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exists between the erystal structures of free benzene and
free thiophene.®

(26) On the basis of the lattice constants of benzene initially reported by
Cox,?" as well as their own X-ray structural study of thiophene, Abrahams
and Lipscomb?8 suggested that thiophene and benzene may be isomorphous
in the solid state. The subsequent determination of the space group and
orientation of benzene molecules in crystals at —3°2¢ has enabled us to con-
firm their suggestion and also to determine the degree of structural similavity
between the two compounds,

Crystals of thiophene (~55°) contain four molecules in an orthorhombic
unit cell of dimensions ¢ = 9.76 ., b = 7.20 A., ¢ = 6.67 A.25; the probable
space group is either Bmab(D:,8) or the noncentrosymmetric equivalent,
B2ab(Cs¢!). This structure, in which the thiophene molecules lie very
nearly in the (011) and (011) planes, is complicated by an apparent fourfold
positional disorder of the thiophene rings for Bmab, which reduces to a two-
fold positional disorder of the rings for B2ab. With this disorder the five
“1/4 atoms”’ (Bmab) or “1/: atoms” (B2ab) of one thiophene ring make up
the asymmetric unit. For the acentric case (B2ab) the centers of gravity of
the two disordered molecules coincide and lie on the 2,; for the centric case
(Bmab) the centers of gravity of the four disordered molecules also coincide
and lie on the center of symmetry at the intersection of 2, and mg,. This
fourfold (or twofold) disorder found in free thiophene appears analogous to
the threefold disorder found for the thiophene rings in thiophenechromium
tricarbonyl.

Solid benzene (—3°) possesses an ordered structure with four molecules in
an orthorhombic unit cell of dimensions ¢ = 7.46 A., b = 9.67 A., ¢ = 7.03
A»  The unique space group Pbca requires each benzene to lie on a crystal-
lographic center of symmetry; the molecules are so oriented that they lie
very nearly in the (101) and (101) planes,

By an appropriate transformation of axes one can elucidate the crystal-
lographic similarities of these two compounds. For thiophene, Bmab
(B2ab) is equivalent to Cmeca(C2ca) by a reversal of the ¢ and b axes, for which
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the lattice constants transform to ¢’ = 9.76 A., b’ = 6.67 A., and ¢/ = 7.20
A.; the thiophene molecules remain nearly in the (011) and (0I1) planes.
For benzene one can make the following transformation (to which the space
group Pbeaisinvariant): a’ = b, b’ = ¢, ¢’ = a (i.e., a’ = 9.67 A.,0 =7.03
A, ¢ = 7.46 A). With this transformation a comparison of the primed
tattice constants for the two compounds is in agreement with the proposed
isomorphism, and the benzene molectles now are close to the (011) and (0171)
planes. Moreover, if four of the benzeme ring carbons were located at
+ (=1, »1, 71) and = (&1, ¥, %) with the two remaining carbon atoms at =+
{x2, 0, 0), then the space group symmetty would be Cmca. The actual struc-
ture of benzene shows that the carbon atoms are close to these positions with
four carbon atoms located at =(0.05, 0.12, —0.13) and £=(-—0.09, 0.13,
—0.08) and the other two carbons at #=(0.14, --0.01, —0.05).2* The ob-
served intensities consequently show a tendency toward C-centering (i.e., on
the average, the hk! reflections for # + k odd are weaker than those for b + %
even).2®

(27) E. G. Cox, Proc. Roy. Soc. {London), A185, 491 (1932).

(28) 8. C. Abrahams and W. N. Lipscomb, Acta Cryst., B, 93 (1952).

(29) E. G. Cox, D. W. J. Cruickshank, and J. A. S. Smith, Proc. Roy. Soc.
(London), A247, 1 (1958); E, G. Cox and J. A. S. Smith, Nature, 178, 75
(1954).

CONTRIBUTION FROM THE DEPARTMENT OF CHEMISTRY,
UNIVERSITY OF Wi1sCcoNSIN, MaDpIisoN, WIsCoNSIN 53706
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As part of a systematic investigation of possible threefold distortion of arene rings on #-bonding to chromium, a three-di-

mensional single crystal X-ray analysis of benzenechromium tricarbonyl, C¢H¢Cr(CO)s; has been carried out.

Crystals of

benzenechromium tricarbonyl contain two molecules in a monoclinic unit cell of symmetry ’2,/m and dimensions ¢ = 6.17

+0.02A,b =11.07 2004 A, ¢ = 6.57 £ 0.02 A, and 8 = 101.5 = 0.1°.

A final anisotropic least-squares refinement

with the hydrogen atoms included in the structure factor calculations has resulted in discrepancy factors of R = 4.29(, and R,

= 4,19 for 518 observed reflections.

Benzenechromium tricarbony! possesses essentially Cy, molecular symmetry in agree-

ment with the approximate molecular structure obtained from previous two-dimensional X-ray work. The r-bonded benzene
ring, however, shows no significant distortion from the sixfold (Dsgy) symmetry of “‘free” benzene, which is indicative of a

completely delocalized benzene—chromium interaction.

A comparison of the molecular parameters of benzenechromium tri-

carbonyl, hexamethylbenzenechromium tricarbonyl, and dibenzenechromium is made, and the crystallographic isomor-

phism of CeHsCr(CO); and C,HSCr(CO); is discussed.

Introduction

The recent extensive interest concerning possible
reduction of the sixfold symmetry of arene rings -
bonded to transition metals has arisen from the con-
flicting results obtained from several independent three-
dimensional X-ray studies of dibenzenechromium.*~7

(1) Based in part on a dissertation submitted by M. F. Bailey to the
Graduate School of the University of Wisconsin in partial fulfillment of the
requirements for the degree of Doctor of Philosophy.

(2) National Science Foundation Predoctoral Fellow, 1962-1964.

(3) Alfred P. Sloan Fellow, 1983--1965.

(4) F. Jellinek, Nature, 187, 871 (1960); T°. Jellinek, J. Organomelal.
Chem. (Amsterdam), 1, 43 (1963).

This controversy has led to the suggestion that X-ray
analyses of arene-chromium tricarbonyl complexes
offer a means of clarifying this problem,® since the
presence of the trigonal field of the chromium tricar-
bonyl moiety should induce a threefold distortion of
the benzene ring if indeed dibenzenechromium exhibits

(5) F. A. Cotton, W. A. Dollase, and J. 8. Wood, J. 4. Chem. Soc., 88,
1543 (1963).

(8) J. A. Ibers, J. Chem. Phys., 40, 3120 (1964).

(7) For a discussion of this problem, including extensive comments on the
dibenzenechromium structural analyses, see P. J. Wheatley’s review on
‘‘Structure Determinations of Benzenoid-Transition Metal Complexes,'” to

e publistied,
(8) M. F. Bailey and L. F. Dahl, [norg. Chem., 4, 1298 (1965).
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only threefold symmetry. The absence of any three-
fold symmetry in the Cr(CO);s-complexed benzene ring
thereby would cast serious doubt on the possibility of
observing for dibenzene metal complexes threefold
symmetry which could be ascribed to intramolecular
bonding effects. The above ideas prompted a three-
dimensional anisotropic X-ray investigation of hexa-
methylbenzenechromium tricarbonyl which produced
no evidence of a threefold distortion of the ring.?
However, an indicated twofold deformatijon of the ben-
zene and methyl carbon atoms was found which was
attributed both to asymmetric crystal forces and to a
possible absence of the sixiold symmetry of the carbon
skeletal structure in ‘‘free’ hexamethylbenzene due
to the intramolecular steric interactions of the methyl
groups. The presence of the methyl groups established
that the twelve carbon atoms of the hexamethylbenzene
ring were essentially coplanar in this w-bonded ring-
chromium tricarbonyl complex and that, to a first-order
approximation, the areme ring m-orbital system re-
mains intact for chromium tricarbonyl complexes.
Hence, from these results it was concluded that the
hydrogen atoms (or other substituents) of the -
bonded benzene rings in dibenzenechromium, benzene-
chromium tricarbonyl, and similar chromium-arene
complexes also remain approximately coplanar with the
ring carbon atoms.

In order to investigate further possible arene ring
distortion on = bonding to chromium, a three-dimen-
sional X-ray analysis of benzenechromium tricarbonyl
was undertaken. Although a two-dimensional study of
this complex has been reported by Corradini and Al-
legra,®~!! the large standard deviations of their final
parameters prevented detection of any possible three-
fold distortion of the six carbon atoms of the benzene
ring in this complex.!! Our three-dimensional single
crystal X-ray study of benzenechromium tricarbonyl,
which included anisotropic least-squares refinement of
the nonhydrogen atoms, has provided additional stereo-
chemical information of importance to the dibenzene-
chromium dispute.

Experimental

Yellow crystals of benzenechromium tricarbonyl were prepared
by the method of Nicholls and Whiting,!? with sublimation #»
vacuo at 70° to give crystals suitable for X-ray study. Two uni-
formly-shaped crystals of 0.02 cm. maximum diameter were used
for gathering intensity data. Lattice constants were measured
from precession photographs of the three principal zones, and the
resulting internal agreement was well within the indicated error.
The settings of the precession camera were calibrated with a
sodium chloride crystal.

Multiple-film equi-inclination Weissenberg photographs were
obtained with Zr-filtered Mo Ka radiation about the a rotation
axis for six reciprocal levels (0ki-5ki) and about the ¢ rotation
axis for seven levels (hk0-£k6). The intensities of the reflections
were visually estimated and spot extension!® as well as Lorentz-
polarization corrections were applied; no correction was made for

(9) P, Corradini and G. Allegra, J. Am. Chem, Soc., 81, 2271 (1959).

(10) P. Corradini and G. Allegra, Aiti Accad. Nasl. Lincei, Rend., Classe
Sci. Fis., Mat, Nat,, 26, 511 (1959),

(11) G. Allegra, ¢bid., 81, 241 (1961),

(12) B. Nicholls and M. C. Whiting, J. Chem. Soc., 551 (1930).

(13) D. C. Philipps, Acta Cryst., T, 746 (1954).
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extinction effects. The linear absorption coefficient, u, of
CeHsCr(CO); for Mo Ka radiation is 13.4 cm.=!; due to this
small absorption coefficient (uRm.x < 0.2), absorption corrections
were neglected. The data were subsequently merged to one
scale factor via least squares!¢ to give 518 independent reflections;
for the merging of 349 duplicate reflections the weighted reli-
ability index R; was 3.839. The standard deviations of the ob-
served structure amplitudes were estimated as followss: If
I(kkl) < A/10@min, o(Fo(hkD)) = (|Fo(hkD|/20)[/10 Imin/
Io(hk1))%; if To(hED) 2 /101, o Fo(hkl)) = | F.(hkL) /20.

Crystal Data

Crystals of benzenechromium tricarbonyl are mono-
clinic with cell parameters ¢ = 6.17 = 0.02 4., § =
11.07 = 0.04 A, ¢ = 6.57 = 0.02 4, and 8 = 101.5 =
0.1°.  For two molecules per unit cell, our calculated
density of 1.62 g./cc. agrees well with the experimental
(1.64 g./cc.) and calculated (1.65 g./cc.) densities ob-
tained by Corradini and Allegra.’® The corresponding
values for the lattice constants of benzenechromium
tricarbonyl obtained by Corradini and Allegral® are
e =609 % 0044,0=1099 = 0074, ¢ =658 =
0.04 A, and 8 = 101.5°,

The systematic absence of # = 21 + 1 for {0k0}
data indicates the probable space group to be either
P2,(Cy?) or P2;/m(Cen?). The acentric space group
(P21) requires the location of one complete formula
unit, whereas the centrosymmetric space group de-
mands that the noncentrosymmetric molecule possess
a crystallographic mirror plane which passes through the
chromium atom and one carbonyl group (and possibly
two ring carbon atoms) and relates in pairs the other
atoms (viz., the remaining two carbonyls and six (or
possibly four) ring carbon atoms).

Solution of Structure

A three-dimensional Patterson function calculated
from the merged data revealed the single-weight Cr-Cr
vector and the ten double-weight Cr—C and four double-
weight Cr—O vectors at positions very close to those
predicted on the basis of the atomic coordinates ob-
tained two-dimensionally by Corradini and Allegra.1® !t
On this three-dimensional vector map it was verified
that two atoms which correspond to one carbonyl
group possess exactly the same y coordinate as the
chromium atom and that none of the ring carbon atoms
lies in this plane; rather, three ring carbon atoms are
located above the plane, and the other three are re-
lated by reflection through this plane (Figure 1).
The remaining two carbonyls are similarly related to
each other. Since the Patterson function involves no
assumptions concerning the atomic positions of any of
the atoms, the relative weights and positions of the ob-
served vectors strongly indicate that crystals of this
compound indeed are centric and of space group P2;/m.

A three-dimensional isotropic least-squares refine-
ment carried out on the independent nonhydrogen
atoms resulted in discrepancy factors of R = [EJ\FOI -
FJl/ZIF]] X 100 = 9.0% and R, = [Zw|F| —

(14) P. W. Sutton and M. D. Glick, ‘A Crystallographic Data Correlation
Program for the CDC 1604,” University of Wisconsin, 1963,

(15) D. L. Smith, “DACOR-~A Data Reduction Program for the 1604
Computer,” Ph.DD. Thesis (Appendix I), University of Wisconsin, 1962,
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Figure 1.—Molecular configuration of benzenechromium tri-
carbonyl.

FJ2/swF, 2] X 100 = 10.2%. A three-di-
mensional difference synthesis based on the final
parameters of this refinement showed the hydrogen
atom peaks of 0.5-0.6 electron/A.? in height and at
positions consistent with the structure of ‘‘free”
benzene. In addition, this map revealed for all the
atoms anisotropic thermal motion which was especially
noticeable for the two independent carbonyl oxygen
atoms. At this poiut the average carbon—carbon bond
distance in the ring was 1.419 A. with three of the four
independent distances less than 1 standard devia-
tion (0.015 to 0.021 A.) from this average, and the
other length (bisected by the mirror plane) at 2.5 stand-
ard deviations below the average bond length.

A further isotropic least-squares refinement of the
eight nonhydrogen atoms was made in which the con-
tribution of the hydrogen atoms was included in the
structure factor calculations. Each of the hydrogen
atoms was constrained to lie at a distance of 1.08 A.
from the carbon atom to which it is bonded and to
sit on the vector determined by that carbon atom and
the carbon atom in the para position. The hydrogen
atoms were assigned isotropic temperature coefficients
of 4.5 A% This isotropic refinement yielded dis-
crepancy factors of Ry = 8.79, and R, = 9.89,; for
the resultant positional parameters the carbon-carbon
distances of the ring averaged to 1.394 A.; three of
the distances were within 1 ¢ (0.014-0.020 f‘x.), two
were within 2 ¢, and the sixth bond length was just
within 3 o of the average value. The two sets of three
alternate bond lengths averaged to 1.395 and 1.393 A.
Noteworthy is the average decrease of 0.018 A. in the
bond distances of the ring when the contribution of the
hydrogen atoms is also included in the calculated struc-
ture factors of the least-squares refinement.

A rigid-body least-squares refinement!® then was
undertaken in which the benzene ring was constrained
to Dg, symmetry with carbon-carbon distances of
1.392 A. and carbon-hydrogen distances of 1.08 A.
In addition, the carbon and hydrogen atoms of the
ring were required to have equal isotropic temperature

(16) C. Scheringer, Acia Crysi., 16, 546 (1963).

Inorganic Chemisiry

coefficients. Refinement of this model yielded dis-
crepancy factors of R, = 8.69, and R, = 10.09.
For 518 reflections and a reduction of the number of
variables from 30 to 22, Hamilton’s R factor ratio
test®17 on the two R, values (Ry(Dap)/Re(Cs) = 1.021)
indicates that the model requiring D¢, symmetry and
one thermal parameter for the ring is not statistically
equivalent to the model obtained when only the crystal-
lographically required C; symmetry is forced on the
ring; the significance of the difference in models is at
the 19 level. This test is consistent with the spread
in ring distances observed in the C, model, where
one bond distance was 3 standard deviations below
the average. However, it was felt that this irregular
deviation of the benzene ring from Dsn symmetry no
doubt partly stemmed from the use of isotropic ther-
mal motion which from an examination of the previously
calculated difference Fourier map was not a good as-
sumption. Our subsequent anisotropic least-squares
refinement supported this conclusion. Three-dimen-
sional anisotropic least-squares refinement of the eight
independent nonhydrogen atoms resulted in con-
siderable decreases of the discrepancy factors to give
Ry = 429, and R, = 4.19,. The hydrogen atoms
were included in the structure factor calculations,
and their positions and temperature coefficients (4.5
A 2) were constrained as outlined above for the second
isotropic refinement. It is of interest that the drop
in R, in going from the isotropic model with hydrogen
atoms and C, symmetry to the anisotropic model with
similar hydrogen positions and ring symmetry results
in an R factor ratio (Ris/Ranwo) of 2.41, For 518
reflections and an increase of 34 (from 30 to 64) var-
iables, this ratio is highly significant (i.e., far below the
0.5% level),' and thus in this crystal structure the
model which allows individual atomic anisotropic
thermal motion is indeed far superior to that which
assumes individual atomic isotropic motion.

A difference Fourier based on the parameters of this

TaBLE I

FINAL POSITIONAL PARAMETERS WITH
STANDARD DEVIATIONS FROM ANISOTROPIC REFINEMENT

Atom x 103¢q(x) 4 10%¢(y) z 10%0(2)
Cr® 0.3319 0.15 0.2300 ... 0.0225 0.13
(e} 0.1804 0.8 0.3119 0.4 —0.2073 0.6
Ce 0.3761 1.0 0.3769 0.4 —0.2273 0.6
Cs 0.5753 0.8 0.3142 0.4 —0.1598 0.7
Cs 0.5338 1.2 0.2500 ... 0.2557 1.0
0, 0.6899 0.9 0.2300 ... 0.4002 0.8
Cs 0.1827 0.8 0.3642 0.4 0.1433 0.7
0s 0.0894 0.7 0.4341 0.3 0.2248 0.5
H 0.0280 0.3606 ... —0.3305

H? 0.3761 .. 0.4745 ... —0.2273

H 0.7278 .. 0.3629 —0.1066

¢ The y coordinates of Cr, C4, and Oy were constrained by the
crystal symmetry to be 1/, ®The three hydrogen positions
were not varied, but each hydrogen atom was constrained to be
1.08 A. from the corresponding carbon atom and collinear with
that carbon atom and the para carbon atom.

(17) W. C. Hamilton, “‘Statistics in Physical Science,” Ronald Press Co.,
New York, N. Y., 1964, p. 159.
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TagsLE 11
FINAL ANISOTROPIC TEMPERATURE COEFFICIENTS ( X 104) WITH STANDARD DEvVIATIONS®

Atom By By Bss B Bz Bz
Cr 1561 = 3 67 =1 165 = 3 0 41 £ 2 0

C 306 &= 15 101 = 4 174 = 9 14 = 8 46 £+ 10 136
C, 471 £ 23 83 £ 5 213 =+ 13 —6 & 10 123 £ 14 11+ 6
Cs 250 = 14 150 = 6 234 £ 11 —62 &= 8 108 &+ 10 —-12+6
Cs 252 £ 22 116 = 8 275 &+ 21 0 113 £ 20 0

Os 250 £+ 17 335 = 11 216 =+ 13 0 —47 £ 13 0

Cs 253 £ 15 75+ 5 236 £ 12 8 £ 8 46 = 12 34+ 6
Os 527 £ 15 95 + 4 387 = 11 100 = 7 215 £ 11 245

¢ Individual atom temperature factors of the form exp { — [Buh? + Bak® + Byl + 2Byphk + 2Bishl + 2Bgskl] } were used.!®

TaBLE II1
COMPARISON OF OBSERVED AND CALCULATED STRUCTURE FACTORS FROM THE ANISOTROPIC REFINEMENT

H K L Fy FC H ¥ L FQ fC H K L FO FC H K t f0 FC H K L Fo fC H K L FO fC

0o 0 2 34.0 =-130.1 1 2 2 2648 27.5 2 0 1 3ok =31.7 2 8 =5 12.8 -12.3 3 8 1 19.0 19.0 5 1 -2 Tes Teb
o 0 3 .5 8.0 1.2 -3 12.5 -12.4 2 0 -2 27.1 -26.9 2 8 -6 10.5 9.8 3 8 2 11.0 11.2 5 1 -3 8.5 8.0
0 0 & 23,2 22.5 T 2 3 1h.1 15.9 2 0 2 18.0 -18,2 2 %9 0 15.0 1443 3 8~} 19.0 19.% 5 1 3 9.2 B.4
o0 0 5 18,0 17.8 1 2 4 15.7 16.4 2 0 =3 41,3 ~43.8 2 9 1 14.2 13.8 3 8 3 T.6 7.8 5 1t -4 7.8 7.5
0 o0 6 7.3 6.9 | A ] 13.7 l4.% 2 0 -4 255 =25.4 2 9 2 -TeS 7.2 3 8 ~4 15.6 15.3 5 1 4 10.1 8.3
o o 7 Ba7 8.1 1L 2 =6 543 =5.1 2 0 4 14.8 14,8 2 9 =3 T.6 7.5 3 8 4 8ok 6.8 5 2 -1 Ta7 6.8
0o 1 2 57 “5.3 1 2?2 6 9.6 9.1 2 0 =6 Tek ~5.0 2 9 3 9.6 9.6 3 9 -3 7.1 6.8 5 2 =2 17.0 18.1
o 1 3 23.8 ~23.,5 L 3 0 4.0 24k 2 0 =7 17.7 =-17.8 2 9 -4 T.9 Te3 3 10 © T.8 ~6.7 5 7 2 T3 6.5
fo I S 9.2 -5.3 I 3 -1 68.7 65.4 2 0 -8 8.9 =9.3 2 9 & 10.0 9.8 310 1 8.3 -7.2 5 2 -3 13.0 12.8
o 1 5 12.2 ~11.9 1 3 1 7.3 ~be2 2 1 0 9.5 -8.1 210 1 10.2 10.1 3 10 -2 ?.0 -8.9 5 2 -4 10.1 10.0
o 1 & lit.l -11.4 I 3 =2 48.8 47.5 2 1 =1 27.8 27.0 2 10 -2 T.0 646 310 2 9.3 ~8.3 5 2 -5 13.7 13.8.
0o 1 8 6.1 ~5.5 1 3 2 29.3 29.9 2 11 27.8 29.6 2 10 -3 8.3 6.7 3 10 ~3 9.6 -9.4 5 2?2 -6 Bedk 8.0
o 2 2 3.4 -32.2 1 * -3 19.9 20.9 2 1 -2 27.3 27.8 2 11 =2 8.9 -9.2 3 10 3 9.3 ~8.4 5 3 0 14.7 -13.8
o 2 3 30.9 =-3l.1 1 3 3 33.4 35.0 2 1 2 39.6 40.3 211 2 8.8 ~8.6 312 -} Vel T.8 5 3 -1 11«8 ~-llel
0 2 4 10.0 ~10.2 1 3 -4 14.5 151 2 1 -3 4.0 4.2 211 3 8,2 -8.1 4 0 O 21.5 =-21,2 5 3 1 13.6 =-13.3
0o 2 5 9.0 9.2 1L 3 & t2.6 12.9 2 1 3 364 36,1 3 0 ¢ 2044 20.3 4 0 -1 9.5 -9.3 5 3 -2 T.8 ~Tet
0o 2 6 7.9 ~B.& 1 3 -5 14.5 14,8 2 ) =4 25.9 25.7 3 0 =1 31.7 31.6 &« 0 1 13.7 -13.8 5 3 2 8.8 -8.9
0o 2z 7 8.6 -8.9 11 5 6.5 -6al1 2 1 4 15.8 15.5 3 0 1 9.8 10,1 4 0 -3 113 =~11.9 5 3 3 13.4 ~13,2
o 3 1 6.2 ~“6.1 I 3 -6 13.9 15.5 2 1 =5 15.1 14.9 3 0-2 42.0 39.7 & 0 4 17.4 =17.4 5 1 -4 Ba b ~T0
o 3 2 8.1 -8.1 1 4 0 22.8 =23.8 2 1 5 9.5 9.1 3 0 2 2645 28,1 4 0 -5 11.3 10.5 5 3 4 10.0 ~840
o 3 13 149 16.4 1 4 -1 16.4 ~-17.0 2 1 6 9.6 8.3 3 0 -3 2242 22.9 4 0 5 13.9 =12.9 5 ¥ -5 Te5 -6.7
o 3 4 11.1 11.5 1 4 1 11.5 =11.3 2 2 0 26.9 25.8 3 0 3 16,2 1647 4 0 ~6 7.3 S.4 5 4 0 13.5 =-12.6
0o 3 5 13.6 lé.b 1 & =2 9.1 -9.1 2 2 -1 34,0 32.5 3 0 -4 1.7 11.3 4 1 0 15.6 -15.4 5 4 -1 13.6 =12.8
0 3 6 10.7 1l.4 L 4 2 159 ~16.6 2 2 1 9.8 -“9,2 3 0 4 14.5 14,2 4 1 -1 20.9 =22.0 5 4 -2 8.6 -9.1
0 & 0 17.1 16.6 1 4 -3 12.6 =-12.7 2 2 -2 3402 33.2 3 0 -5 16.7 16.1 4 1 1t 22.5% -24.6 5 4 -4 9.6 ~8.3
0 & 1 16.5 17.0 1 & 3 9.1 -8.8 2 2 -3 14.8 15.0 3 0 5 17.2 16.5 4 1 -2 15,8 =~16.1 5 & -5 13.9 ~14.0
0 4 2 36.9 37.5 L 4 -4 5.4 Sk 2 2 3 14.5 14,8 3 0 -6 6.1 3.2 4 1 2 il.1 -10,8 5 4 -6 8.8 ~8.9
0o & 3 31.5 313.2 1 & 4 13.6 ~13.6 2 2 =4 16.2 16.1 31 0 4.8 hob 4 1 -3 15.1 -15.6 5 5 0 843 Te3
0 & & 1%.0 15.6 1 & =5 9.1 9.3 2 2 -5 15.3 14.6 3 1 -1 12.0 10.8 LI 2le2 =21.9 5 5 -1 6.6 5.2
0 4 5 10.0 9.8 1 4 5 14.9 «15.0 2 2 -6 10.7 10.0 3 1-2 Be7 -8.3 4 1 4 6.2 ~Ta7 5 8 1 10.8 11.0
0 & 6 4.9 4.7 1 & -6 6.k 5.8 2 2 -7 lle4 1l.4 3 1 -3 9.1 el 4 1 -5 15.4 ~15.8 5 5§ -2 8.3 6.7
o 5 1 31.6 -30.8 1 & & 11.2 ~11.2 2 3 0 21.7 =22.0 3 01 03 12,0 =~12.% 4 1 -6 10.2 “943 5 5 2 10.5 11.2
o % 3 5.4 5.2 1 5 0 13.4 -~13.6 2 3 -1 30.4 =30.1 3 1 -4 10.9 10.8 4 2 0 6.0 7.8 5 % =3 Tl 8.5
o 5 4 6ol ~6.0 1 5 -1 28.9 -29.0 2 3 1 32.8 -233.8 3 1 4 11.5 ~11.3 4 2 -1 10.3 10.4 5 5 3 1l.6 11.9%
o 5 5 15.3 -t5.2 1 5 1 19.8 -19.7 2 3 -2 2l.1 =20.5 3 1 ~5 Te2 63 4 2 1 10.1 9.7 5 5 -4 9.0 9.2
0 9 6 9.8 =10.2 1 5 -2 29.1 =-29.1 2 3 2 22.5 =22.5 3 1 s 9.9 -9.4 & 2 -2 11.6 1l.6 5 6 0 10.9 11.0
0o 6 0 27.2 =-21.2 1 5 2 léel ~14.3 2 3 -3 bot ~bek 3 1 -6 12.3 11.9 4 2 2 10.6 10.9 5 6 ~1 9.7 9.2
0o 6 1 19.6 =20.1 1 s -3 23.7 ~24.% 2 3 3 19.1 =19.3 3 1-7 12.3 13.5 4 2 -3 T.7 T3 5 6 ~4 9.5 9.2
o 6 2 17.1 -16.9 1 5 3 9.8 -9.5 2 3 -4 14,2 =13,7 3 2 0 23.0 =~24.9 4 2 -4 12.8 -12.6 5 T =1 Llal <«10.4
0 & 3 16.6 -16.5 1 5 -4 18.9 -18.8 2 3 & 12.4 ~12.2 3 2« 20,6 =20.6 4 2 4 12.6 12.6 5 7 =2 8.0 -8.4
0 6 4 17.0 =~17.8 1 5 4 11.9 -1il.9 2 3 5 11.3 ~11.3 3 2 1 2lel  =22.9 4 2 =5 9.2 =840 5 7 3 8.0 ~Taé
0 6 5 12.6 -13,2 L 5 -5 12.0 =-12.4 2 3 6 12.4 =~ll.6 3 2-2 32.4 =32.4 4 2 5 10.2 8.5 5 B ~1 7.9 ~7.3
o 1 1 10.4 10.1 1 5 -6 9.0 —Bo4 2 4 O 12.7 =12.0 3 2 2 2643 =269 4 3 0 14.9 14.9 5 B8 -2 9.0 ~9.6
o 1 2 4ok 4.3 1 6 0 Te9 7.3 2 4 -1 20.0 =19.8 3 2-3 27.7 =-28.3 4 3 -1 2le6 2143 5 A «3 8ok ~B8.6
¢ 1 3 Te1 T3 1 6 1 12.3 11.9 2 4 1 Sel 3.8 3 2 13 10.6 -9.9 4 3 1 20.5 21.5 5 9 -1 9.3 9.5
0 7 4 7.7 8.3 1 6 -2 12.2 12.4 2 & -2 33.2 -32.7 3 2 -4 1l1.8 =1le6 4 3 -2 19.5 19.3 5 10 -1 8.2 6.2
o 8 0 1449 15.3 L 6 2 13.9 14.3 2 4 -3 17.6 =-17.9 3 2 4 9.8 =-9.6 4 3 2 11.5 11.2 6 0 0 12.2 12.6
0o 8 1 17.2 17.7 1 6 =3 l4.% 14.5 2 4 3 9.3 -8.5 3 2 -5 10.2 -92.8 4 3 -3 14.3 14.3 6 0 -1 10.0 9.7
o 8 2 1T.4 17.4 1 &6 3 12.3 12.7 2 4 ~4 12.4 =12.6 3-2 S 15,4 =14,.5 4 3 -4 12.8 12.8 6 0 1 9.5 9.0
0o 8 13 9.2 9.2 1 6 4 14,6 14.5 2 4 -5 15.2 =15.0 3 3 0 17.3 =1T.6 4 3 -5 11.1 10.8 6 0 =2 12,5 13.1
0 B 4 Te2 7.8 1 6 =5 8.6 ~T.9 2 & =6 10.2 =10.3 3 3 -1 203 ~20.0 4 3 -6 12.8 11.8 6 n 2 9.5 9.9
o 8 5 7.8 8.5 1 6 5 10.0 9el 2 5 © 13.7 12.9 3 3 1 8.9 Bab 4 & 0 6.4 =645 6 0 -3 15.3 16.8
0o 9 1 4.9 -5.7 1 7 0 15.0 15.0 2 5 -1 3 3 -2 11.3 L1.2 4 4 1 13.0 =12.9 6 1 -2 11.9 12.1
0o 9 2 5.3 -5.3 1 7~ 23.9 2442 2 5 1 3 3 2 14,8 143 4 & 2 16.3 -16,8 6 1 =3 10.6 10,7
o 9 3 648 -T.0 t 71 17.7 17.9 2 5 -2 3 3 3 1le4 10.9 4 & 3 8.8 ~8e4 6 2 0 1242 ~12.5%
0 9 4 545 6.2 1 7 -2 21,7 21.5 2 5 2 3 3 -4 177 =169 4 & 4 7.7 ~6.8 6 2 -1 11.9 =~11.8
010 0 l4.4 ~-13.9 1T 2 11.0 l1le3 2 5 -3 3 3 -5 12,1 ~-11.7 4 5 0 210 <2046 6 2 =2 9.5 =~10.1
010 1 12,4 =12.4 1 7 -3 10.6 10.7 2 5 3 3 3 -6 b5 =-5.7 4 S -1 23,2 -22.8 6 2 2 8.9 -9, 4
010 2 844 ~9.0 17 -4 9.6 9.5 2 5 -4 3 4 0 2502 259 4 S 1 13.1 =-12.2 6 2-3  1l.4 -11.8
010 3 643 =6.0 1 7. 4 6.9 5.6 2 5 4 3 4«1 28,1 2T.2 4 S5 -2 10,2 -10.1 6 2 3 9.3 -T.8
010 4 64l =b6a1 1 7 ~5 11.8 11.9 2 5 5 3 4 1 18.0 19,6 4 5 -3 7.8 =-T.7 6 2 -4 9.0 -8,5
010 S5 5.9 “5.1 1 7 5 Tab 6.8 2 5 -6 3 k-2 28.9 292 4 5 3 8.2 ~T.2 6 2 -5 8.1 -Te b
o011 1 6ol 7.7 1 7-6 8.8 8.1 2 5 6 3 & 2 21.2 20.7 4 5 ~4& 13.7 =-13.4 6 3 -5 8.5 -5.7
012 1 6.0 6.1 1L R O 16,2 -16.5 2 6 0 3 4 =3 16,8 16.5 4 5 -5 12.2 =~11.6 6 & 0 8.6 8.7
012 2 T.2 T.6 1 R =1 Tel -6.5 2 6 1 3 4 3 10.4 9.5 4 5 -6 10.0 -8.T 6 & -1 11.5 10.5
012 3 6e3 6.9 L L I 6.7 -6el 2 6 =2 3 & -5 8.2 TaT 4 6 0 7.5 6.9 6 4 =2 9.7 9.6
1 0-2 31.7 30.0 1 8 3 léet =~14.3 2 6 2 3 4 5 8.8 8.0 4 6 1 11.8 11l.6 6 & 2 8,6 9.8
T 0 2 60.8 =60,7 1 8 4 [7.4 =-17.9 2 6 -1 3 4 =6 1l.1 10.9 4 6 2 12.3 12.8 6 & -3 8.3 9.0
1 0 =3 ll.4 10.7 1 9 0 14.3 =-13.6 2 6 =4 3 5 o0 6.3 —-b42 4 T 0 11.6 11.1 6 & 3 8.1 8.0
1 0 3 20.8 =21.4 1 9 -1 16.7 =1T.7 2 6 =5 3 5 =2 12.1 12.3 4 7T -1 8.0 6.7 b & =4 8.9 8.0
1 0 4 10al -9.6 1 9 1 13.8 =~12.9 2 6 =6 3 5 -3 17.0 17.5 4 7T 1 10.7 9.9 6 4 =5 8.7 3.0
1 0 =5 8.6 -9.0 1 9 -2 12.8 =-13.2 2 1T 0 3 5 3 T.8 =T.l 4 7 -2 8.9 8.7 6 6 -] 11.7 =11.0
1 0 5 11.8 =11.0 L 9 2 f.4 -8.1 2 7-1 3 5 -4 743 6.8 4 7T -3 19.3 19.4 b 6 -2 9.2 —10.\
1L 0 & 8.9 =Bok 1 9 -5 9.3 -9.2 2 17T 1 3 6 0 24,6 =24.9 & T -4 lbe& 15,8 6 6 2 T.8 —a.o
1 1=2 18.1 16.4 L 9 -6 8.6 -7.0 2 1 =2 3 6 -1 1947 =19.1 4 8 ~1 7.3 “7.3 6 R -1 9.8 0.0
1 1 2 28.2 -28.9 110 1 9.4 8.6 2 1 2 3 6 1 lbis =164 4 9 =2 9.8  =-9.9 7 1 0 1.9 Zbue
1 1 -3 32.2 -21.9 110 2 7.7 8.0 2 7-3 36 -2 léel -13,7 4 9 =3 14,5 -14.6 7 1-1 1l.1 -10.%
11 3 13.0 -13.3 110 3 8.3 8.2 2 17 3 3-8 2 13.4 =12.9 4 9 ~4 10.6 -9.6 T 1 =2 ‘10.6 -11.0
L 1 -4 42.6 -42.5 110 4 8.1 7.8 2 T -4 3 6 -3 12.3 -11.7 4 11 -1 8.7 8.3 7 o1-3 9.3 -3.0
1 1 4 7.5 -7.1 t 11 0 8.t 68 2 7 4 3 6 3 10.8 =~10.6 5 0 =2 166 ~16.4 7T 1 - 7.7 -,.‘
1 1 =5  1%.4 <-14.8 111 -1 8.1 8.3 2 1 5 3 6 ~4 8.6 =7.7 s 0 2 7.2 -T.l 7 2 -2 8.1 a1
1 1 ~6 10.1 =11.0 1t 1 8.4 Teb 2 8 o0 I 6 4 Be5 ~T.1 S 0-3 17,3 -la.l 7 1 -3 7.9 P
116 6.2 -5.3 111 -2 9.2 9.0 2 8-y 3 6 -8 947  ~B.B 5 0 -4 18,9 =-16.9 T 8 -2 8.4 ~7.9
L 2 0 95,4 4B.4 111 =3 7.8 6.8 2 a1 3 6 -6 9.1  -8.2 5 0 -5 14.3 =—lé.7 °

1 2 -t 40,8 39.5 113 -2 T.7 ~T.4 2 8 =2 3 7 -3 11,0 =10.7 5 1 0 19.6 21.2

1 2 1 8.6 843 2 0 0 2%.1 =23.1 2 8 =3 3 7 ~4 T.2 b4 6 5 1 -1 9,2 8.4

1 2 -2 26,6 ~23.7 2 0 -1 léek 13.6 2 B8 -4 3 8 0 16.6 15.8 s 1 1 19.7 2lete

final refinement revealed no positive electron density
greater than 0.50 electron/A.3 or less than —0.35 elec-
tron/A.3; the absolute value of the electron density
within 0.2 A. of the hydrogen positions was less than
0.1 electron/A.3. The final positional parameters and

temperature coefficients from the anisotropic re-
finement are given in Tables I and II. In Table III
observed and calculated structure factors are compared
for these final parameters. Table IV includes the
molecular bond distances and angles calculated from
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the final positional parameters obtained in the aniso-
tropic refinement. Table V indicates the perpendicular
deviations (A.) of all atoms from the plane of the ring.

TaBLE IV

MOLECULAR BOND LENGTHS AND ANGLES
FROM ANISOTROPIC LEAST-SQUARES REFINEMENT

Bond Lengths

Distance, Distance,

Atoms A, 7, A Atoms A. 7, A,
Cr-C; 2.230 0.009 C/-C 1.371 0.011
Cr-C. 2.218 0.008 C-C, 1.402 0.008
Cr-C, 2.216 0.008 C-Cs 1.404 0.008
Cr-C,4 1.841 0.010 Ce-Cy' 1.421 0.011
Cr-C; 1.842 0.008 Gy -Gy 1.404 0.008
Cr-0, 2.976 0.011 Cy'-C,'" 1.402 0.008
Cr-0; 2.992  0.009 Cn-H 1.080
Cy-0, 1.135  0.008  Co-HY 1.080
Cs~05 1.150  0.006  Cy-H 1.080

Angles
Angle, 7, Angle, o,

Atoms deg. deg. Atoms deg. deg.
Cr-C40, 179.7 0.6 OCr-0; £89.0 0.3
Cr~-Cs0s 178.8 0.4 O;~Cr-05' 85.9 0.4
C—Cr-Cs 89.4 0.3 C/-C-C, 120.9 0.3
C;—Cr-Cy’ 86.7 0.4 C—-Co-Cs 119.5 0.5
Co—Cy-Cy’ 119.6 0.3

% The bond distances C3'~C," and C;'-C,’ are symmetry-related
by a mirror plane to the bond distances Co—C; and Ci—C,, re-
spectively. ©° The carbon-hydrogen distances were constrained
to be 108 A.

TABLE V

DEvVIATIONS (A.) OF ALL ATOMS FROM
THE MEAN PLANE OF THE Six RiNG CARBON
Atoms: 0.366X — 3.931Z = 2.327°

Distance, Distance,

Atom N Atom
&) —0.004 Cr 1.724
Ce 0.008 Cs 2.733
Cs —0.004 Cs 2.856
H; —0.004 Oy 3.361
H. 0.008 Os 3.580
H; —0.004

® The equation is expressed in orthogonal coordinates X, V, and
Z, which are related to the monoclinic cell coordinates by the
transformation X = ax + czcos 8, ¥V = by,and Z = czsin B3.

The Patterson and electron density maps were cal-
culated on the CDC 1604 computer with the Blount
program.’® The full-matrix least-squares mnomnrigid-
body refinements (isotropic and anisotropic) were car-
ried out on the CDC 1604 computer with the Busing—
Martin-Levy ORFLS program,'® whereas the rigid-
body isotropic refinement was obtained with Scherin-
ger’s full-matrix least-squares Fortran program for the
IBM 704.% All bond lengths and angles were calcu-
lated with the Busing-Martin-Levy ORFFE program
with errors obtained from the full inverse matrix.?

(18) J. Blount, ““A Fourier Program for the CDC 1604, University of
‘Wisconsin, 1863.

(19) W. R. Busing, K. O, Martin, and H. A. Levy, “ORFLS—A Fortran
Crystallographic Least-Squares Program,” ORNL-TM-305, Oak Ridge
National Laboratory, 1963.

(20) W. R. Busing, K. O. Martin, and H. A, Levy, “ORFFE—A Fortran
Crystallographic Function and Error Program,” ORNL-TM-306, Oak Ridge
National Laboratory, 196,

Inorganic Chemaislry

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.?

Discussion

One three-dimensional X-ray analysis of benzene-
chromium tricarbonyl gives no indication of a three-
fold distortion of the m-bonded benzene ring in this
tricarbonyl chromium complex. The four independent
carbon—carbon bond distances range in value from
1.370 = 0.011 to 1.421 =+ 0.011 A., and each is within
3 standard deviations of the average bond dis-
tance of 1.407 A. This average distance is in good
agreement with the average arene carbon-carbon bond
length of 1.42 A, found in hexamethylbenzenechro-
mium tricarbonyl® and 1.39 A. reported for dibenzene-
chromium.® The averages of each of the two sets of
alternate bond lengths are 1.393 and 1.40g A. Since
these last two averages are equal within the estimated
error, it is concluded that no threefold distortion toward
a triene system is observed in this w-bonded benzene
ring. This result for benzenechromium tricarbonyl
gives strong support to earlier indications that within
the estimated error dibenzenechromium possesses Dy
symmetry.57

The three chromium to ring carbon distances range
from 2.21g to 2.239 A. (individual e.s.d., 0.009 A.).
The average value of 2.221 A. agrees well with the cor-
responding average distance of 2.23 A. (individual
esd., 0.011 A) for hexamethylbenzenechromium
tricarbonyl® but is significantly greater than the 2.13 A.
(individual e.s.d., 0.006 A.) average chromium to ring
carbon distance found for dibenzenechromium.® The
perpendicular distance of the chromium atom from the
plane of the six ring carbons shows the same trend for
these three complexes with 1.724 A. for benzenechro-
mium tricarbonyl (Table V), 1.72 A. for hexamethyl-
benzenechromium tricarbonyl,$ and 1.60 A. (av.) for
dibenzenechromium.® Comparison of the perpendicu-
lar distances of the chromium atom from the ring plane
in each of these three complexes thus indicates that the
metal to ring bond in benzenechromium tricarbonyl is
approximately as strong as that in hexamethylbenzene-
chromium tricarbonyl, but is weaker than each of the
chromium to ring bonds in dibenzenechromium. The
six ring carbon atoms of benzenechromium tricarbonyl
are coplanar (Table V), and their mean plane is es-
sentially parallel to that of the three oxygen atoms
(dihedral angle of 3.4°).

The chromium fricarbonyl fragment possesses ap-
proximately Csv symmetry, with two symmetry related
C~Cr-C angles of 89.4° and a third C-Cr-C angle of
86.7°. For the anisotropic refinement the average bond
distances in the chromium tricarbonyl moiety are:
Cr-C, 1.849 A.; C-O, 1.145 A.; Cr.--0, 2.987 A,
In contrast, the isotropic refinement which included
the hydrogen atoms gave the following averaged dis-

(21) D. L. Smith, “A Least-Squares Plane Program for the CDHC 1604
Computer,” Ph.T). Thesis (Appendix IV), University of Wisconsin, 1062,
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Figure 2.—[001] projection of the unit cell of benzenechromium
tricarbonyl.

tances in the chromium tricarbonyl fragment: Cr-C,
1.809 A.; C-0O, 1.184 A.; Cr--.0, 298¢ A. The C-
Cr-C angles for the isotropic refinement, however,
are within 0.2° of those obtained in the anisotropic re-
finement. Thus, the net average change in the
chromium tricarbonyl positional coordinates during the
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anisotropic refinement was a 0.04 A. shift of the car-
bonyl carbons toward the chromium atom.

The [001] projection (Figure 2) indicates the ar-
rangement of the two molecules of the unit cell
Shortest intermolecular nonbonding distances (2.58
A for Hto O, 2.68 A. for H to H, and 3.19 A. for O
to ring carbon in a direction nearly perpendicular to
the ring) indicate no unusually close approaches be-
tween the basic molecule and its nearest neighbors.

A comparison of the crystal structure of this com-
pound with that of thiophenechromium tricarbonyl is
informative.?? Lattice constants and chromium tri-
carbonyl positions for the thiophene complex are given
in Table VI. The isomorphism is quite evident and
includes the rings as well. The thiophene rings,
however, were found to possess a crystallographic three-
fold disorder with the sulfur atom of any given ring
always trans to one of the three carbonyl groups.
Nonetheless, the crystal plane which contains the three
‘“‘one-third”’ thiophene rings is essentially the same as
the crystal plane of the benzene ring. An extension
of this isomorphism to crystals of ‘“free” benzene and
‘“free’”” thiophene has been discussed elsewhere.??

TaBLE VI
CrysTaL DATA AND CHROMIUM TRICARBONYL FRACTIONAL
COORDINATES FOR THIOPHENECHROMIUM TRICARBONYL2?
CrysTAL DATA”

Chromium tricarbonyl coordinates

Atom x ¥ z
Cr 0.3279 0.2500 0.0372
Cs 0.551 0.2500 0.256
O, 0.691 0.2500 0.415
Cs 0.181 0,364 0.148
Os 0.082 0.438 0.237

g = 6.06 A, b = 10.79 A, ¢ = 6.65 A., and 8 = 102.2°;

'space group P2,/m; 2 molecules per unit cell.
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