37) 108.43 (49) 
ClO-C6-C7 107.96 (37) 108.52 (43) 
C6-C7-C8 108.06 (35) 108.46 (37) 
C7-C8-C9 108.42 (35) 106.59 (38) 
C8-C9-C 10 108.21 (36) 108.29 (38) 

107.34 (34) 108.13 (43) 

Cp2-Fe2-CllQ 122.97 (12) 121.22 (12) 

(C) 

C9-ClO-C6 

Q See footnote b to Table 111. 

2.080 (4)-2.121 (4) A for the rings in molecule B. The 
mean value for the 20 distances is 2.104 8, as compared to 
such values as 2.104 A in [(x-C,H5)Fe(C0)2]2(S02),1i2 
2.106 8 in tran~-(n-C~H~)~Fe~(CO)~,~~ 2.109 8 in cis-(n- 
C5H5)2Fe2(C0)4,‘3 2.094 8 in (n-C5HS)Fe(CO)2Cfi5S02,’9 
and 2.089 A in [(n-C5H5)Fe(C0)2]2(C4H4).20 The four in- 

(19) M. R. Churchill and J .  Wormald, J. Amer. Chem. Soc., 93, 

( 2 0 )  M. R. Churchill and J .  Wormald, Znorg. Chem., 8 ,  1936 
354 (1971). 

(1969). 
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dependent Fe. 0 Cp2' distances are in good agreement with 
one another, individual values being Fel .  * f p l  = 1.734 (l), 
Fe2. Cp2 = 1.737 (1) A [for molecule A] and Fel .  - C p l  = 
1.728 (l) ,  Fe2. * Cp2 = 1.735 (1) A [for molecule B] . 

The remaining ligands are fairly regularly distributed about 
the iron atoms; thus the four independent angles of the 
type Cp-Fe-S2' range from 124.05 (4) to 126.82 (4)", the 
angles Cp-Fe-C11 range from 119.99 (12) to 122.97 (12)", 
and the angles Cp-Fe-CO(terminal) range from 122.70 (14) 
to 124.82 (13)". 

Between the three simple ligands the range of angles is 
S-Fe-C11 = 98.57 (13)-99.34 (12)", S-Fe-CO(terminal) = 
90.08 (13)-91.53 (14)", and Cll-Fe-CO(termina1) = 84.56 
(17)-88.34 (17)". These variations in a given type of angle 
are statistically significant but presumably result from such 
effects as intramolecular and intermolecular contacts and are 
of little chemical importance. 

Each of the r-cyclopentadienyl rings has D5h symmetry 
within the limits of experimental error. Carbon-carbon 
distances within the four rings have the ranges 1.390 (6)- 
1.403 (7) and 1.397 (5)- 1.419 (6) A [for molecule A] and 
1.388 (8)-1.426 (7) and 1.388 (6)-1.422 (6) A [for molecule 
B] . Mean C-C distances within the carbocyclic rings are 
1.396, 1.405, 1.408, and 1.399 A (respectively). 

It is clear that these observed distances are systematically 
reduced from their true values by libration of the five-mem 
bered carbocyclic rings about their Fe. . Cp" axes. The 
true value for the length of a C-C(n-cyclopentadienyl) 
linkage is -1.43 A; this value comes from an electron diffrac- 
tion study of (n-C5H5)2Fe (1.43 1 A)z2 and from a number 
of X-ray diffraction studies of materials in which the R- 
cyclopentadienyl ring has bulky substituents or is locked by 
exterior bonds into a fixed rotational orientation. [Mean 
C-C values thus obtained include 1.427 A in (azulene)Fe2- 
(CO), ,"3 1.430 A in (a~ulene)~Fe , '~  1.423 A in (az~1ene)~Fe~- 
(CO)10?5 1.436 A in (fulvalene),Fe2 ,'6 1.43 1 A in (acenaph- 
thylene)Fe2(C0), 12' 1.43 1 A in (n-C5Me5)Fe(CO)2S02CHzCH= 
CHPh:8 1.424 A in (~-C5H4C02H)2Fe,29 and 1.426 Ain(n- 
C5H4COMe)2Fe.30] 

Wheatley's (now rather out-of-date) survey3' of n-cyclo- 
pentadienyl distances indicated a mean C-C distance of 
Recent and more precise [not, necessarily, more accurate!] 
values from X-ray diffraction studies of complexes containing 
unsubstituted n-cyclopentadienyl ligands include mean values 
of 1.396 A in [(n-CSHS)Fe(C0)2]2S02,1 1.375 A in [(n-C,H,)- 
Fe(C0)2]2(C4H4),20 and 1.41 1 A in [ ( T - C ~ H ~ ) N ~ ( ~ - C ~ H ~ - ) ] ~ ? ~  
It is clear, however, that the contraction of the C-C(n-cyclo- 
pentadienyl) linkage from its true value of -1.43 A is a 
quantitative function of the degree of librational motion of 
the ring. Insufficient precise data are presently available to 
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(2 1) Cp represents the centroid of the n-cyclopentadienyl 

(22) R. K. Bohn and A. Haaland, J. Organometal. Chem., 5,470 

(23) M. R. Churchill, Znorg. Chem., 6,  190 (1967). 
(24) M. R. Churchill and J. Wormald, Znorg. Chem., 8, 716 

(25) M. R. Churchill and P. H. Bird, Inorg. Chem., 8, 1941 

(26) M. R. Churchill and J. Wormald, Inorg. Chem., 8, 1970 

(27) M. R. Churchill and J. Wormald, Znorg. Chem., 9, 2239 

(28) M. R. Churchill and J. Wormald, Inorg. Chem., 10, 572 

(29) G. J. Palenik, Inorg. Chem., 8, 2744 (1969). 
(30) G. J. Palenik, Inorg. Chem., 9, 2424 (1970). 
(31) P. J .  Wheatley,'Perspt. Struct. Chem., 1 ,  9 (1967). 
(32) A. E. Smith, Inorg. Chem., 11, 165 (1972). 

ring-see footnote b to Table 111. 

(1966). 

(1969). 

(1969). 

(1969). 

(1970). 

(1971). 

enable this relationship to be determined from exper-imentaz 
data (rather than from theoretical calculation). 

Bond distances within the terminal carbonyl groups are 
normal and internally consistent, with Fe-CO ranging from 
1.760 (4) to 1.766 (5) A [average 1.763 A] and C-0 from 
1.131 (5)to 1.146(5)A [average 1.140Al;thesevaluesmay 
be compared with corresponding distances of 1.768 and 
1.140 A in [(n-CsH5)Fe(C0)2]2(S02g and 1.766 and 1.145 
A in (n-C5MeS)Fe(CO)2S02CH2CH=CHPh.28 Within the 
present molecule Fe-C-O(termina1) angles are al,l close to 
linear, ranging from 177.24 (40) to 178.49 (43) . 

Distances and angles associated with the bridging carbonyl 
group [Fe-C11 = 1.920 (4)-1.951 (4) A; Fel-C11-Fe2 = 
83.74 (16)-84.45 (15)"; Fe-Cll-011 = 135.78 (34)-140.47 
(34)"] are more-or-less symmetrical and are in agreement 
with values from other studies, e.g., Fe-C = 1.910 (5)-1.918 
(5) A, Fe-C-Fe = 82.9 (2)", Fe-C-0 = 138.4 (4)-138.8 (4)" 
in tran~-(n-C~H~)~Fe~(CO)~;'~ Fe-C = 1.917 (7)-1.918 (7) 
A, Fe-C-Fe = 82.4 (3)-82.8 (3)", Fe-C-0 = 137.8 (6)- 
139.4 (6)" in cis-(n-C 5H5)2 Fe2(C0)4. l3  

The bridging C-0  distances of 1.165 (4) and 1.165 (5) A 
in the present molecule are slightly, but significantly, longer 
than the C-O(terminal) distances [vide supra]. 

The Fel-Fe2 distances in the present molecule are 2.597 
(1) A [molecule A] and 2.584 (1) A [molecule B] ; the 
difference of 0.013 A is small but represents -9u [ u D ~  = 
(o12 + u ~ ~ ) ' ' ~ ] .  We have no explanation for this observation. 
It is unlikely that it results from our lack of an absorption 
correction, and all distances in the two molecules, other than 
those involving the Fe(CO)(S02)Fe bridge, are identical 
within the limits of experimental error [see Table 1111. 

Iron-iron distances in simple binuclear species having car- 
bonyl groups as their only bridging ligands appear to be 
shorter than the present mean distance of 2.591 A-cf. 
values of 2.534 (2) A in tran~-(n-C~H~)~Fe~(CO)~,'~ 2.531 
(2) A in c i ~ - ( n - C , H ~ ) ~ F e ~ ( C 0 ) ~ , ~ ~  2.508 (3) A in 
(azulene)zFe4~CO)lo~5 and 2.510 (2) A in [n-CSH4CH- 
(NMe2)AFez (CO)4 .33 

Iron-sulfur distances in the two (n-CSHS)2Fe2(C0)3(S02) 
molecules again seem to differ with Fe 1 -S = 2.187 (1) and 
Fe2-S = 2.18 1 (1) A [average 2.184 A] for molecule A and 
Fel-S = 2.169 (1) and Fe2-S = 2.175 (1) 8, [average 2.172 
A] for molecule B. Possibly this is an artifact caused by the 
different orientations of the thermal vibration ellipsoids of 
the sulfur atoms in the two molecules (compare Figures 1 
and 2). 

chemical environment. Angles have the following ranges (cf. 
Table IV): Fel-S-Fel = 72.93 (4)-72.99 (4)', Fe-S-0 = 

(18)". [Analogous values in Fe2(CO)s(S02) are reported, 
respectively, as 75.78 (S), 114.1 (2)-115.9 ( l ) ,  and 114.6 
(2)": previously determined values were3 75.6 (2), 114.5 
(5)-116.6 (5), and 113.9 (7)".] 

Sulfur-oxygen distances in the present structure range 
from 1.460 (3) to 1.470 (3) A, the mean value being 1.467 
A. [The corresponding distances in Fez(CO)8(S02) are 
1.461 (3) and 1.462 (4) A (see ref 4), previously reported 
values3 being 1.436 (14) and 1.464 (12) A] 

do appear to be slightly shorter than those found in [(n- 
CSH,)Fe(CO),],(SO2)' (Le., 1.4797 (15) and 1.4764 (14) 

The sulfur atoms each have a distorted tetrahedral stereo- 

115.70 (13)-117.66 (12)", 0 1 4 - 0 2  = 112.78 (17)-112.95 

The sulfur- oxygen distances found in the present structure 

A) * 

(33) P. McArdle, A. R. Manning. and F. S. Stephens, Chem. 
Commun., 1310 (1969). 
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Finally we may note that the dihedral angle between the 
bridging systems Fel-S-Fe2 and Fel-C11-Fe2 is 158.3" in 
molecule A and 157.4' in molecule B. This may be com- 
pared with an angle of 154.7' between the two Fe-(C0)-Fe 
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The complex trans-bromobis(methyldiphenylphosphine)(u-pentafluorophenyl)nickel(II), trans-(PPh,Me), Ni(u-C,F5)Br, 
crystallizes in the centrosymmetric monoclinic space group c2/c (CZh'; No. 15) with a = 27.434 (4), b = 11.543 (2), c = 
21.433 (3) A; and p = 114.13 (1)'. The observed density (1.49 (2) g ~ m - ~ )  is consistent with that calculated for M = 
706.21, V =  6194.3 A3, and Z = 8 (Pcalcd = 1.514 g cmm3). X-Ray diffraction data were collected with a Picker FACS-1 
automated diffractometer and the structure was solved by a combination of Patterson, Fourier, and least-squares refine- 
ment techniques. All atoms, including hydrogens, have been located, the final discrepancy indices being RF = 6.16% and 
R,, = 4.28% for the 3459 independent reflections representing data complete to 20 = 42.5' (Mo Ka radiation). The cen- 
tral nickel(I1) atom is in (slightly distorted) square-planar coordination with Ni-PPh,Me = 2.215 (1) and 2.216 (1) A, Ni- 
Br = 2.325 (1) A, and Ni-u-C,F, = 1.880 (4) A. This last value is compared with Ni-u-C,F, distances of 1.939 (3) A in 
fran~-(PPh,Me),Ni(u-C,F,), and 1.978 (10) A in trans-(PPh,Me),Ni(u€,F,)(u-C,CI,). 

Introduction 
For some years we have been interested in the structural 

characterization of the transition metal-carbon u bond and 
have demonstrated conclusively that a metal-perfluoroalkyl 
u bond is shorter than the analogous metal-alkyl bond,7 that 
a metal-a-vinyl linkage is shorter than the corresponding 
metal-alkyl bond,' and that a metal-u-acyl bond is contract- 
ed relative to a metal-alkyl bond.g 

Structural characterization of the metal-u-aryl linkage has 
proved rather more difficult. Thus, studies on the species 
(n-c H,)Ni(PPh 3)( u-c 6H5)5 and ( n-C H5)Ni(PPh 3)( a-C g F  5)6 

revealed the distances Ni-@C6H5 = 1.904 (7) 
d & 3 [ ; ' 5  = 1.914 (14) a, but these results are inconclusive in- 
sofar as no analogous nickel-alkyl distance has been meas- 
ured. The molybdenum complex, (n-C7H7)Mo(C0)2- 
( U - C ~ F ~ ) ~  was found to have a MO-U-C~FS distance of 2.244 
(9) a as compared to molybdenum-alkyl distances of 2.397 
(19) a in (n-CSH5)Mo(C0)3C2H5,10 2.36 (2) A in (n-C5H5)- 

and Ni- 

(1) For previous parts in the series, see ref 2-6. 
( 2 )  Part V: 

Dalton Trans., 670 (1972). 
(3) Part IV: M. R. Churchill and M. V. Veidis, J. Chem. SOC. A ,  

3463 (1971). 
(4) Part 111: M. R. Churchill and T. A. O'Brien, J. Chem. SOC. A ,  

1110 (1969). 
( 5 )  Part 11: 

266 (1969). 
(6) Part I: 

2970 (1968). 
(7) M. R. Churchill and J .  P. Fennessey, Inorg. Chem., 6, 1213 

(1967); see also M. R. Churchill, ibid., 4, 1734 (1965); 6 ,  185 (1967) 
M. R. Churchill and T. A. O'Brien, J. Chem. SOC. A ,  161 (1970). 
(1969);J. Amer. Chem. Soc., 93, 354 (1971). 

(1 96 8). 

273 (1963); M. J .  Bennett, Ph.D. Thesis, Sheffield University, 
England, 1965, pp 38-74. 

M. R. Churchill and M. V. Veidis, J. Chem. Soc., 

M. R. Churchill and T. A. O'Brien, J. Chem. SOC. A ,  

M. R. Churchill and T. A. O'Brien, J. Chem. SOC. A ,  

(8) M. R. Churchill and J .  Wormald, Inorg. Chem.,  8,  1936 

(9) M. R. Churchill and J .  P. Fennessey, Inorg. Chem.,  7 ,  953 

(10) M. J .  Bennett and R. Mason,Proc. Chem. Soc., London, 

Mo(CO)3CH2C02H,l1 and 2.383 (10) A in [(azulene)Mo- 
(C0)3CH3]2.12 There are thus some indications that a metal- 
u-aryl distance is typically -0.1 A shorter than the analogous 
metal-alkyl distance (see also ref 13). 

[It may be noted here that Parshall and Mrowca state14 (in 
our opinion, erroneously) that "for a-alkyl and aryl [our 
italics] compounds, C-M bond lengths are almost exactly 
those predicted by addition of the covalent radii for carbon 
and for the transition metal in the appropriate valence 
state."] 

We have recently begun a series of systematic studies on 
trans-(PPh2Me)2Ni(u-C6Fs)(X) species with a view toward 
ascertaining how changes in the nature of X affect the trans 
Ni-U-C6F5 bond. Previous parts of this series have involved 
accurate structural reports of t r~ns - (PPh2Me)~Ni (~ -c~F~) -  
(@c6c15)3 and tr~ns-(PPh~Me)~Ni(a-C~F~)~ herewithin we 
describe the results of an X-ray diffraction study of trans- 
(PPh2Me)2Ni( 0-C6 Fs)Br. 
Collection and Correction of the X-Ray Diffraction Data 

Yellow crystals of the complex were supplied by Professor M. D. 
R a ~ s c h . ' ~  Preliminary h(0-3)Z Weissenberg photographs, a b-axis 
rotation photograph, (0-3)kl and hk(0-3) precession photographs, 
and a and c cone-axis photographs yielded approximate cell dimen- 
sions, demonstrated the Czh ( 2 / r n )  Laue symmetry of the diffraction 

(1 1) J .  K. P. Ariyaratne, A. M. Bjerrum, M. L. H. Green, M. 
Ishaq, C. K. Prout, and M. G. Swanick, J. Chem. SOC. A ,  1309 
(1969). 

(12) P. H. Bird and M. R. Churchill, Inorg. Chem., 7 ,  349 (1968). 
(13) M. R. Churchill, Perspect. Struct. Chem., 3, 91 (1970); see, 

especially, Table I1 on p 1 5  5 .  
(14) G. W. Parshall and J. J. Mrowca, Advan. Organometal. 

Chem., 7, 157 (1968); see, especially, p 174, section 111-B-3, lines 
11-14. 

(1970). 
(15) See M. D. Rausch and F. E. Tibbetts, Inorg. Chem., 9, 512  


