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Abstraet--CNDO and ab initio MO calculations reveal a deformation of the or* and *r orbitals of cyclohexene in 
the axial directions, thus providing a reasonable explanation for the axial attack on cyclohexene either by 
electrophiles or by nucleophiles. It is shown in the case of 1-butene by an ab initio calculation that this orbital 
deformation is a result of the mixing of the ,r and tr 0rb)tals of the double bond under the influence of the allylic 
C--C bond. 

A trigonal atom located in a 6-membered ring is attacked 
preferentially, t'2 by nucleophiles from the axial and by 
electrophiles from the equatorial direction. The steric 
course of these reactions was attributed to the distortion 
of the LUMO and HOMO respectively, t'2 Different 
electron densities ~ have been found by ab initio cal- 
culations 3 on the diastereotopic faces of acyclic ketones. 

Our rule was stated for rings containing one but not 
two trigonal atoms, ~'2 since either electrophilic *-6 or 
nucleophilic attack on cyclohexenes proceed from the 
axial direction. Haiogenation and addition of hydrogen 
halides 5 to cyclohexenes 7 is axial as well as haiogena- 
tion 8 and protonation of enols, enolates and enamines. 9 
Thiophenolate, t° cyanide, t! methoxide t2 or chloride t3 
attack on a cyclohexene activated by an exocyclic io.11.13 
or endocyclic group t2 is preferentially axial. 

The axial attack of nucleophiles and electrophiles on 
enols and enones was recently rationalized t4 by orbital 
distortion of the double bond interacting with the 
oxygen-bearing function. We wish to report our results 
of CNDO and ab initio calculations, showing that the 
tetramethylene segment of the half-chair cyclohexne 
induces alone, without functional groups, orbital dis- 
tortions that influence the axial course of electrophilic 
and nucleophilic attack in this molecule. 

Electrophilic attack. Our working hypothesis was that 
the *r orbital of the cyclohexene half-chair (I) is 
polarized by interactions with the C3--C4 and Cs-C, 
bonds at a skew angle to the double bond in such a way 
that their density is more pronounced in the axial direc- 
tion. If this were correct then a similar polarization could 
be expected on the carbon 2 of butene-1 (II). In fact, an 
STO 3G ab initio ~5 calculation showed that the contri- 
bution of the s-orbital of the olefinic carbon in butene to 
the *r-bond (Table 1) (this is the measure of the unsym- 
metrical distortion of the ,r-orbital on the two sides of 
the plane) was appreciable and depended on the dihedral 
angle 0 of (CtC2C3C4). A positive (negative) coefficient 
of s(2) means an extension of the ,r-orbital towards the 
positive (negative) z-axis. The ,r-HOMO extends more in 
the direction of the methyl group than in the opposite 
one. The orbital dissymmetry of C z only in butene-2 is 
considered in comparison with cyclohexene, since the 
twofold symmetry of the last compound imposes an 
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orbital distortion on C t similar to that on C 2 due to 
interaction with the C5--C 6 or-bond. 
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The explanation for the polarization of the electron 
density was given by Hoffmann t6 in terms of the pertur- 
bation theory using second-order corrections to wave 
functions. Fukui '7"t8 has shown in a similar manner by an 
orbital mixing analysis that the ,r-HOMO in norbornene 
is extended unsymmetrically in the endo and exo direc- 
tions, thus explaining preferential exo electrophilic 
attack on norbornene. 

The rehybridization of the HOMO in 1-butene ori- 
ginates from the mixing of the *r- with the (7 orbital 
(composed of s(1) and s(2)) of the double bond under the 
influence of the C--CH3 (X) bond whose orbital mix 
simultaneously with *r and or. The new HOMO (*r') has 
then the form (1) 

h,~xh,,x cr + h,,x X 
*rt= + (E~ - Ex--~-~ - E,,) E , , -  Ex (I) 

where ~r, ~r and X are the unperturbed orbitals, El 
represent the energies of the orbitais and hij the 
resonance integrals. The signs of the basis orbitals have 
been defined in phase (as in II) so as to have positive 
overlap representing bonding and hij < O. Since E~ > E,~ 
and E ,  > Ex and hij < O, the negative coefficient of the 
in (1) shows that it has an out of phase relation to the *r 
and cr orbitals in w t (III). The I t )HOMO is therefore 
extended in the direction of the C-CH3 bond X (IV). The 
same result is obtained using directly the orbital mixing 
rules of Fukui. 's 

Nucleophilic attack We assume by a reasoning analo-. 
gous to that on electrophilic addition that the direction of 
the nucleophilic attack will be determined by the dis- 
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Table I. Coefficients of s(2) in the rr ~ and ~-*~ orbitals of butene-I 

H•C 
I ' i t  ~ C  I'13 H 2 H~ t 

0 300 600 90 ° 120 ° 1500 

s(2) in ¢r ~ -8.2 X 10 .3 -9.24 x 10 -3 -6.83 × 10 -3 -6.75 x 10 -3 -5.77 x 10 -3 

s(2) in ~r *~ -3.43 x 10 -3 1.06× 10 -3 3.04× 10 -3 -1.24× 10 -3 -4.2 x 10 -3 

tortion of ,r* brought about by its mixing with or* 
through X*. 

The perturbation of the LUMO (,r*) leads in a similar 
manner to Ir *~ (2). 

l r . , = l r . + ( E ~  r h,~*z.h,,*x, cr*-~ h~*x* y .  
- E : ~ . ) ( E , ~ .  - E ~ . )  Y ,~ .  - Ez------~ 

(2) 

Since E,~. < E,,., E,,. < Ex. and hij < 0 it follows that 
both mixing coefficients are positive and all the orbitals 
are in an in phase relation (V) if the C-CH3 is parallel to 
the axis of the bond (0 = 90°). The orbital distortion will 
in this case be in the direction away from CH3. When the 
C3-H is parallel to the axis (0 = 30°), the distortion will 
be away from C-H and in the direction of CH3 (Table 1). 
It is possible that the interaction of ~-* and o,* with X 
contributes also the extension of the LUMO in the 
direction of CH3 (rule 2 of Fukui tT) although the large 
energy difference between the orbitals will make this 
effect small. 
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The HOMO of l-butene is therefore extended towards 
the methyl in all conformations of this group, but the 
direction of the deformation of the LUMO depends on 
the dihedral angle 0. This effect illustrates the depen- 
dence of orbital distortions on stereoelectronic factorsJ 9 
This distortion depends not only on the interaction be- 
tween orbitals with similar energies, but the interaction 
between orbitals with a good overlap and a larger gap of 
energies sometimes takes precedence over the effect of 
interaction between orbitals with a smaller energy gap 
and less overlap. The overlap between X and Ir depends 
less on O than the overlap between E* and ~r*, since in 
the first case both p(zl) and p(z2) have the same phase, 
but their phases are different in ,r*. When dissecting 
these overlaps it is sufficient to look on the C 4 part of X* 
(E~H3) and of X (ECH3) with the p orbitals in ~r*. When 

this overlap is the smallest (0 = 30°), the overlap of ~'* 
with the H 2 part of the antibonding C3-H (Xi~2) is the 
largest one and although not quite equal to the overlap 
(X~H3/*r*), it is rather close to it. The dissymmetry of lr* 
is then determined to a large extent by its interaction 
with the antibonding orbital of C3-H 2. The values of the 
overlaps were determined by ab initio and ETH cal- 
culations) ° 

Cyclohexene. The chair-like cyclohexene should be 
considered as composed of two skew systems 
(C~C2C3C 4) and (C2C'C6C 5) with 0 = 20 °. Each of the 
two X bonds (C3C 4) and (C5C 6) influences the olefinic 
carbon that is nearest to it and the HOMO has essentially 
the orbital polarized as in I. Ab initio calculations show 
that the 7r-HOMO and rr*-LUMO of cyclohexene have 
the expressions (3) and (4) respectively. The extension of 
the orbitals is therefore as in I for the ~r ~ and as VI for 
the 

HOMO: 0.61p(zl) + 0.61p(z2) - 3.68 x 10-3s(1) + 3.68 
x 10-3s(2) (3) 

LUMO: - 0.78p(zl) + 0.78p(z2) + 5.6 x 10-as(l) + 5.6 
x 10-4s(2) (4) 

~r *~ orbital, both in the axial directions. CNDO cal- 
culations 2~ give similar values. 

H-  

vii =" V 

There is also a contribution from the cr bonds of the 
tetramethylene segment. In p(zl) and p(z6), p(z2) and 
p(z3) the ~rLHOMO have negative overlaps but in the 
7r*t-LUMO this overlap is positive as expected. 

Transition states. A model for the evaluation of the 
direction of preferential attack was made by calculating 
pseudo-transition states in which a proton or hydride ion 
was located at distance of 2 .~ along the p(z2) axis above 
or below the plane of the double bond (axial or equa- 
torial approach respectively to I). Such a direction of the 
attack by an electrophile is justified by the calculations 
of Clark 22 who has shown that a proton approaching 
ethylene along the axis perpendicular to the plane of the 
molecule reaches a point that is a transition state for the 
rearrangement of Et cation into its positional isomer. 
Moreover, Lehn's calculation 23 supports the view that 
the energetics for the approach of a proton to ethylene 
along this axis or parallel to it and directly to the carbon 
are similar. In our case, where no plane of symmetry but 
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an axis of symmetry in the place of the double bond is 
present, a direct attack on the carbons by the proton is 
even more plausible. The line of approach of a hydride 
ion is certainly not between the two C atoms, where the 
overlap with the antibonding It* orbital is nil and can be 
assumed to be approximately along the axis of the p- 
orbitals on each of the carbons of the double bond. The 
hydride will approach (IX) to the double bond probably 
as to the carbony124 at an angle larger than 90 ° to the C-C 
axis in order to diminish the antibonding overlap with 
p(zl). However such an approach will not change our 
result. 

The two arrangements for a nucleophilic attack by a 
hydride VII and VIII (half of the formulas are drawn) 
have by CNDO calculations energies of -1401.13 eV and 
- l ~ l . 0 5 e V  respectively, favoring approach from the 
axial direction VII that leads to a chair-like transition 
state. There is also a favorable "through space" inter- 
action in VII between the attacking nucleophile and the 
p(z3) orbital whereas in VIII there is a "through space" 
repulsion between the reagent and the axial hydrogen on 
C 3. This result was confirmed by an ab initio cal- 
culation, which gave for the supermolecules VII and VIII 
the energies -230.395 a.u. and -230.387 a.u. respectively. 
The HOMO of the supersystem consists of the lone pair 
of the hydride and the LUMO of cyclohexene. There is a 
transfer of electrons into the antibonding orbital of the 
axial C3-H bond. The bond order of C3-H in cyclo- 
hexene is 0.385 in cyclobexene but only 0.376 in the 
supermolecule VII. 

CNDO calculations of similar pseudo-transition states 
for the axial X and equatorial XI electrophilic attack of a 
proton on cyclohexene showed a lower energy for the 
axial than for the equatorial attack, i.e. -1391.45 eV vs 
- 1391.38 eV respectively, -230.406 a.u a n d -  230.401 a.u 
respectively, by the ab initio method. There is also a 
repulsion in XI between the proton and the C3-C 4 bond but 
in XI the repulsion is even larger since it involves the p(z3) 
and axial hydrogen on C 3. A larger stabilizing interaction is 

• also found between the C4-C 5 antibonding orbital and the 
~r-orbital in X relative to XI, apparently due to an overlap 
favorable to an axial polarization of X. The diminution of 
the C4-C 5 bond order is larger in X than in XI. 

I X  X 

The stereochemistry of the reaction of electrophiles 
and nucleophiles with cyclohexene and olefins in general 
is determined by orbital distortion on one hand and 
interaction with bonds at aHylic and homoallylic posi- 
tions on the other hand. These interactions support 
generally the reaction from the same direction as orbital 

dissymmetry. Nucleophilic attack from the axial direc- 
tion VII involves two favorable interactions (double- 
headed arrow with a minus sign). Electrophilic axial 
side VII I -one  favorable and one unfavorable (double- 
headed arrow with a minus sign). Electrophilic axial 
attack X involves one favorable and one unfavorable 
interaction similar to the equatorial reaction XI. 
However, in the last case, eclipsing with the quasi-axial 
C-H bond is making the unfavorable interaction much 
stronger. It is therefore difficult to conclude, which of the 
two factors, orbital distortion or direct interaction of the 
reagent with the bonds neighboring to the ~r-orbital is 
determining the stereochemistry of the reaction. The last 
factor, that is first order should be more powerful than 
the second order orbital distortion, but it can be 
cancelled by the interaction of the reagent with other 
MO's. The repulsion of the proton with the orbital on 
C-H in the HOMO XI is counteracted by a stabilizing 
interaction between the corresponding atomic orbitals in 
a lowerqying MO. It seems therefore that the orbital 
extension determines the direction of the reaction at 
least in this case. 

Our results show that the geometry of the tetra- 
methylene segment in cyciobexene induces 7r and ~r* 
orbital distortions that favor axial attack by nucleophilic 
as well as electrophilic reagents. These are presumably 
electronic and not steric-conformational effects, although 
they act in the same direction. Moreover, simultaneous 
addition ~ of a nucleophile and electrophile in a trimole- 
cular AdE3 reaction is also diaxial for the same reason; 
the nucleophile attacks the ~r* and the electrophile the 
orbital from the direction of their larger orbital exten- 
sion. However, secondary interactions with other orbi- 
tals have also to be taken in consideration. 
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