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Summary 

Molecular orbital calculations have been made for the series of cations 
[(C,,H5X)Fe(C5H5)]’ (X = H, Me, OMe, COOMe). The results provide some 
support for recent proposals concerning the relationship between the site of 
nucleophilic attack and the even or odd hapticity of the sr-hydrocarbon ligands. 
However, the factors which determine the position of attack in a particular ring 
appear to be neither charge controlled nor influenced by the LULMO in the com- 
plex. 

Introduction 

Synthetic and more recently kinetic studies have estabiished a variety of reac- 
tion pathways for nucleophilic attack on coordinated sr-hydrocarbons. In an 
attempt to provide a quantitative theoretical basis for observed reactivity 
patterns, we recently commenced a programme [l] of INDO molecular orbital 
calculations on organometallic complexes. The present paper reports the results 
of such calculations on the cations [(C,H5X)Fe(C,H,)]’ (I; X = H, Me, MeO, 
COOMe) together with the free arenes C,H,X. 

Hydride ion has been shown [2-41 to add to these complexes according to 

eq. 1, in which the ratio of ortho, meta, and para addition is strongly influenced 
by the nature of the arene substituent X. The calculations establish the relative 
importance of arene carbon charge, (T- and r-electron density, free valency, and frontier 

* For Part III. see ref. 1. 
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Esperimental 

The calculational procedure has been out.lined previously [ 5]_ Lacking esperi- 
mental geometries for these complexes we have taken Fe-C( benzene) and 
Fe-C(cyclopentadiene) as 2.07 :i and 2.17 jf, respectively, by a~mlogy with 

similar complexes. The side-chain geometries have been estimated from data 
given in ref. 6. 

Results and discussion 

Stereochemical investigations [ 2-41 of reactions (I; X = Me, MeO, COOMe, 

Cl) have established the directing influence of various arene substituents (Table 
1). While a methyl (+I) substituent eshibits no site preference for hydride addi- 

tion, the electron-withdrawing COOMe (-1-R) and Cl (--I > +R) groups strongly 
activate the C(2) or ortho position relative to the meta and para sites. In contrast, 

a methoxide (-1 < +R) substituent favours at.tack at C(3) i.e. the tneta position. 
It has been suggested [4] that t.hese variations in arene-site reactivities may be 
explained qualitatively by variations in the arene-carbon changes. 

The present INDO molecular orbital calculations on [(C,,H5X)Fe(C5H,)]’ 
cations (I) allow this hypotheses to be tested quantitatively. The charge values 

in Table 2 for X = Me0 (positive charge decreasing aIong the series C(3) > C(4) > 
C(2)) correctly predict the observed site preference for H- addition. Similarly, 
the much smaller variations in arene-carbon charges for X = Me (C(3) > C(4) > 

TABLE1 

ARENE SITE REACTIVITIES FOR HYDRIDE ADDITION TO [(C6HjX)Ft(CjHj)l+. 

X Ratio of ortho. meta and para addition Reference 

ortho meta para 

Me 1 1 1 2a 
Me0 0.2 1 0.6 3 
COOMe 12.7 1 1.1 4 

Cl 4 1 0 2b 
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.\tcrn, Total Charge T;-Electrondrnsitp o-Electron density 

C,,H+ I C,HjS I CoWjaY I 
-__ 

s = M 

C(1)-C(G) -LO.026 +0.14s 1.000 0.950 2.9i 2.90 

s = xc 

C(1) 10.037 to.1ti3 0.981 0.919 2.98 2.92 

C(2) +0.011 to.131 1.02 0.9ti9 2.97 2.90 

C(3) +0.029 to.151 0.992 0.912 2.98 2.91 

CC-l) eo.019 io.142 1.01 0.938 2.97 2.90 

s = JICO 

C(1) +0.242 +0.3tis 0.951 0.897 2.61 2.73 

C(2) -0.050 +0.074 1.06 1.00 2.99 2.93 

C(3) +0.050 +0.16-z 0.980 0.938 2.97 2.90 

C(4) -0.003 +0.129 1.01 0.970 2.97 2.90 

A- = C00.11e 

C(l) -0.047 +0.081 1.03 0.962 3.01 2.96 

C(2) to.057 IO.163 0.950 0.939 2.97 2.90 

C(3) 10.017 +0.1-M 1.00 0.947 2.98 2.91 

C(1) +0.0-x5 +0.152 0.974 0.945 2.98 2.90 

C(2)) are consistent with the lack of regioselectivity in hydride attack on 
[(C,,HSMe)Fe(C5H,)]‘. However, whiIe the arene-carbon charges in the X = 
COOMe cation do vary in the order expected (C(2) > C(4) > C(3)), the differ- 
ences are no larger than those c gculated for the X = Me cation_ Thus, the calcula- 

tions suggest that charge variations alone cannot explain the very marked ortho- 
directing influence of the COOMe substituent. 

Table 2 also shows that the positive charges on the arene carbon atoms 
increase on complesation to the [ Fe( C,H,)] + moiety. However, the relative mag- 

nitude of these charges around the ring remain the same in complexes I as in 
the free arenes. ,This feature appears quite reasonable in view of the fact that the 
Fe(C,H,) group is axially symmetric and should therefore, unlike a M(CO), frag- 
ment, exhibit no directional properties. 

A further interesting feature of the data in Table 2 is that charge considera- 
tions would clearly predict C(1) as the site for nucleophilic addition on the X = 
Me0 cation. C(1) is also the most positive arene carbon in the X = Me complex. 

The failure to observe H- addition at C(1) in any of the reactions 1 may arise 
from steric hindrance at .this site. 

Nevertheless, charge arguments do readily explain one of the characteristic 
features of reactions 1, namely that nucleophilic addition OCCLWS exclusively at 
the arene ring rather than at the cyclopentadienyl ligand. The charges on each 

of the cyclopentadienyl-carbon atoms in all the cations I are calculated to fall in 
the narrow range+0.077, to +0.079, i.e. very much lower than the arene-carbon 

charges in Table 2. This observation supports a recent suggestion [7] that in 1% 

electron organometallic cations containing more than one unsaturated hydrocar- 
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Fig. 1. Lowest unoccupivd n~olecular orbit& for [(C,H;X)I;e(C;Hj)J+cations: (a) S = OhIc: (b) X = Me. 

COOIue. 

benzene, with a small contribut.ion (ca. 7%) from the iron 3d,, and 3d,z _ yz orbi- 
tals. There is a negligible contribut.ion to this LUMO from the cyclopentadienyl- 
ring orbitals, which is also consistent. with the proposals of Green et al. [7] con- 
cerning the reIationship bet.ween the site of attack and the even or odd hapticity 
of the hydrocarbon iigand. 

\Vhen the benzene ring is substituted, t.he degenerate LUMO becomes split 
and the lowest components of these for the various substituted complex cations 
I are shown in Fig. 1. The coefficients of the arene carbon 2pTT orbitals are listed 
in Table 4. Inspection of these coefficients shows that if frontier orbital interac- 
tions with the nucIeophile HOMO were dominant, addition would be expected 
at Ci4), C(3), and C(4) for the X = Me, MeO, and COOMe cations, respectively 
(neglecting C( 1) for steric reasons). These predictions conflict with the product 
stereochemistries in Table 1. The apparent unimportance of frontier orbital fac- 

tors in reactions 1 is perhaps not surprising in view of the hard nucleophile em- 
ployed. 

The general exe-configuration of the addition products would seem to rule 
out initial nucleophilic attack at t.he metal* and the calculations provide further 
support for this view_ Thus the only metal 3d orbitals which are vacant and there 

* This oft-quoted general conclusion is considerably weakened by recent studies [ll] of the reaction 

of MeO- with [(C6Hi)0s(C0)jI+. The final product. [<CgH60hIe)Os(CO)j]. has an eso-configura- 

tion although initial bIeO_ addition occurs on a carbonyl ligand. 
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XIC -0.550 +0:27-Z iO.265 --0.5:30 iO.265 to.274 

hlt.0 0 -O.-l76 +0.482 0 +).48” +O:17-1 

COOXI~ -4.470 +0.:301 +O.196 4.117 10.1 811 iO.3 I I 
___- 

for-e able to accommodate an incoming nucleophile a-c the 3cl,,, 3d,., pair. 

These lie considerably higher in enei-gy t.han the LURIO (ca. 1.5 eV), and more- 

over are aligned spatially most LIilf~VOLl~~~~l~ wit.h respect. to an a~~proaching nu- 

cleophile since their lobes are orientated clirectly at the two rings. 
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