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Summary 

Determinations of the electric dipole moments, carbonyl stretching frequencies 
and anisotropic optical polarisabilities are reported for [Cr(CO),( $-C,H,)] and for 
nine of its methyl- and t-butyl-substituted derivatives in cyclohexane solution. The 
effects of progressive substitution are approximately additive, For each complex, the 
molecular optical anisotropy from experiment is opposite in sign to that predicted 
from additivity of the anisotropies of the component arene and Cr(CO), fragments. 
Coordination between the fragments leads to a very large enhancement of polarisa- 
bility along the Cr-arene axis while the polarisabilities perpendicular to that axis 
(parallel to the benzenoid ring) are lowered. The electron system constituting the 
Cr-arene bond is highly polarisable along the bond and provides a channel of 
relatively free electron movement between the arene and Cr(CO),. The results are 
consistent with a postulated large magnetic anisotropy for the Cr-arene bond. The 
aromatic character of the complexed arene is diminished relative to that of the free 
ligand. 

Introduction 

Much interest has centred on the nature of the Cr-arene bond in the complexes 
[Cr(CO),(#-arene)] and on the transmission of electronic effects between the 
benzenoid system, substituent groups on the arene, and the coordinated Cr(CO), 
moiety. It has been proposed that the metal-ring bond involves a mixing of the 
metal valence orbitals with both the u-framework and the n-system of the aromatic 
ring resulting in ring --, metal electron displacement and concomitant metal + ring 
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I”,, = 15.3 + lSln, where n now refers to the number of t-butyl groups. In each case, 

the molecular dipole moment lies along the Cr-arene bond axis except for the 
complexes with toluene, pentamethylbenzene and t-butylbenzene wherein it is located 
very close (within 5”) * to that axis. For both groups of complexes, an additivity 
scheme is apparent such that each methyl substituent causes an electron charge shift 
in the arene -+ Cr direction equivalent to a dipole moment increment of 0.8 x 1O-3o 

Cm, and each t-butyl substituent results in an increment of 1.5 X lo-” Cm in the 
same direction. The larger value for the t-butyl group reflects an electron-donor 
ability which is greater than that of methyl in the substituted q6-benzenetri- 
carbonylchromium(0) complexes. 

IA spectra 

Electron displacements arene + Cr(CO), are accompanied by a lowering of the 
carbonyl stretching frequencies 141. The Av(A,) values for the methyl-substituted 
( _r16-benzene)tricarbonylchromium(O) complexes in Table 2, show a near linear 
dependence on the number of methyl groups n: Av( A,) = - 4.3~. Similarly for the 
t-butyl complexes: Av(A,)= -6.6n. This further attests to the approximately 
additive substituent effects earlier described in [22]. For the t-butyl substituted 
complexes, the Av(A,) values, in common with the Ap increments, are greater than 

for the corresponding methyl-substituted compounds. The observed trends are 
explained in terms of increasing electron-charge displacement, with progressive 
methyl or t-butyl substitution, to the metal and thence from the metal to the CO 
groups, increasing the strength of Cr-CO bonds and decreasing the CO bond order 
in comparison with the unsubstituted complex [23]. 

Molecular polarisabilities 

For [Cr(CO),($‘-C,H,)] and its substituted derivatives in which the arene has 
three or higher fold symmetry, the molecular optical anisotropies r = (b, - b2), can 
be obtained from the experimental molar Kerr constants using eq. 1 from the 
Langevin-Born treatment as modified by Le Fkre [14,24]. 

,K= (iV/405kTf,)[(,P/,P)r2+(k7.)-1~2r] (1) 
The terms b, and b, = b, refer, respectively, to the principal molecular polarisabili- 
ties in the direction of the Cr-arene bond axis 1 (in Fig. 1) and to those, 2 and 3, in 
a plane perpendicular to that axis, i.e. parallel to the plane of the arene ring: ,P, 
EP, N, k, T and co refer, in turn, to the molar distortion polarisation, the molar 
electron polarisation, Avogadro’s number, the Boltzmann constant, the absolute 
temperature and the permittivity of a vacuum. The permanent electric moment is 
located along the 1 axis so that p, = p(observed) and p2 = p3 = 0. The ratios ,P/,P 
were taken as 1.1 [14]; possible variations are unimportant in view of the absolute 
predominance of the p2r terms for these highly dipolar substances. The experimen- 
tal r values thus obtained for the benzene, mesitylene, hexamethylbenzene and 
1,3,5-tri-t-butylbenzene complexes are given in Table 3. For the complexes of lower 
symmetry, b, f b, # b,; the locations of the principal axes are similar to those 
shown in Fig. 1. For these molecules the molecular anisotropies r = b, - (b, + b,)/2, 

were derived using the more genera1 form of eq. 1 shown on p. 665 of [25]. 

* Estimated using the dipole moments of toluene, pentamethylbenzene and t-butylbenzene [21] 
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displacement perpendicular to the benzenoid ring, but also in very large enhance- 
ment of polarisability in the same direction. From studies of conjugated systems, Le 
Fevre et al. [24,27,28] have shown that polarisability exaltation (corresponding to an 

enhanced degree of electron displacement in a perturbing field) will occur in the 
direction of maximum electromeric shift. The present work provides strong evidence 
for an unexpectedly high degree of electron mobility in the direction of the Cr-arene 
bond for each of the [Cr(CO),($-arene)] complexes. 

To specify the directional polarisabilities of the complexes, molar refraction data 
were used to provide a second equation in b, [24]. 

EP = N( b, + b, + b,),‘9c, (2) 

As refractivity dispersion data do not exist for these complexes, the molar electron 
polarisation was taken as 0.96 times the appropriate experimental R,. This factor 
derives from the methylbenzenes and the t-butylbenzenes [21]; a more precise 

52.0. 
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24.0 - 

I I I I I I 

1 2 3 4 5 6 

no. of substituents 

Fig. 2. Plots of directional polarisabilities 6, with number of substituent groups n. A and 0 refer to the 

methyl-substituted complexes; A and 0 refer to the t-butyl-substituted complexes. 
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arene and Cr(CO),. The large polarisability anisotropy for this system suggests a 
concomitant large magnetic anisotropy. If the treatment of Gans and Mrowka [30] is 
invoked, the maximum magnetic susceptibility is predicted to be at right angles to 
the Cr-arene axis (the maximum polarisability axis), and a picture emerges which is 
consistent with a solid-state r3C NMR study by Maricq et al. [31]. They found that 
large upfield changes in r3C chemical shifts in aromatics when they form r-corn- 
plexes with Cr(CO),, are predominantly due to a very large specific increase in 
screening when the external magnetic field lies in the plane of the aromatic ring and 
along the bond linking the carbon with its attached hydrogen or other substituent. 
The effect was viewed in terms of a greatly enhanced circulation of electrons about 
an axis parallel to the C-H or C-substituent bond. 

The Ab, (Ab,) values of Table 4 are negative, indicating small overall polarisabil- 
ity decreases with complex formation, If allowance is made for transverse polarisa- 
bility contributions of the electron system constituting the Cr-arene bond to b, and 
b,, it follows that the “in-plane” polarisabilities of the coordinated arene segment 
would in each case be substantially smaller than those of the free arene molecule. 
Since benzenoid r-electrons are much more polarisable in the aromatic ring plane 
than electrons localised in the u-framework, the results are interpreted to indicate a 
diminution of the “in-plane” polarisabilities of the arene r-system on coordination 
with Cr(CO),, and hence a lowering of the aromatic character. Though the electric 
field associated with the Cr-arene dipole would most likely cause inductive 
withdrawal of u-electrons, the depletion of electron density in the coordinated arene 
would be due mainly to displacements of ring r-electrons towards Cr(CO),. Sup- 
porting evidence for these conclusions comes from a study of the benzylic coupling 
between the arene proton and those of the o&o-methyl groups in ($‘-pentamethyl- 
benzene)tricarbonylchromium(O). Although the coupling is not resolvable for this 
and for other complexes of this study, it was found that on complexation, the width 
of the aromatic proton resonance of pentamethylbenzene decreases by 1.2 Hz (in 
acetone-d, solvent, 298 K). A similar effect is observed in cyclohexane-d,,. Since 
benzylic coupling constants are known to correlate well with the aromatic C-C 
m-bond order [32], this result indicates a significant decrease in the aromaticity of the 
aryl ring on complexation. 
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