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INDO SCF Molecular orbital results are reported 
for the bis-benzene complexes V(&,H&, G(CeH& 
and [Cr(Ce,He)2/‘. In contrast to the ‘Ezg and 6A1s 
ground states previously obtained for the closely 
related fenicenium and manganocene, a ‘A I gground 
electronic conftguration is computed for V(I(cgH& 
and [Cr(C6H6)]‘, in complete agreement with the 
known ground states of these species. An analysis of 
the charge distribution in these complexes convinc- 
ingly shows the synergic nature of their bonding. 
The spin distribution in the paramagnetic complexes, 
and the electronic relaxation which occurs on ionisa- 
tion of a(ceH.& are also discussed. 

Introduction 

The axially symmetric d5 system presents an 
interesting situation since there is the possibility of 
having three different ground states and in view of 
this there has recently been a considerable effort of 
both theoretical [l] and experimental [2,3] natures 
directed towards establishing the factors involved in 
determining which ground state occurs in sandwich 
type compounds. Thus it has only recently been 
shown that manganocene may possess either a high 
spin 6A rg ground state or a low spin ‘EZs ground 
state depending on its surrounding environment [3], 
with the sextet state marginally favoured in the gas 
phase [2] . On the other hand, ferricenium cation is 
known to have a low spin ‘Ezg ground state [4], 
while the bis-benzene complexes V(Benzene)= and 
[Cr(Benzene)=] + both show the low spin ‘Ars state 
as their ground states [S-7] . 

A number of one-electron calculations of the 
Wolfsberg-Helmholz type have been performed on 
these systems [7, 8] , and while these are of some use 
in describing overall bonding patterns they suffer 
certain limitations due to the neglect of electron- 
electron interactions. Thus they should not be used 
to obtain ionisation energies or to specify ground 
states solely on the basis of the ordering of the one- 
electron energy levels, although this is frequently 
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done. We have recently reported S.C.F. molecular 
orbital results for manganocene and ferricenium 
cation which not only yielded the correct ground 
states for both molecules, but also indicated that 
manganocene lay very close to the high spin-low spin 
crossover point [9]. In view of the success of this 
method in distinguishing such ground states we have 
extended our work to bis-benzene complexes and we 
report herein results for the d5 complexes VBz2 and 

Wbl + using the same method of calculations. 
Also included are results for the neutral CrBz2 
species so that an analysis may be made of the 
charge redistribution which occurs on complexa- 
tion and ionisation. 

Method 

The INDO SCF MO scheme for transitional 
elements has been described elsewhere [lo]. Mole- 
cular geometries were taken from the available 
literature [ 11, 121 . 

Results 

We begin firstly by describing the bonding within 
these benzene complexes and Figure 1 shows the 
molecular orbital diagram for [CrBz2] + using the core 
terms of the Hamiltonian. The S.C.F. eigen values 
show differences in their ordering and will be dis- 
cussed later. The results show that although there is 
considerable mixing between the ligand u and n 
orbitals, the ligand 2p, orbitals interact most strongly 
with the metal 3d_orbitals, and it is primarily this 
interaction which splits the 3d subshell in the 
sequence e2a < ar < elg The lowering of the e2s 
d-orbitals, occupre by four electrons, on complexa- .?l 
tion is clearly an important feature in the bonding 
within these systems. In addition it seems that there 
is a strong interaction between the lowest lying alg, 
a2U and ezu ring a-orbitals and the metal 4s and 4p 
orbitals which also contributes to the bonding. 
Other workers have also found large bond orders 
between the ring and the metal 4s/4p orbitals [7]. 
Apart from the ezg n* ring orbital there is little 
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Figure 1. Molecular orbital dingram for [Cr(benzene),] ’ 

interaction of the vacant rr* ring orbitals with the 
metal. 

A more detailed picture of the bonding may be 
obtained by comparing the electronic charge distribu- 
tion before and after complexation and for conveni- 
ence the closed shell CrBzz molecule will be 
examined. The situation is similar for the two dS 
complexes. The orbital occupancies for CrBzz and 
for free benzene are given in Table 1. Substantial 
occupancies are observed for the formally empty 
4s, 4Px, 4P,, 4PZ, 3d,, and 3d,, metal orbitals due 
to their significant involvement in the bonding. This 
build up of electronic charge on the metal is partially 
relieved by back donation from the metal 3d, and 
3d,z -yz orbitals to the ring n-system, with these 
former orbitals losing nearly half of their formal four 
electrons. In the ligand it appears that, compared to 
free benzene, the u-type 2s, 2Px and 2p, orbitals have 
decreased electron occupancy, while electron density 
in the n-type 2p, orbitals has increased. 

A consideration of all the atoms in the molecule 
shows that 1.2612 electrons are lost from the carbon 
atoms’ 2s, 2px and 2p, o-orbitals. It is reasonable to 
assume that some of this charge is lost to the 
hydrogen Is orbitals (0.1104 electrons), since it is 

TABLE I. Orbital Occupations for Benzene and Bis-benzene 

Chromium. 

CrBz, Benzene 
--__ 

Carbon 2s 0.9580 1.0350 
2Px 0.9556 0.9696 
2PY 0.9556 0.9696 
2Pz 1.0538 1 .oooo 

Hydrogen 1s 1.0350 1.0258 

Chromium 3dxy 1.1540 
3d,1~ y 1.1540 

3dZ2 1.9182 
3dxz 0.2200 

3dyz 0.2200 
4s 0.4490 

4Px 0.4984 
4PY 0.4984 
4Pz 0.3964 

-_______ - 

probably via u-bonding that such a charge could 
accumulate on the hydrogen atoms. Thus the 
remaining 1.1508 electrons are transferred to the 
chromium atom. On the basis of the bonding indi- 
cated in Figure 1 most of this charge is expected 
to enter the 4s and 4p orbitals, which are strongly 
bonded to the benzene u-type orbitals. Similarly 
the charge lost from the 3d,, and 3d,2 _yz orbitals 
is expected to enter the 2p, orbitals of the benzene 
ring n-system. However, the 1.6922 electrons trans- 
ferred exceeds the increase of 0.6454 electrons 
(12 X 0.0538) observed for these orbitals. It is 
therefore proposed that the 2p, orbitals relay the 
excess charge into the 4s, 4p, and 4py and the 3dx, 
and 3d,, orbitals since these orbitals show a signifi- 
cant interaction with the 2p, orbitals (Figure 1). 
The 3d,, and 3d,, orbitals are expected to acquire 
the bulk of their 0.440 occupancy in this manner, 
leaving the remaining 0.6067 electrons of the excess 
to enter the 4s, 4p, and 4pv orbitals to account for 
most of the observed occupancy of 1.8414 electrons. 
This proposal is substantiated by the fact that the 
4p, occupancy is less than the 4s, 4p, and 4py 
occupancies, which follows from its smaller inter- 
action with the ligand n-system. Schematically these 
proposals may be shown as follows: 

1.1508 0.1104 
4s, 4p c--- 2s, 2Px 3 2Pv ------+ 1s 

t 0.6067 

1 
1.6922 

3d,,, 3d,z -y 2 B 
I 

3d,.3d,,, Dn*Ol 
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This scheme also shows the synergic nature of the 
bonding in dibenzenechromium. Electron charge is 
transferred from the ligand o-orbitals to the 4s and 
4p metal orbitals and also from the benzene 7r-orbitals 
to the 4s, 4px, 4p,, 3d,, and 3d,, orbitals. This 
charge migration is then partially compensated for by 
the charge donated by the 3d,2cy2 and 3d,, orbitals 
to the ligand n-system. 

The calculated reduction in occupancies of the 
benzene 2s, 2px and 2p, orbitals implies that u- 
bonding within the ring will be weakened on complex 
formation. Furthermore the increased carbon 2p, 
occupancy occurs via donation into the antibonding 
nI* orbitals, and on this basis the longer observed 
carbon-carbon separation in the benzene complex 
compared with free benzene may be attributed to 
both weaker in plane u-bonds and n-bonds. 

Although Fig. 1 suggests that electron loss from 
CrBzz should produce the cation [CrBz2] + with the 
electronic configuration e2a4arR1, the S.C.F. eigen- 
values show an inversion in the order of these or- 
bitals and therefore indicate that the configuration 
ezg3arg2 should arise. In order to resolve this apparent 
anomaly we have computed the total energy for a 
number of states of [CrBzJ + as a function of the 
metal-carbon distance. These are represented in 
Fig. 2 and clearly show that the *A,s state has a 

-0.15 t , , , 

2.15 2.25 2.35 

tr-C Separation t/i) 

Figure 2. Potential energy curves of [Cr(benzene),]‘. 

lower equilibrium energy. The curves are very similar 
for VBzz although the *Ars state is calculated to be 
slightly more favoured in this case. The computed 
equilibrium metal-carbon bond lengths compare 
favourably with the experimental values [ 11, 121 
([CrBz*]+: calculated 2.16 A, experimental 2.07 A; 
VBzz: calculated 2.22 A, experimental 2.17 A). 
With manganocene previously [9] calculated to 
possess a ‘Ala g round state and the ferricenium 

cation to have a 2Ezg electronic configuration, this 
scheme of calculation has therefore differentiated 
most successfully between the three known ground 
states in the sandwich compounds of the 3d5 metal 
ions. There appear to be two reasons for favouring 
occupation of the e2s orbital in the bis-benzene 
complexes compared with the ferricenium ion leading 
to the respective ground state configurations of 
*Ala- and ‘Ezg. Firstly the eZg * ligand orbital has a 
more negative one-electron Hare for a six-membered 
ring than for a five-atom ring and it will therefore 
interact more strongly with the metal d,, dX2_,,2 

orbitals. In addition, since the eZg molecular 
orbital is more delocalised than the ala molecular 
orbital, more electronic charge can be lost from the 
metal if the ezg rather than the arg molecular orbital 
is occupied. This is of obvious importance in the bis- 
benzene complexes where the metal is in a low oxida- 
tion state (either 0 or I), and the build up of charge 
on the metal via the 4s, 4p and 3d,,, 3d,, orbitals 
can best be relieved by full occupation of these 
ezg orbitals. On the other hand the metal has a formal 
oxidation state of III in ferricenium and has no desire 
to further lose electronic charge to the rings with the 
result that full arg occupancy is favoured. 

It is possible from these results to evaluate the 
first two photoelectron bands of CrBzz by taking 
vertical energy differences from the minimum of 
the ‘Alg curve of CrBza. The calculated values of 
5.03 and 5.71 eV arise from ionisation to the 2A1g 
and *E2a states respectively of [CrBz2]’ (Fig. 2), 
and these agree very well in magnitude with the 
experimental values of 5.43 and 6.38 eV, and their 
assignment based on the intensity ratio of the two 
bands [13] . Application of Koopmans’ theorem 
to the S.C.F. eigenvalues would have yielded values 
of 5.06 eV (e,,) and 6.48 eV (a,,), which although 
showing better numerical agreement with experiment 
are incorrect in their ordering. The results show that 
one of the inherent assumptions within Koopmans’ 
theorem, namely that of negligible charge redistri- 
bution on ionisation, is not true for these molecules. 
Thus of the electron charge present in the alg 
molecular orbital in CrBz*, 93.08% lies in the metal 
3dz2 orbital. Ionisation from this molecular orbital 
is therefore expected to change the total charge on 
the chromium atom from -0.5075 to N.4233 if it is 
assumed that no subsequent electronic relexation 
occurs. However, the calculated charge in the 2Arg 
state of the cation is -0.3818, indicating that a 
substantial charge redistribution has occurred. 
Similarly, the ionisation from the ezg orbital is 
expected to remove 0.4768 of an electron from 
either the 3dx2_y2 or the 3d, orbital, thereby 
reducing the charge on the metal to -0.0307. 
However, the actual metal charge for the 2Ezg state 
of the cation is -0.4962, which again indicates 
considerable relaxation. 
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TABLE II. Net Orbital Occupancy in [CrBz,] and [CrBz,]‘. 

Orbital Oct. ‘A,g Oct. 2A,g 2A,g - ‘Alg Oct. *Ezg ‘kg - ‘Alg 

4s 0.4490 0.4344 -0.0146 0.4483 -0.0007 

4Pz 0.3964 0.4208 0.0064 0.3968 0.0004 

4Px + 4Py 0.9968 1.0103 0.0135 1.0081 0.0113 

3dZZ 1.9182 0.9943 -0.9239 1.9356 0.0174 

3dxz + 3dyz 0.4400 0.5512 0.1112 0.4709 0.0309 

3dxy + 3dxZ -y= 2.3080 2.9888 0.6808 2.2365 -0.0715 

2s 11.4960 11.5669 0.0709 11.5813 0.0853 

2Pz 12.6456 11.8465 -0.7991 11.6805 -0.965 1 

2Px + 2Py 22.9344 23.3444 0.4 100 23.3371 0.4027 

IS 12.4200 11.8614 -0.5586 11.9030 -0.5170 

It is of interest to examine the charge redistribu- 
tion on ionisation in terms of the atomic orbital 
occupations since this offers a further insight into 
the bonding and charge distribution of the neutral 
molecule. Table II shows the net orbital occupancies, 
including both spins, for all the orbitals of the mole- 
cule and its ion and the changes they undergo on 
vertical ionisation. 

to come from the ligand n-system. This loss of 2p, 
charge also means that there is less charge transferred 
to the 3d, and 3d,, orbitals on ionisation, compared 
to the arg molecular orbital. 

An examination of the ‘Arg state of the cation 
reveals that the bulk (92%) of the lost electron has 
been removed from the 3dz2 orbital as expected. This 
is coupled with a large increase (0.68) in the 
occupancies of the 3d,, and 3d,2_yl orbitals and a 
moderate increase (0.11) in the 3d,, and 3d,, orbital 
occupancies. The former reflects a reduction of the 
back bonding from the 3d,, and 3dX2_yZ orbitals to 
the benzene n-system i.e. a decrease in the covalency 
of these orbitals, while the latter indicates an 
increased covalency for the 3d,, and 3d,, orbitals. 
Both these effects are consistent with the increase in 
oxidation state of the chromium, which leads to a 
greater electronegativity for the metal atom. It is 
also clear that these changes in 3d,,, 3dx2 _ y2, 3d,, 
and 3d,, occupancy are almost exactly balanced 
by the loss (0.80) of electrons from the benzene 
n-system. This is consistent with the charge migra- 
tion scheme proposed for dibenzenechromium 
given earlier. Thus the synergic effect can be seen to 
be much reduced on ionisation from a arg molecular 
orbital. 

It is also interesting to note that from both states 
there is a loss of Is electron charge, leading to a posi- 
tively charged hydrogen atom and a corresponding 
increase in the 2s, 2p, and 2py occupancies. It is 
probable that the cause of this migration is the loss 
of considerable electron charge from the carbon 2p, 
orbitals. 

Although these two d5 complexes possess a single 
unpaired electron in an essentially localised alg 
molecular orbital, small amounts of spin are trans- 
ferred to the ring orbitals, notably to the hydrogen 
1s orbitals where their presence may be detected by 
electron spin or nuclear magnetic resonance spectro- 
scopy [5, 7, 14, 151 . Three different processes (Fig. 
3) may contribute to the delocalisation of spin + t I= a 

The situation regarding the ionisation of the ezg 
molecular orbitals is more complicated. In the 2EZg 
state of the cation there appears to be little electron 
loss from the metal 3d,, and 3dX2_y2 orbitals 
despite their involvement in the ionised molecular 
orbital. There are two reasons for this. Firstly, most 
of the e2g molecular orbitals (> 50%) are comprised 
of ligand 2p, orbitals in the neutral molecule. 
Secondly, what charge is lost from the metal is 
readily compensated for by the decrease in covalency 
of the 3dx2_yz and 3d,, orbitals, hence reducing the 
back donation to the 2pz orbitals from these orbitals. 
Consequently most of the lost electron (97%) appears 

C 

Figure 3. Spin transfer mechanisms within [Cr(benzene),]+. 

throughout the molecule. Firstly there is ‘direct’ 
delocalisation, which occurs by an inclusion of 
small amounts of ligand orbitals into the essen- 
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tially metal wavefunction as a result of molecular 
orbital formation (case a). Secondly (case b) it is 
possible for unpaired electrons to be delocalised into 
the ring n-orbitals which then polarise the C-H 
o-bonds and produce negative spin density at the 
protons, similar to that encountered with aromatic 
radical ions. This effect was taken into account 
empirically in the one-electron calculations of Drago 
et al. [7]. Lastly, the metal unpaired electrons may 
polarise the metal-carbon bonds and produce a 
negative spin density within the carbon orbitals, 
thereby leading to positive spin density at the pro- 
tons (case c). All three mechanisms are automatical- 
ly incorporated into the calculations with the present 
INDO method. The computed hydrogen 1s spin 
densities yield coupling constants, using Pople’s 
value [ 161 for the factor 

4n 
3gByh(S,)-1 I@oI*, 

which are in good agreement with the measured 
values [(CrBz2)+: calculated t2.2 1 gauss, experimen- 
tal t3.15 and 3.46 gauss; VBz2 : calculated t3.40 
gauss, experimental +4.0 gauss] . Negative coupling 
constants result in both complexes for the *EZg state. 
The bulk of the spin transferred to the hydrogens in 
the *Alg state arises by direct delocalisation with the 
third mechanism also contributing to some extent, 
since all the metal orbitals have a small excess of 
positive spin while the carbon pn orbitals show a net 
negative spin density. It is noteworthy that less than 
0.0002 spins are transferred to the carbon 2s orbitals. 

The e.s.r. spectra of both molecules have also 
yielded metal hyperfine coupling constants, the iso- 
tropic portion of which is influenced by small ad- 
mixtures of a 4s component in the open-shell alg 
orbital. The present calculations suggest that the 4s 
orbital contains - +3% and +1.5% spin density in 
VBz2 and [CrBz2] + respectively. Unfortunately it 

is not possible to evaluate accurately this contribu- 
tion to the coupling constant because the desired 
wavefunctions are not available, however using the 
values [17] for [*is]* we estimate the 4s term to 
make a positive contribution of - 20 gauss to the 
observed negative coupling constant of -63 gauss 
for VBz2, and a negative contribution of about -2 
gauss for [CrBzz] +. 
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