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The controversy coiiceriiiug the molecular symiietry of dibeiizenecliromiuIn has prompted a three-dimeiisioiial X-ray 
investigation of the molecular configuration of hexamethylbenzenechromium tricarbonyl, (HsC)eC&r( CO)a, which has pro- 
duced results pertinent to the nature of wene conzplexes. Hexamethylbenzenechromium tricarhonyl crystallizes with eight 
moleculesin an orthorhombic unit cell of symmetry Pbca and dimensions Q = 13.67 f 0.03 i., b = 13.53 i 0.03 -k., and c = 
15.2i i 0.03 A. The structural determination including rigid-body analysis and anisotropic least-squares refinement has 
resulted in final discrepancy factors of R, = 1O.5yG and R:! = 1 0 . 1 3 ~ ~  for 1447 observed reflections. In each molecule the 
carbonyl groups occupy three trigonal coordination sites of the chromiuiii atom; the hexamethylbenzene ring lies on the op- 
posite side of the chromium atom, parallel both to the plane of the three carbonyl carbon atoms and to the plane of the threc 
oxygen atoms. The Cr(CO)s fragment is oriented such that (for a valence bond model with localized octahedral-type 
chromium orbitals) three assumed chromium orbitals (which can be delocalized in an MO formulation) point toward the 
midpoints of the alternate C-C bonds of the hexamethylbenzene ring. The methyl carbon atoms of the hexamethylbenzene 
ring are essentially coplanar with the benzene carbon atoms. The trigonal field of the Cr( CO)3 moiety produces no evidence 
of a threefold distortion of the ring. Instead, a twofold deformation of both the benzene carbon and methyl carbon atoms 
is indicated which is attributable to asymmetric crystal forces and to a possible absence of the sixfold symmetry of the carbon 
skeletal structure in “free”hexamethy1benzene due to intramolecular steric interactions of the methyl groups. 

Introduction 
This X-ray study of hexainethylbenzecliroiiiiuiii tri- 

carbonyl was prompted by a controversy concerning 
the structure of the sandwich-bonded dibenzenechro- 
mium complex. Independent three-dimensional X-ray 
analyses of dibenzenechromi~in~-~ have given con- 
flicting ansn-ers with respect to the symmetry of the 
T-bonded benzene ring. Jellinek4 found a significant 
difference in adjacent bond lengths which was inter- 
preted to result from a partial threefold localization 
of the a-electrons of each ring as a result of bonding 
to a chromium of octahedral valency, whereas the work 
by Cotton, Dollase, and Woo@ indicated the equiv- 
alence of all the C-C bonds of both rings within esti- 
mated error Tvith the resulting retention of the sixfold 
symmetry axis for benzene. In addition, IbersG 
carried out refinements of the X-ray data collected by 
Cotton. et ~ l . , ~  wherein the resultant R values were 
compared for models of both Dacl and D6h molecular 
symmetry. Ibers concluded that the X-ray data of 
Cotton et al., are completely consistent with D6h sym- 
metry for the dibenzenechroinium molecule. Conse- 
quently, the studies both by Cotton and co-worlters5 
and by Ibersb yielded no evidence for any a-electron 
localization in the benzene ring when bonded t o  the 
chromium. Theoretical arguments have been put 
forward by several groups in support of both points of 
view-.‘ 

(1) Presented in part  before the Division of Inorganic Chemistry, 148th 
National Meeting of the American Chemical Society, Chicago, Ill., Aug. 31- 
Sept. 4, 1964. 

(2) National Science Foundation Predoctoral Fellow, 1962-1964. 
( 3 )  Alfred P. Sloan Fellow, 1963-1964. 
(4) F. Jellinek, J .  O,.ganome/al. Chem. (Amsterdam), 1, 43 (1963); F. 

( 5 )  F. A. Cotton, W. A. Dollase, a n d  J. S. \Toad, J .  Am.  Chem. Sor. ,  85, 

(6) J. A. Ibers, J .  Lhein. Phys. ,  40, 3129 (1964). 
(7) E. 0. Fischer and E. Weiss, %. a?zo1’g. a l l g e ~  C h e m ,  286, 142 (1DBG). 

Jellinek. Arolur?, 187, 871 (1900). 

1543 (1963). 

The structural analysis of dibenzenechromium is 
made difficult by the high crystallographic point group 
symmetry of Cai imposed on the molecule; this means 
that only two of the six C-C bond lengths of benzene 
are crystallographically independent. Furthermore, 
Jellinek4 suggested that the X-ray data of Cotton, 
et ~ l . , ~  may be based on a crystal with has a twofold 
orientational disorder about the molecular threefold 
axis ( L e . ,  through the chromium atom and the center 
of the benzene ring). Such a disorder then would give 
two equal C-C bond lengths which essentially are the 
average of the two distinct C-C distances observed by 
Jellir~ek.~ Also, the large uiicertainty in the hydrogen 
positions due to the relatively lo\v scattering power 
of the hydrogen atoms made it virtually impossible in 
the X-ray studies a t  room t e m p e r a t ~ r e ~ - ~  to ascertain 
the degree of coplanarity of the hydrogen atoms in the 
molecule. 

In  light of the above difficulties, it was felt that an 
X-ray investigation of hexamethylbenzenechromium 
tricarbonyl would possibly clarify the chromium- 
benzene problem. The chromium tricarbonyl frag- 
ment would serve to locate the assumed localized octa- 
hedral (or trigonal) type orbitals (which of course for 
the D6h model are delocalized) of the chromium atom; 
these chromium orbitals involved in the benzene ring 
bonding would be directed either (1) toward the mid- 
points of the alternate C-C bonds or (2) ton-ard al- 
ternate ring carbon atoms. In  the former case ( I )  
the presence of the six methyl groups on the benzene 

(8) E. Ruch, “Berg. Jahrestagung Chem. Ges. D D R , ”  Leipsig, 1959, p. 

(9) M. E. Dyatkina and E. hi. Shustorovich, Ricss. J .  Inovg. Chenz., 4, 179 

(10) F. A, Cotton, “Chemical Applications of Group Theory,” Inter- 

(11) D. H. W, den Boer, P. C. den Boer, and H. C .  1,onguet-Higgins, A i d .  

125. 

(1950). 

science Publishers, New York, N.  Y. ,  1963, p.  174. 

Phys., 6 ,  387 (1962). 
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ring would provide an added check on ring distortion, 
since an X-ray structural determination of “free” 
hexamethylbenzene12 indicated a sixfold coplanar sys- 
tem for the carbon framework. Thus, if a threefold 
distortion of the metal-complexed ring exists, it  pre- 
sumably could result (in the absence of significant 
distortions from packing effects) in alternating C-C 
distances both in the inner hexagon of ring atoms and in 
the outer hexagon of methyl carbons. In  the latter 
case (2), where the assumed chromium orbitals would 
be directed toward the alternate carbon atoms, i t  would 
be expected from other organometallic structural studies 
that the attached alternate methyl carbons might be 
deformed from the benzene plane to a different degree 
than the other three methyl carbons. 

Structural investigations of benzenechromium tricar- 
bonyl, l3 biphenyl bis(chromium tricarbonyl), l4 and 
phenanthrenechromium tr i~arbonyl’~ have shown the 
Cr(C0)3 fragment to be oriented such that the three 
orbitals point toward the midpoints of the ring bonds. 
Since these X-ray analyses were based only on two- 
dimensional data, the results were not sufficiently pre- 
cise to allow any conclusions to be made concerning 
possible distortion of the rings when r-bonded to the 
chromium. In contrast] our three-dimensional single 
crystal X-ray study of hexamethylbenzenechromium 
tricarbonyl, which included anisotropic least-squares 
refinement] has revealed the detailed molecular con- 
figuration with structural information of significance 
to the dibenzenechromium structural problem. 

Experimental 
Well-formed yellow crystals of hexamethylbenzenechromium 

tricarbonyl were generously supplied to us  by Professor E. 0. 
Fischer of Munchen. The density was obtained by the flotation 
method. A crystal cut down to  a cube approximately 0.03 cm. 
on a side was used for obtaining intensity data. Due to possible 
air sensitivity, the crystal was mounted in a capillary which then 
was evacuated and filled with argon. No surface or internal 
decomposition was observed during the 2 months of exposure to 
the X-ray beam. 

Lattice constants were measured from precession photographs 
of the three principal zones, and the resulting agreement was well 
within the indicated experimental error. The precession camera 
settings were calibrated with a NaCl crystal. Multiple-film 
equi-inclination Weissenberg data about both the b and c rotation 
axes (v i z . ,  hkl reciprocal levels with I = 0-10, 12, 14, 16; hkl 
levels with k = 0-10) were obtained with zirconium-filtered Mo 
KLY radiation. The intensities were visually estimated by com- 
parison with a calibrated standard strip. After Lorentz-ploariza- 
tion and spot extension corrections,’* the 1147 and 1119 Weissen- 
berg reflections collected about the b and c rotation axes, respec- 
tively, were correlated via least squares’7 to give a final total of 
1447 independent reflections on a common scale. The weighted 
reliability index Ra for this merging was 2.7%. 

The structure was solved with thc corrected, unscaled data 

(12) K. Lonsdale, Proc. Roy. Soc. (London), A123, 494 (1929); I,. 0. 
Brockway and J. M. Robertson, J .  Chem. SOL, 1324 (1939). 

(13) P. Corradini and G. Allegra, J .  A m .  Chem. SOG.. 81, 2271 (1959); 
P. Corradini and G. Allegra, Atli Accad. Nasl .  Lincei, Rend., Classe Sci .  Fis. ,  
Mal. Nat., 96, 511 (1959); G. Allegra, ibid., 31, 241 (1961). 

(14) P. Corradini and G. Allegra, J .  A m .  Chem. Soc., 82, 207 (1960). 
(15) H. Deuschl and W. Hoppe, Acta Cvyst., 17, 800 (1964). 
(16) D. C. Philipps, ibid., 7 ,  746 (1954). 
(17) P. W. Sutton and M. D. Glick, “A Crystallographic Data  Correlotion 

Program for the C D C  1604,” unpublished. 

taken about the c axis. The final least-squares refinements (both 
isotropic and anisotropic) were carried out on the merged data. 
Absorption was neglected due to the low absorption coefficient 
(pRmax < 0.4). The standard deviations of the structure ampli- 
tudes were estimated as follows’s: If Io(hkl) < dfiIm,,,, then 
d&) = (F~ /20) [2 / lo I~ , , , / I , (hk l ) l  2;  if l d h k l )  3 flol,,,,”, then 
d F 0 )  = (F0/20). 

Crystal Data 
The unit cell of Ce(CH3)6Cr(CO)o is orthorhombic with 

lattice parameters a = 13.67 A 0.03 b., b = 13.53 + 
0.03 A., and c = 15.27 =k 0.03 8. The calculated 
density of 1.40 g./cc. for eight molecules per unit cell 
agrees well with the measured density of 1.39 g./cc. 
Systematic absences of h = 2% + 1 for {hkO}, k = 
2n -k 1 for { O k l } ,  and I = 2n + 1 for { h01) indicate the 
propable space group Pbca(DZh15), later confirmed 
by’the structural refinement. 

All atoms were found to be in the eightfold set of 
general positions (8c): * ( x ,  y, z; ‘/z + x, ‘/2 - y, 
i; 2 , ‘/2 + y, ‘/2 - z; l / z  - x, 7,  l / 2  4- ,).I9 The 
asymmetric unit consists of one hexamethylbenzene- 
chromium tricarbonyl molecule, which required the 
location of one chromium, fifteen carbon, and three 
oxygen atoms (and ideally eighteen hydrogen atoms). 
Since the intensities of the hkI reflections with 1 = 
2n 4- 1 were observed to be weak relative to those with 
1 even, it was concluded that the chromium atoms were 
spaced in pairs a t  half-cell intervals along the c direc- 
tion (which occurs when the asymmetric chromium 
possesses a y coordinate of 

Solution of Structure 
A three-dimensional Patterson function was calcu- 

lated from the corrected Weissenberg data taken about 
the c axis. An interpretation of the Cr-Cr vectors 
yielded initial coordinates of x = 0.193, y = 0.250, 
z = 0.077 for the asymmetric chromium atom. When 
only the eight symmetry-related chromium atoms 
are cdnsidered, the y coordinate of l / 4  results in four 
chromium atoms being related to the other four by a 
translation of c/2. Hence, the unit cell is halved in the 
c direction, and the space group transforms to Pbma 
(D2h11) with the four chromium atoms in the reduced 
unit cell located in the following set of fourfold special 
positions (4d) of point symmetry C,-m: f (xl 1/41  

z; ‘/z + x ,  l /4,  2 ) .  The consequence of the chromium 
atoms possessing higher symmetry than the actual 
crystallographic symmetry of Pbca imposed on the 
eight molecules in the unit cell is that the chromium 
atoms have no effect on the phases for the hk1 reflec- 
tions with I odd ( L e . ,  for these reflections the calculated 
structure factors based on the positions of the chro- 
mium atoms alone would be zero). With the use of only 
the even 1 reflections a first approximation to a three- 
dimensional electron density synthesis was computed 
phased on the chromium atoms. Although the two 
halves of the asymmetric molecule were superimposed 

(18) D. L. Smith, “DACOR-A Data Reduction Program for the 1604 

(19) “InternationaI Tables for X-Ray Crystallography,” Vol. I, The  
Computer,” Ph.D. Thesis (Appendix I), University of Wisconsin, 1962. 

Kynoch Press, Birmingham, England, 1952, p. 150. 
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to give mirror images of the approximately correct 
peaks, none of the peaks overlapped. An interpreta- 
tion of this map produced initial coordinates for the 
eighteen carbon and oxygen atoms. The hexamethyl- 
benzene ring was found to be oriented nearly perpen- 
dicular to the b axis. 

A three-dimensional isotropic least-squares re- 
finement of the nineteen nonhydrogen atoms resulted 
in discrepancy factors of R1 = [ZllFol - IF,jl/ZIFol] 
X 100 = 12.3% and R, = [&J~IF,I - IF,I!2/ 
~ : W I F , / ~ ] ~ ’ ~  X 100 = 13.3%, A three-dimensional 
difference map based on the parameters from the 
isotropic refinement showed evidence for thermal 
anisotropy only for the Cr(C0)S fragment ; an attempt 
was made to locate the methyl hydrogen positions, 
but no peaks were observed in the regions where 
expected. In order to provide a better calculated 
model and thereby to obtain more reliable positional 
parameters, an anisotropic least-squares refinement 
then was undertaken. After three cycles all coordinate 
shifts were less than 12% of their individual standard 
deviations. This anisotropic refinement of all atoms 
(based on the merged data with one scale factor) 
resuIted in final discrepancy factors of Rl = 10.5% 
and Rz = 10.0% for the 1447 nonzero reflections. 
All positional parameters obtained from the anisotropic 
least-squares refinement were within 2.0 standard 
deviations of the corresponding final parameters from 
the isotropic refinement. X three-dimensional dif- 
ference map based on the anisotropic refinement re- 
vealed no residual electron density greater than o.? 
e le~t ron/ f i .~  or less than - 1 . G  electron~/A.~; in the 
regions where the hydrogens might be expected, no 
peaks were observed, and the positive electron density 
of all points was less than 0.4 electron,/k3. 

The full-matrix least-squares refinements (isotropic 
and anisotropic) were carried out on the IBM 704 
computer with the Busing-Martin-Levy ORFLS 
programz0 ; bond lengths and angles were calculated 
with the Busing-Martin-Levy ORFFE programz1 
with errors obtained from the full inverse matrix. The 
Patterson and electron density maps were calculated 
on the CDC 1604 computer with the Blount program.22 

The final positional parameters and anisotropic 
thermal coefficients, with standard deviations, are 
given in Tables I and 11. A comparison of the observed 
and calculated structure factors based on the final 
anisotropic refinement is given in Table 111. Table IV 
shows the intramolecular distances and angles calcu- 
lated from the positional parameters of the last cycle 
of the anisotropic refinement. In Table V are listed 
the intermolecular distances, which are within 0.4 A. 
of the estimated minimum packing distances, as cal- 

(20) W. R. Busing, K. 0. Martin,  and H. A. Levy, “A Fortran Crystallo- 
graphic Least-Squares Program,” ORNL-ThI-305, Oak Ridge National 
Laboratory, 1963. 

(21) W. R .  Busing, K.  0. Martin, and H. A. Levy, “A Fortran Crystallo- 
graphic Function and Error Program.” ORNL-TM-306, Oak Ridge National 
Laboratory, 1964. 

(22) J. F. Blount. “ A  Three-Dimensional Crystallographic Fourier Sum- 
mation Program for the  C D C  1604 Computei,” Ph.D. Thesis (Appendix), 
University of Wisconsin, 1965. 

TABLE I 
FINAL POSITIONAL PARAMETERS WITH STAXDARD DEV~ATIOSS 

FROM ANISOTROPIC REFINEMENT 

Atom x 

CT 0.1927 
C ( 7 )  0.1994 
O(7) 0.2070 
C(8) 0.2888 
O(8) 0 3477 
C(9) 0.1042 
OW) 0.0421 
C(1) 0.1358 
C ( 2 )  0.0816 
C(3) 0.1384 
C(4) 0.2390 
C(5) 0.29b8 
C ( 6 )  0.2358 
HaC(1) 0,0745 
HaC(2) -0,0275 
HaC(3) 0.0796 
HaC(4) 0.3014 
HaC(5) 0.3987 
HaC(6) 0.2918 

103 103 
u ( x )  Y O(Y) 
0.09  0.2431 0 . 1 1  
1 . 0  0.3981 0 .8  
0 .8  0.3653 0 . 7  
0 . 7  0.3062 1.0 
0 . 6  0.3474 0 . 7  
0 . 8  0.3163 0 . 9  
0 .6  0.3645 0 . 7  
0 . 7  0.1057 0 . 7  
0 . 8  0.1223 0 . 7  
0 . 8  0.1366 0 . 8  
1 .0  0.1300 0 . 8  
0 .6  0,1120 0 . 7  
0 .8  0.0989 0 .7  
0 .8  0.0908 0 . 9  
0 . 8  0,1286 0 .9  
1 . 0  0.1540 0 . 9  
0 .9  0.1389 0 .9  
0 . 9  0.0991 0 .9  
0 .8  0.0798 1.0 

z 

0.0770 
-0.0074 
-0.0615 

0.1391 
0.1790 
0.1340 
0.1696 
0.1366 
0.0564 

-0.0238 
- 0.0204 

0.0586 
0.1370 
0.2220 
0.0567 

-0.1062 
-0.1039 

0.0599 
0.2218 

10% 

0.07 
0 . 7  
0.5 
0 . 7  
0 .6  
0 . 7  
0 .6  
0 . 6  
0 . 7  
0 . 6  
0 . 7  
0 . 7  
0 . 6  
0 .8  
0 .9  
0 . 7  
0 . 7  
0 . 7  
0 .8  

4) 

TABLE I1 
FINAL .kNISOTROPIC TENPERlTURE COEFFICIENTS ( x l o 4 )  

El2 Bi3 E23 Atom BII Bz2 B33 
Cr 3 2 i l  2 5 1 1  1 8 i l  - 3 i l  O i . 1  - 2 i l  
C(7) 7 2 1 9  4 0 i 8  2 5 i 5  O i 8  - 6 i 6  - 6 1 5  
O(7) 174 i 11 62 1 6 28 i 4 -21 i 7 17 i 6 19 * 4 
C(8) 4 0 i 8  7 3 & 9  2 9 1 5  5 i 7  1 2 i 4 - 1 9 k 6  
O(8) 4 2 3 5  1 0 5 4 ~ 8  6 5 i 6  - 2 8 i 5  - 4 1 4  - 3 6 1 5  
C(9) 4 3 1 8  4 9 i 8  3 4 1 5 - 1 2 i 6  - 4 1 5  4 1 6  
0 ( 9 )  66 i 6 74 i 7 59 i 5 14 i 5 5 zt 5 -17 i 5 
C(1) 2 6 i 6  3 3 i 7  2 4 i 5  - 7 i 5  3 1 4  7 i 5  
C(2) 4 3 3 7 7  2 6 i 7  4 8 i 7  - 1 i 5  - 8 & 5  - 6 i 5  
C(3) 4 6 i 8  4 2 i 8  1 8 1 . 5  3 A 6  - 8 ~ 5  - 7 & 5  
C(4) 74 i 10 36 & 8 23 i 6 12 i 7 21 i 6 -7  i 5 
C ( 5 )  2 3 f 6  2 8 i 6  3 4 i 5  l i 4  0 4 - 4  - 1 - 4  
C(6) 5 2 ~ 7  2 8 i 7  2 6 i 5  - 8 i 6  6 i 5  9 1 5  
HEC(1) 82 i 9 67 i 10 41 i 6 -1 1 8 33 1 7 23 1 6 
HaC(2) 2 4 i 6  7 3 1 9  7 3 1 9  - 3 i 6  2 1 5  4 i 7  
HsC(3) 122 i 11 54 & 9 35 & 6 -16 i 9 -37 i 7 -3 i 5 
HaC(4) 80 i 9 75 i 9 30 i 6 -32 i 9 18 i 7 - 2  1 5 
HaC(5) 5 6 i 8  6 5 i 9  5 1 & 7  2 1 7  4 1 6  - 3 k 6  
HaC(6) 4 8 i 9  9 6 i l l  4 9 i 6  8 i 8  - 1 9 & 6  2 1 7  

culated from the van der Waals radii2a of the atoms 
involved. The “best” molecular planes formed by sets 
of atoms and the perpendicular distances of these and 
other atoms from the planes were calculated by a least- 
squares method with the Smith program.z4 

In an attempt to assess the significance of the devia- 
tion of the aromatic carbon-carbon distances in this 
compound (vide infra) from the carbon-carbon dis- 
tances in free benzene, an isotropic least-squares rigid- 
body refinement was carried out with a modified ver- 
sion of the Scheringer program,25 in which the inner 
six carbon atoms were constrained to the well-known 
benzene geometry (1.392 A.) with Dah symmetry.6 
For this rigid-body refinement the 24 parameters of the 
six ring carbons reduce to  seven parameters, which con- 
sist of three positional parameters defining the center 
of the ring, three angular parameters defining the ring’s 
orientation, and an over-all group thermal parameter 
for the six carbon atoms. The resultant R values for 
this rigid-body refinement were R1 = 12.317, and RZ = 

13.42% which can be compared with R1 = 12.277, and 

(23) L Pauling, “The Nature of the Chemical Bond,” Cornell University 

(24) D. L. Smith, “ A  Least-Squares Plane Program for the  C D C  1604 

(26) C Scheringer, Acta C ~ y s l  , 16, 546 (19bJ) 

Press, I thaca,  N Y , 1960, p 260. 

Computet,” P h  D Thesis (Appendix IV) ,  University of Wisconsin l‘J62 
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TABLE I11 
COMPARISON OF OBSERVED AND CALCULATED STRUCTURE FACTORS 

" K , l o  'i 
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TABLE IV 

FROM ANISOTROPIC LEAST-SQUARES REFINENEXT 
MOLECULAR BOND LENGTHS AND ANGLES 

Bond lengths 
Distance 

A 
1 448 
1 461 
1 379 
1 419 
1 424 
1 370 
2 928 
2 905 
3 038 
2 883 
2 882 
2 975 
1 564 
1 495 
1 511 
1 538 
1 486 
1 527 
2 211 
2 253 
2 235 
2 226 
2 241 
2 233 
1 823 
1 831 
1 789 
1 137 
1 153 
1 200 
2 959 
2 984 
2 988 

TABLE T' 

e, '8. 
0 013 
0 014 
0 014 
0 014 
0 013 
0 013 
0 018 
0 019 
0 019 
0 017 
0 018 
0 017 
0 013 
0 015 
0 014 
0 014 
0 014 
0 015 
0 009 
0 010 
0 010 
0 011 
0 009 
0 011 
0 012 
0 012 
0 013 
0 012 
0 012 
0 012 
0 009 
0 008 
0 009 

ISTERXOLECULAR DISTANCES' 
Distance, Distance, 

Atoms a Atoms A.  
O( 8)-HaC( 4)' 3 .38 O( i)-H3C( 4)" 3 .36 
o( 9)-H3C( 3)' 3 .47 0(7)-HaC(5)" 3 .62 
H3C(6)-0( 7)' 3.52 0(9)-HRC(5)" 3.68 
H3C( l)-O(i)' 3.77 0(9)-HaC( 6 ,Iv 3.77 
0(8)-H3C(3)" 3.36 0(8)-H3C(6)'" 3 , 7 3  
O( 7)-HoC( 2)" 3 , 6 4  0(8)-HaC( 1)'" 3 . 5 2  
C(7)-H3C(2)I1 3 .83  0(8)-C(l)'" 3.56 
Hac(4)-0(9)'' 3 .44 O(8)-C(6)Iv 3 . 6 5  
HnC(G)-HaC( 1)'" 3.96 HaC(2)-H3C(3)' 3.96 
H3C(5)-H3C(1)II1 4.11 H3C(2)-HaC(2)" 3 .96 
O( 7)-C( 5)'' 3.46 Hac( 1)-O( 9)"' 3 .83 
O( 7)-C(4)IV 3.32 

a Superscripts refer to the following positions: I x, - y ,  
1/2  + e; I1 '/? + x ,  I /*  - y, - 2; I11 
s, l / f  + y, e; Y --x, -y ,  - 2 ;  VI --x, - I / ?  + y, I/* - z .  

+ x, y, I/* - 2; I\' '/* - 

R2 = 13.O5yG for the original isotropic refinement (no 
ring constraints). By application of the Hamilton 
statistical R factor ratio test,6,26 the significance of the 
improvement in agreement between IF,I and F,l in 
going from a model with D 6 h  symmetry and with one 
thermal parameter for the six ring carbons to a model 
I\ ith no constraints and with individual isotropic ther- 

(26) W. C Hamilton, "Statistics in Physical Science," Ronald Press Co , 
N e w  I'ork, N.  \i 1964 p 159. 

- Angles 

Atoms 

C( l)-C(2)-c(3) 
C( 2)-C( 3)-C( 4) 
C(3)-C(4)-C( 5 )  
C( 4)-C( 5)-C( 6) 
C( 5)-C( 6)-C( 1) 
C(6)-C( 1)-C(2) 
HsC( l)-H3C(2)-HaC( 3) 
Hac( 2)-HaC( 3)-H3C( 4) 
HaC(3 )-HaC(4)-HaC( 5 )  
HgC(4)-HaC( 5)-H3C( 6 )  
H3C( 5)-H3C(6)-H3C( 1) 
HaC(G)-H&( 1)-HaC(2) 
HaC(l)-C( 1)-C(2) 
HaC(l)-C( 1)-C(6) 
H3C( 2)-C(2)-C( 3 )  
H3C( 2)-C( 2)-C( 1 ) 
H3C( 3)-C( 3)-C( 4) 
Hac( 3)-C( 3)-C( 2)  
H3C(4)-C(4)-C( 5 )  
HsC(4)-C(4)-C( 3) 
H3C( 5)-C( 5)-C(6) 
Hac( 5)-C( 5)-C( 4 j 
HaC(6)-C(6)-C( 1)  
Hac( 6)-C( 6 )-C( 5 )  
C( 7)-Cr-C(8) 
C( 7)-Cr-C(9) 
C( 8)-Cr-C(9) 
Cr-C( 7)-O( 7 )  
Cr-C( 8)-O( 8) 
Cr-C( 9)-O( 9) 
O( 7)-Cr-0( 8) 
O( 7)-Cr-0( 9) 
O( 8)-Cr-0(9) 

_ _  

mal parameters can be obtained. With an increase 
of 17 parameters for the 1446 diffraction data, the 
weighted R factor ratio of 1.028 (R2(D6h)/R2(no con- 
straints)) implies an improvement (based on the as- 
sumed absence of systematic error in the data) which is 
significant a t  the Ost5y0 level. This means that 
the D~I, rigid-body constraint with equal temperature 
factors for the six benzene ring carbons is not a good 
assumption in this case. 

Discussion 
Hexamethylbenzenechromium tricarbonyl exists in 

the solid state as discrete monomeric molecules with the 
hexamethylbenzene ring sandwich-bonded to the chro- 
mium tricarbonyl moiety (Figure 1). The Cr(CO), 
fragment is oriented such that (with the assumption 
of octahedral valency for the chromium atom) three 
octahedral bonding orbitals are directed toward the 
centers of the alternate carbon-carbon bonds of the 
hexamethylbenzene ring. The six carbon atoms of the 
ring then are equivalent and hence this organometallic 
interaction could give rise to the following deviations 
from "free" hexamethylbenzene : (a) alternate carbon- 
carbon bond lengths due to partial localization of the 
a-electron system in the ring; and (b) bending of the 
six methyl carbons out of the plane of the ring carbons 
and away from the chromium atom. 

Angle, 0. 

117.2 0 .9  
119.3 1 . 0  
122. i 1 . 0  
118.1 0 . 9  
121.0 1 . 0  
121.6 1 . 0  
121.2 0 . 5  
119.0 0 . 5  
118.9 0 .5  
121.8 0 . 5  
120.2 0 . 5  
118.9 0 .5  
116.8 0 .9  
121.5 1 . 0  
121. 7 1 . 0  
121.1 1 .0  
124.9 1.1 
115.8 1 . 0  
116.1 1 . o  
121.1 1 . 2  
119.9 1 .0  
121.8 1 . 0  
121.1 0 . 9  
117.9 0 . 9  
90.1 0 . 6  
89.2 0 . 5  
88.6 0 . 4  

177.0 1 . 2  
178.4 0.9 
177.3 0 . 9  
89 .8  0 . 3  
90.0 0 .3  
89.0 0 . 3  

deg. deg. 
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Figure 1.-Molecular configuration of hexamethylbenzene- 
chromium tricarbonyl. 

n 

Jgx -0058 

3 402  

Figure 2.-Deviations (4.) of all atoms from the mean plane of 
the six ring carbons. 

Noteworthy is that this configuration presumably 
eliminates any possibility of a twofold molecular 
disorder similar to that suggested by Jellinek4 for 
dibenzenechromium, since for any ring-chromium tri- 
carbonyl complex a twofold molecular disorder would 
involve disorder of the three carbonyl groups. A three- 
fold orientational disorder has been observed in another 
ring-chromium tricarbonyl compound, thiophenechro- 
mium tricarb~nyl.~’ In this compound the thiophene 
rings are randomly distributed in one of three positions 
in the crystal, such that for a given molecule the thio- 
phene sulfur is always trans to a carbonyl. A similar 
threefold ring disorder in hexamethylbenzenechromium 
tricarbonyl, however, would have no effect on a possible 
threefold distortion of the ring. 

Figure 2 shows the deviations of all twelve carbon 
atoms of the hexamethylbenzene ring from the “best” 
molecular plane passing through the six ring carbons, 
,4lthough the six methyl carbons are very close to the 
plane of the ring carbons, all deviations from the mean 
plane are in the direction away from the chromium 
atom. These results indicate that to a first approxi- 
mation the planarity of the ring is invariant to the 
metal interaction, and an arene ring n-orbital system 
remains intact for chromium tricarbonyl complexes as 
contrasted to the nonplanarity (dihedral angle of 132”) 

(27) M. F. Bailey and L. F. Dahl, Inoig Chenr , 4, 1306 (1965). 

H3C (4) H3C (3) 

Figure 3.-Hexamethylbenzene parameters as found in (H3C)fi 
C&r( CO)1 

of the benzene ring in n-cyclopentadienylhexakis- 
(trifluoromethyl) benzenerhodium ; in this latter com- 
plex only four atoms of the benzene nucleus are involved 
in bonding to the Rh(I).Z8 

The perpendicular distance of the chromium atom 
from the mean plane of the ring carbons is 1.73 8., 
which is in close agreement with the corresponding 
chromium-ring distance of 1.70 if. found for benzene- 
chromium tricarbonyl, but is significantly longer by 
0.11 8. than the value of 1.60 8. (av.) found for di- 
benzenechromium.6 Each of the three presumed 
localized octahedral chromium orbitals, determined by 
the direction of the trans carbonyl line passing through 
the chromium atom, intersects the normal to the plane 
of the benzene ring carbons through the midpoint 
of the C-C bond opposite each carbonyl a t  an average 
distance of 1.52 if. from the chromium and a t  an 
average distance of 0.85 if. from the C-C midpoint 
being considered. 

Figure 3 shows the molecular parameters found in the 
hexamethylbenzene ring. The six C-C bond lengths 
range in value from 1.370 i 0.014 to 1.461 f. 0.014 A. 
with an average distance of 1.42 A. The averages of 
each of the two sets of alternate bond lengths are 1.417 
and 1.416 A. ; thus our analysis does not exhibit even 
a tendency toward a threefold distortion of the hexa- 
methylbenzene ring in this chromium tricarbonyl 
complex. There is an indicated twofold distortion of 
the ring with two short bonds (C(l)-C(6), C(3)-C(4)) 
of 1.37 if. (av.) and four longer bonds which average 
to 1.44 if. The nonbonding carbon-carbon distances 
of the outer hexagon of methyl carbons also suggest a 
twofold distortion from a regular hexagon, but in the 
opposite direction with two long distances (H3C( 1)- 
H&(6), H3C(3)-H&(4)) of 3.01 8. (av.) and four 
shorter distances of 2.90 if. (av.). The deviations from 
the idealized 120” bond angles about each ring carbon 
atom also reflect this twofold distortion. 29 

(28) M. R. Churchill and R. Mason, PYOC. Chcm. SOC., 365 (1963). 
(29) Although the standard deviations of the individual bond lengths and  

angles derived from the least-squares analysis are reliable only insofar as the  
da ta  are not subject to systematic errors, the low value of 2.7% for the least- 
squares merging of the two sets of intensity da ta  (see Experimental section) 
indicates that  the suggested twofold distortion is not attributable to the 
noncorrection for absorption and extinction effects 
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b -  
Figure 4.-[lOO] projection of the unit cell. 

Although the nearest intermolecular Hac. . . OC dis- 
tances of 3.3 A. indicate no interaction other than that 
expected for the usual van der Waals forces, the mole- 
cules directly above and below the asymmetric mole- 
cule along the c axis (h., each related to the asymmetric 
molecule by the symmetry operation cb located a t  b / 4 )  
may account in part for this indicated distortion. The 
[ O l O ]  and [ loo]  projections (Figures 4 and 5 )  show 
that the carbonyl groups of these two neighboring 
molecules are quite symmetrically placed with respect 

to the nearest methyl carbon atoms (O(7 )  vs.  HsC(6)' 
and H3C(1)'; O(8) and 0(9)  us. H3C(3)' and H3C(4)'). 
The closest approaches of other molecules to this basic 
hexamethylbenzene ring, including intermolecular 
methyl-methyl, methyl-oxygen, and methyl-carbon 
(both ring and carbonyl) interactions, are not nearly so 
symmetrical. 

Apart from the electronic interaction of the chromium 
tricarbonyl group and intermolecular packing effects, 
a possible explanation of the indicated distortion of 
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t 
C 

a- 
Figure 5.-[OlO] projection of the unit cell. 

the metal-complexed hexamethylbenzene ring is that 
the “free” molecule itself does not possess sixfold 
symmetry due to intramolecular steric interactions of 
the methyl groups. Although the two-dimensional 
X-ray studies of “free” hexamethy1benzenel2 did not 
reveal any ring distortion, the combination of an 
implicit assumption of D6h symmetry for the carbon 
framework and the inherent imprecision of two-di- 
mensional X-ray work would prevent the detection of 
any distortion in the hexamethylbenzene ring of the 
order of 0.07 A. as found in our study of hexamethyl- 
benzenechromium tricarbonyl. Furthermore, a two- 
fold distortion of the hexamethylbenzene ring in crys- 
tals of “free” hexamethylbenzene a t  temperatures above 
-163” was postulated by Schneppa0 on the basis of a 
discontinuous change in the near-ultraviolet absorption 

(30) 0. Schnepp, J. Ckem. Pkys.,29, 66 (1958). 

spectra of oriented single crystals. Heat capacity 
measurementsa1 also indicated a phase transition a t  
this temperature. Schneppao suggested that the 
molecular ring distortion might be caused by asym- 
metric crystal forces acting on the methyl substitu- 
ents as the methyl groups begin to rotate freely a t  the 
transition temperature. (Either fixed methyl groups 
or geared rotation were assumed to occur a t  tempera- 
tures below - 1 6 3 O 5 O ;  n.m.r. studies of “free” hexa- 
methylbenzene,s2 however, do not support this postu- 
lated onset of free rotation a t  - 1 6 3 O . )  In any event, 
the above results certainly indicate that a three-dimen- 
sional X-ray refinement is needed to clarify the status 
of the symmetry of “free” hexamethylbenzene. 

Of significance is that  no evidence of a threefold dis- 
(31) H.  M. Huffman, G. S. Parks, and A. c. Daniels, J .  A m .  Chem. Soc., 

(32) E. R. Andrew, J .  Chcm. Phys., l$, 607 (1950). 
6’2, 1547 (1930). 

I /4 

-- 1/4 

w 2 , 3  a 14 
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tortion appears in the hexamethylbenzene ring of the 
chromium tricarbonyl complex, not even as a super- 
position upon the twofold distortion of the ring. In 
the absence of a threefold distortion of an arene ring 
complexed to a chromium tricarbonyl group possessing 
trigonal symmetry, i t  is concluded that dibenzene- 
chromium should not be expected to show threefold 
distortion of the benzene rings. 

Our results show that three-dimensional investiga- 
tions of other arenechromium tricarbonyl systems will 
further verify the presence or absence of sixfold sym- 
metry for the arene ring. Toward this end three-di- 

mensional X-ray work is being carried out in this labora- 
tory on several other chromium tricarbonyl complexes. 
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Structure of Thiophenechromium Tricarbonyl, C4H,SCr(CO),’ 

BY MARCIA F. BAILEYZ AND LAWRENCE F. DAHL3 

Receiaed Febiuary 5, 1965 

A three-dimensional X-ray analysis of CaH4SCr( C0)3  has revealed a threefold orientational disorder of the thiophene ring. 
The crystals c:ntain two molecules in a monoclinic unit cell of symmetry P21/m and dimensions a = 6.06 d= 0.02 A,, b = 
10.79 & 0.03 A,,  c = 6.65 i 0.02 a., and p = 102.2 i. 0.1”. Fourier syntheses and an isotropic rigid-body least-squares 
refinement based on a disordered model, in which the thiophene rings are randomly distributed in one of three orientations, 
have yielded an unweighted discrepancy factor of 13.2y0 for 653 observed reflections. The molecular configuration with the 
thiophene sulfur atom always trans to one of the three carbonyl groups is invariant to the crystalline disorder. However, 
the disordered structure has made impossible a detailed comparison of the molecular parameters of the metal-complexed 
thiophene with those of “free” thiophene. A comparison of the crystal structures of C4H&Cr(C0)3 and CsHsCr(C0)3 is 
given. 

Introduction 
An X-ray study of thiophenechromium tricarbonyl 

has been performed in order to determine the effect 
of the chromium-thiophene interaction on the thio- 
phene ring parameters. Fischer and afele,4 who first 
prepared this complex by the reaction of thiophene 
with chromium hexacarbonyl, proposed an octahedral 
valency model involving a three-point attachment of 
the chromium to the sulfur and to the double bonds of 
the thiophene ring. Since the intramolecular parame- 
ters of free thiophene have been determined with high 
precision by means of both electron diffraction5 and 
microwave spectroscopy,6 this investigation offered the 
opportunity for a detailed comparison of the structural 
features of the free and chromium-bonded thiophene 
ring. 

Experimental 
Large red crystals of thiophenechromium tricarbonyl were 

kindly supplied to us by Professor Dr. E. 0. Fischer. Two 

(1) Presented in part  before the  Division of Inorganic Chemistry, 148th 
National Meeting of the American Chemical Society, Chicago, Ill., Aug. 31- 
Sept. 4, 1964. 

(2) National Science Foundation Predoctoral Fellow, 1962-1964. 
(3) Alfred P. Sloan Fellow, 1963-present. 
(4) E. 0. Fischer and K. Ofele, Chem. Be?., 91, 2395 (1958). 
( 5 )  R. A. Bonbam and F. A. Momany, J. Phys.  Chem., 67, 2474 (1963). 
(6) B. Bak, D. Christensen, L. Hansen-Nygaard, and J. Rastrup-Ander- 

sen, J. .Idol. Spectvy. ,  7 ,  68 (1961). 

crystals, each approximately cubic in shape and about 0.025 
cm. on a side, were used for obtaining intensity data. Since the 
compound is moderately air-sensitive, the crystals were loaded 
into thin-walled glass capillaries which were subsequently 
evacuated, filled with argon, and then hermetically sealed. 
Although surface decomposition (as evidenced by the formation 
of a thin green coating on both crystals) was observed toward the 
end of the five weeks of exposure to the X-ray beam, no internal 
decomposition manifested by weakened intensities for given re- 
flections was detected. Since the crystals are not transparent, the 
polarizing microscope could not be used to detect twinning; 
however, no evidence of disorder, diffuse scattering, or split 
spots characteristic of twinning was observed on the Weissenberg 
and precession photographs. 

Multiple-film equi-inclination Weissenberg photographs were 
obtained with Zr-filtered Mo Kcr radiation about the b rotation 
axis for seven reciprocal levels (h0Z-h6Z) and about the c rotation 
axis for seven levels (hk0-hk6). The intensities of the reflections 
thus obtained were visually estimated, and spot extension’ as 
well as Lorentz-polarization corrections were applied. The 
resultant data were then merged to one scale factor uia least 
squares8 to give 653 independent reflections. The weighted 
reliability index Rz for the merging of the 403 duplicate reflections 
was 3.4y0. Absorption corrections were neglected due to the low 
absorption coefficient (wRmhs < 0.4). The standard deviations of 
the observed structure amplitudes were estimated as followsg : 

(7) D. C. Philipps, A d a  Crys t . ,  7 ,  746 (1964). 
(8) P. W. Sutton and M. D. Glick, “A Crystallographic Data  Correlation 

(9) D. L. Smith, “DACOR-A Data  Reduction Program for the C D C  
Program for the C D C  1604,” University of Wisconsin, 1964. 

1604 Computer,” Ph.D. Thesis (Appendix I ) ,  University of Wisconsin, 1962. 




