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Summary 

The bond orders of the C-C bonds in metallocenes reflect the extent of 
7r-bonding which in turn determines the strength of the metal-ligand bond. 
Using Pauling’s bond distance-bond order relationship the bond orders of 
the C-C bonds and the number of 7rrelectrons in the metal-ligand bonds are 
derived. The values are correlated with observed dissociation energies, allow- 
ing estimation of the energies of the highest occupied molecular orbit&, and 
the energies are used to predict the metal-ligand distances_ 

1. Introduction 

The bond orders n of the C-C bonds in metallocenes are derived from 
observed C--C distance d, according to Pauling’s bond distanc~bond order 
relation [ 11; 

where d, is the single bond distance (1.504 a) and d2 the double bond distance 
(1.334 A). The number n, of ?r-electrons transferred from the two cyclo- 
pentadienyl rings to the metal acceptor orbitals d,,, dyr [2] is given by the 
expression [ 3,4]: 

n, = lO(1.6 - n) (2) 

where 1.6 is the bond order of the C-C bond in a free cyclopentadienyl anion. 
The mean dissociation energy is given by eq. 3, when the molecule is not des- 

F,=164n,-2212kJ (31 

tabilized by occupation of the antibonding states. 
The electron pairing energy is 60 B for the configuration esg40ig2 when B is 
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the Racah parameter. The nature of eq. 3 indicates that nrr cannot attain the 
maximum value of 4, so that the electron pairing energy can be derived accord- 
ing to the expression 4: 

60 B = 328(4 - n,) kJ (4, 

In metallocenes with the configuration e2,* aI,*( for n = 1 or 2, np calculated 
from the observed C-C distance does not give a correct value for D by use of 
eq. 3. Use of the observed mean dissociation energy will give a smaller value nk, 
which can be used in calculating the electron pairing energy by eq. 4. The 
destabilization energy r2A2 of the antibonding electrons corresponds to (4 - n,) 
in n,-energy units and; therefore the right hand side of eq. 4 gives nAl. 

In vanadocene and the isoelectronic compounds the expression 5 affords-the 
ligand field parameters A, 131; 

rz, = 4 - (2A,/l64) (5) 

Thus for the configuration eZg2clg ’ the energy change accompanying the varia- 
tion of n, by an electron is half (164 kJ) since the ligand field stabilization is 
2A1, half the full energy contribution of the ezg states. 

An alternative expression (6) for D was proposed; 

26=95.49n,+4AI (6) 

for the ezg4ati2 configuration [3]. The dissociation energy for the configuration 
e2,4ei,2(e~$ is determined by use of n> derived from eq. 3. It is obvious that 
eq. 6 will give a value of A, twice the actual value for the eZgZoig* configuration. 

The equations l--7 permit calculation of the energies of the highest occupied 
molecular orbitals, and the nature of the relation between these energies and 
the dissociation energies of metallocenes. The order of the energies of those 
orbnals, ezg < aig < e Ig, * is established on the basis of absorption, ionization 
photoelectron spectra [5,6] and MO calculations 171. 

The metal-ligand distances, like the dissociation energies, can be accounted 
for in terms of the energies of the highest occupied molecular orbitals- Short 
metal-ligand distances are associated with the eag4eig2 configuration, whereas 
the elongation of the metal-carbon distances characterize configurations with 
occupied anti-bonding states or an electron deficiency in the e2g states. An 
illustrative examples is l,l’-methylcyclopentadienylmanganese for which the 
Mn-C distances 2.14(2) R and 2.42(l) A, respectively, are observed in the 
10~ spin *& and high Spm 6Aig forms [8]- 

Table 1 gives calculated metal-carbon distances M-C using the ligand field 
parameters derived according to eq. 1-6. The metal-carbon distance d, is 
caIculated according to Pauling’s logarithmic equation: 

d, =dl - 0.6 log R (7) 

where dl is the sum of the single bond radii of the metal r&l) and carbon r&l) 
and rz the bond number. The single bond radius of the divalent metal with the 
electron configuration ndq is calculated according to Pauling’s set of empirical 
equations: 

r&l) = 1.825 - 0.043 z - (1.6 - 0.X00 z)6 (6) 
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forn=3and 

TM(l) = 2.001 - 0.043 z r (1.627 - 0.100 z)S (9) 
for n = 4 and 

r&l) = 1.850 -0.03 z -- (1.276 - 0.070 z)6 (10) 

forn=!S;z=q+n, 

where z is the number of electrons in the valence shell of the metal atom and 
6 the d-character is derived from theoretical considerations. 

The maximum d-character 6 = 2/6 is predicted for the metal in metallocenes 
with the e2s4aI,* configuration. The two metal acceptor orbitals d,, and d,, 
ccntribute 2/6 of the total number of orbitals used by the metal in bonding. 

The single bond radius of carbon is derived from the observed C-C distance 
accord;ing to eq. 7 where in place of n we put n’ = n/,_6 [3]. 

2. The M-C distances 

(i) In metallocenes with the ezg4alg2 configuration 
The bond order of the M-C bond is nJ6 and the M-C distance is determined 

by use of eq. 7. 

(ii) In metallocenes with the e2g4ai,(e&)2 configurafiorr 
The total destabilization is 60 B t 2 A2, hence the bond order determining 

the M-C distance derived from eq. 7 is n = +[4 - (60 B f 2 A*)/323]. Alternatively 
n = $(nk -. 2 AJ32.8). 

(iii) In meiallocenes with the e2g2elg1 configuration 
The bond order of the M-C bond is n = i(n,/2 + 30 B/&). For vanadocene 

the Racah parameter B = 5.31 kJ derived spectroscopically [5] is used_ The 
dcharacter of the metal valence orbit& is adjusted by the use of the value of 
l/6 for 6 in eq. 8. 

(iv) In metall ocenes with the ezg2ak’(e~)” configumtion 
The M-C distances is determined by the bond order n = $ln,la f (30 B -2 

A,), I64 1. The d-character of the metal valence orbitals is assumed to be zero i.e. 
6 = 0, A1 = A2 corresponds to zero ligand field contribution. The ligand field 
parameters are given by; 

2A1+2A2=164(4-nn,) (12) 

The observed distances in manganocene are C-C 1.429 + 0.005 A Mn-C 
2.383 + 0.009 11 [9]_ The number of a-electrons np = 2.875 is calculated for 
n = 1.3125 (eq. l), r&l) = 0.68755 based on the C-C distance 1.427 A. The 
ligand field parameters AI = A2 = 46.13 kJ are obtained. The value A, = 48.2 
kJ has been estimated from the ionisation photoelectron spectrum of mangano- 
cene [5]. The observed Mn-C distance is used to derive the Racah parameter 
B = 9.92 kJ. 

The mean dissociation energy of manganocene is obtained according td eq. 6 
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where rz, gives the bond order of the M-C bond n,/6. 
The mean dissociation energy of vanadocene is obtained in a similar manner. 

The calculated dissociation energy of manganocene B = 220.8 kJ is in good 
agreement witb the value of 213 kJ reported by Russian authors [16]. 

3. Conclusion 

Fiche-results are summarized in Table 1. The agreement of calculated ligand 
field parameters and values obtained from independent methods is quite satis- 
factory. The observed interatomic distences can be related to the nature of 
bonding. Since unoccupied antibonding orbit& do not contribute to the ground 
state of the molecule, it is not possible to derive energies of those orbitals. The 
elongation of the metal-ligand bond occurs in metallocenes with populated 
antibonding states. Similarly an electron deficiency in the bonding orbitals 
causes an elongation of the metal-ligand bond. The bond distances can be 
explained in terms of the electronic configuration and energies of the occupied 
molecular orbit&. The relation between the dissociation energies and energies 
of the highest occupied molecular orbital is described elsewhere [3,4]. 
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