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Summary 

Valence bond structure-resonance theory is used to calculate bond orders in 
tricarbonyl cyclobutadieneiron complexes. C-Fe bond lengths show a linear 
correlation with the bond orders. C-Fe bond lengths in benzocyclobutadiene 
complexes V and VI (l’able 1) which had been called “surprising”, are rational- 
ized. A graph theoretical method to calculate the bond orders is illustrated. 

-__ 

Introduction 

A valence bond structure-resonance theory model for tricarbonyl(q4-?r-hydro- 
carbon)iron complexes has recently been described [1,2]. The complexes are 
considered to be resonance stabilized hybrids of “principal” covalent structures 
[ 31, in which two metal d-p hybrid orbitals, and four n-hydrocarbon pr orbitals 
participate in three-dimensional delocalized covalent bonding [ 41. The result- 
ing orbital overlap connectivity graphs are illustrated for tricarbonyliron com- 
plexes of 1,3-butadiene and cyclobutadiene. The dots in the graphs designate 
the positions of metal orbital6 and overlap phase discontinuities. The graphs 
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enable one to use graph theoretical algorithms to carry out the calculations 
[ 1,2]. Using a parameterization of resonance integrals designed @or n-hydro- 
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Fig. 1. C-Fe bond orders vs. bond lengths for cyclobutadieneiron tricarbonvl comPkses. 

bond orders is reasonably good. High and low bond orders generally correlate 
with short and long bond lengths respectively, and the structures in the table 
are drawn with double and single C-C bonds to reflect the X-ray data and these 
relationships. However the iron-coordinated bonds are consistently (one excep- 
tion) 0.02 to 0.05 A longer than would be expected from the Pauling bond order 
values which cover the small range 0.125 to 0.250. One possible interpretation 
is that there is a deficit of r-bonding electrons associated with the complexed 
cyclobutadiene moiety, consistent with designating the hydrocarbon as an 
electron donor in the complex-forming reaction. This description is not consis- 
tent with the results of an ab initio molecular orbital calculation [ 261, where 
the population analysis places a negative charge of ca. -0.8 on the complexed 
cyclobutadiene fragment. One expects that Fenske-Hall [2’7] non-empirical 
calculations will lead to a lower charge-distribution asymmetry, but the popula- 
tion analysis for tricarbonylcyclobutadieneiron has not been reported [ 71. 

A final interesting result is that the cyclobutadienoid rings are always 
calculated to have equal Pauling bond orders for all C-C bonds, even in the 
presence of highly asymmetric calculated C-Fe bond orders. All complexed 
cyclobutadiene rings are therefore inferred to be squares, even though the 
C-Fe bond lengths may vary. The bond lengths in V and VI are in very good 
agreement with these conjectures, but those in IV and X are not. Substituent 
electronic and steric effects are obviously important and must be considered in 
a more complete theory. It should be noted that experimental data and recent 
ab initio n-CIcalculations* [28] for substituted cyclobutadienes have 
established profound substituent steric effects upon bond lengths. 

+ CI = configuration interaction. 
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that the total structure-count (SC) is five, and that the Pauling bond orders 
(defined as the number of structures in which a line is the structural-graph is 
double divided by the total number of structures) are given as shown in 5. 

0.2 x S Fe 

5 

Several simple methods using graph theoretical procedures have been previous- 
ly described that can be used to find bond orders [ 9,101. The types of com- 
pounds considered in this paper are most easily treated by using the mathemat- 
ical properties of diagrams obtained by deletion of any vertex from the orbital 
connectivity diagram. It is convenient to delete a vertex with high connectivity 
as depicted in 6. 
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Deletion of the circled vertex gives an odd alternant graph which possesses a 
non-bonding molecular orbital (NBMO). The unnormalized coefficients of the 
NBMO can be written by inspection using the fact that the coefficients sum to 
zero around each vertex position in the odd alternant diagram [ 4,181. Since 
the overlap at the iron orbital position changes sign (ph<ase inversion), NBMO 
coefficients do not change sign when related by the iron orbital positions (heavy 
dots in 6a). 

The total SC is given by the sum of the absolute values of the numbers 
adjacent to the deleted vertex, SC = 6 in 6. Each coefficient in turn denotes 
the number of structure-graphs that can be drawn with a double line (bond) to 
the coefficient position. This allows the assignment of bond orders shown in 6b. 
The symmetry of the orbital network can be used to assign additional bond 
orders, 6c, and all remaining bond orders follow because the sum of the Pauling 
bond orders around any vertex position in the orbital connectivity diagram 
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must be unity, 6d. Of course the operations outlined in 6 would normally be 
carried out on a single molecular diagram of the orbital overlap network. 
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