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Abstract—ab initio MO calculations have been performed on the cis and trans isomers of the crotyl cation, free
radical and anion in each of two orientations of the Me rotor about the allylic framework. In agreement with
available experimental data, both the crotyl cation and free radical prefer trans skeletal geometries. On the other
hand, the cis isomer of the crotyl anion is found to be more stable than the trans, the same preference as has been
noted for alkali metal allyl organometallics in solution, but opposite to that recently reported for the free (gas
phase) anion. The Me groups are predicted to eclipse the partial double bond for the trans isomers of all three

systems and for the cis cation. These results are rationalized with the aid of perturbation MO theory.

The crotyl system (l-methylallyl, 1) shows a marked
geometrical sensitivity to « electron occupancy.'™ Ex-
perimental evidence indicates that the crotyl cation (27
electrons on allyl) favors a trans skeletal geometry over
a cis arrangement by at least 2 kcal/mol.* The crotyl free

/C'l‘i\
CH,»»wwCH/ ‘CH
3 2
1
radical (3w electrons on allyl) also prefers to be trans, but

only by about 0.2 kcal/mol.” In contrast, a wide variety of
alkali metal allyl organometallics (2)'” exhibit distinct
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and often sizable preferences for cis skeletal arrange-
ments. For example, the potassium salt of the crotyl
anion (2, R=Me, M=K) shows a free energy preference
of 2.2 keal/mol for a cis geometry over a trans.' Similar
cis energy preferences have been noted for other alkali
metal salts of the crotyl system, and for the salts of
more highly substituted alkenyl organometallics. Recent
measurements by ion cyclotron resonance (icr) spec-
troscopy’ of the relative acidities of cis and trans 2-
butene indicate, however, that, in the gas phase, the free
energy of the trans crotyl anion is some 0.2 kcal/mol lower
that that for the cis. The authors have noted, however,
that the icr experiment provides no information other

than mass regarding the identities of the ions under
investigation. Thus, it is conceivable that the cis and
trans crotyl anions, formed by deprotonation of their
respective alkenes, have undergone isomerization, or
have reprotonated to form 1-butene instead of cis and
trans 2-butene, respectively. In either case the resulting
thermodynamic estimate of the relative stabilities of the
isomeric crotyl anions would be in error.

In this paper we describe the results of our theoretical
studies on the relative stabilities of the cis and trans
isomers of the crotyl cation, free radical and anion. The
latter system is especially interesting in view of the
discrepancy between the available solution and gas phase
data. We shall also be concerned with the related ques-
tion of the conformation of the Me rotor in each of these
systems. Previous theoretical work® has suggested the
rationale behind the known tendency for Me group to
eclipse rather than to stagger double bonds, and at the
same time has demonstrated the connection between the
magnitude of the conformational preferences and the
polarity of the unsaturated linkage. The same ar-
guments—based on simple perturbation MO theory—
applied for molecules such as propene should also be of
use here.

METHODS, RESULTS AND DISCUSSION

Ab initio MO calculations have been performed on
each of four structures for the crotyl cation, free radical
and anion.

Four levels of theory have been utilized in our study:
A, STO-3G minimal basis set” with standard model
geometries'® which are assumed to be identical for the
cation, free radical and anion; B, STO-3G basis set and
independent optimization of skeletal (CCC) bond angles
in each system; C, split-valence-shell 4-31G basis set,"
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and geometries from level B (only the lower energy
rotamer for each of the cation, free radical and anion has
been considered) and; D, 4-31G, with partial op-
timization of skeletal bond angles and other geometrical
parameters with this basis set'> (only for the lower
energy rotamer for each of the cis and trans crotyl
anion). All calculations have been performed using the
Gaussian 70 series of computer programs.'®> Our energy
and geometry data are presented in Table 1.

The constraint placed on the calculations at level A,
that the same fixed model geometries are employed for
the cation, free radical and anion, should effect a se-
paration of steric factors from other electronic dictates.
It is easily seen (Table 1) that # electron occupancy
does, in fact, markedly alter the cis-trans energy diff-
erence. Although, at this level of calculation, all three
crotyl systems preferentially adopt trans skeletal
geometries, cis-trans energy separations range from
5.2 kcal/mol for the cation, to 2.2 kcal/mol for the free
radical and 0.7 kcal/mol for the anion. Unfavorable steric
interactions, resulting from our use of standard model
rather than optimized geometries, are expected to be
more significant for the cis isomers than for the cor-
responding trans systems. It is not surprising, therefore,
that the theoretical cis-trans energy differences obtained
at level A are reduced somewhat (to 3.5, 1.3 and
0.3 kcal/mol for the crotyl cation, free radical and anion,
respectively) upon optimization of the two skeletal bond
angles in each system. Still, the prediction of the minimal
basis set STO-3G method is that all three systems favor a
trans skeletal arrangement, this preference being largest
for the cation and smallest for the anion. Whereas the
split-valence-shell 4-31G calculations serve only to sup-
port the findings of the minimal basis set theory regard-
ing the preferred skeletal arrangements for the crotyl
cation and free radical (the trans isomers are preferred
by 3.4 and 1.0kcal/mol, respectively), they contest its
conclusions for the corresponding anion. Utilizing skeletal
bond angles optimized at STO-3G, the 4-31G level
calculations indicate the cis isomer of the crotyl anion to
be favored over the trans by 1.5 kcallmol. Bond angle
optimization using the 4-31G method itself lowers this
difference only slighly (to 1.4kcal/mol). The 4-31G
results (levels C and D) appear to agree reasonably well
with the available solution phase experimental data on
alkali metal organometallics although they take issue
with the recent icr determination of the relative stabili-
ties of the cis and trans crotyl anions. The reason for this
latter discrepancy remains unclear.

A number of authors have already put forth rational-
izations for the isomeric preferences noted for these and
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related systems.® In the most simple terms, these are
based on the notion that the cis isomers of molecules
such as the crotyl systems are comprised of cyclical
arrangements of 7 electrons and, hence, have the poten-
tial to be aromatic or antiaromatic in character. Thus, in
its cis skeletal form, the crotyl cation has 47 (4N)
electrons available for cyclic conjugation (2 from the
allyl moiety and 2 from Me), making it an antiaromatic.
Therefore, quite aside from steric considerations, it has
ample reason to prefer a trans geometry. On the other
hand, the crotyl anion has 67 (4N + 2) electrons. It might
be expected to show some aromaticity, therefore,
favoring a cis carbon skeleton, the arrangement of atoms
which maximizes the extent of cyclic conjugation.

Closely associated with the noted cis or trans energy
preferences in the crotyl systems is the question of the
equilibrium conformation of the Me rotor be it staggered
(S) or eclipsed(E). In the trans isomers interaction
between the Me rotor and the allyl frameworks appears
to be slight, with torsional barriers (levels A and B)
ranging from 0.5 to 1.1 kcal/mol, and largely independent
of total charge. In all three systems eclipsed forms are
preferred over staggered rotamers, consistent with the
observed equilibrium conformations of molecules in
which Me groups are attached to unsaturated linkages.
For comparison, torsional barriers in systems such as
propene and frans 2-butene (1.55 and 1.54 kcal/mol,
respectively, as calculated at level B)' are of the same
order of magnitude but somewhat larger. According to
the fixed geometry (level A) calculations, all three
systems prefer staggered Me conformations, with bar-
riers ranging from 2.3kcal/mol for the cation to
S.5kcal/mol for the anion. It appears, therefore, that
increase in the = electron population of the allylic
framework to which the Me rotor is attached furthers the
trend toward a staggered conformation. Optimization of
skeletal bond angles (level B) not only leads to a lowering
of the torsional barriers in the three systems, but also
succeeds in upsetting the prediction of the level A cal-
culations regarding the conformation of the Me rotor in
the cis crotyl cation. Thus, whereas both the cis crotyl
free radical and the corresponding anion adopt con-
formations in which the Me group staggers the partial
double bond of the allylic moiety (with torsional barriers
to the respective eclipsed arrangements of 0.14 and
0.13 kcal/mol), the cis isomer of the crotyl cation re-
mains eclipsed with a larger (0.57 kcal/mol) rotation bar-
rier to a staggered form.

The theoretically predicted equilibrium Me group con-
formations of the crotyl systems are easily rationalized
in terms of previously advanced arguments.® Thus, the
trans crotyl systems, in which the possibility for cyclic
conjugation is non-existent, adopt eclipsed rotor con-
formations for essentially the same reasons as do mole-
cules such as propene. In the language of perturbation
MO theory, energetic stabilization or destabilization
results from interaction of the = orbitals of the allylic
framework with the valence manifold on Me (Fig. 1). Of
the possible interactions between the two sets of valence
molecular orbitals only three are pertinent to the ques-
tion of Me group conformation. Interaction 1 (between
m, on allyl and mcy,) is 4-electron destabilizing. The
conformer (eclipsed or staggered) with the greater effec-
tive overlap will be the more disfavored. This will be the
staggered form because of overlap, not available to the
eclipsed, between the Me group CH bonds and the
central p lobe of the allyl skeleton.
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Fig. 1. Interaction of allylic 7 orbitals with the valence molecular
orbitals on a Me group. See text for explanation.

H -eclipsed H-staggered

Interactions 2 and 3 (between =, and m&y, and = and
mcn;) are 2-electron stabilizing. They will be of most
benefit in that situation where total overlap is at a
maximum. In both cases this is for the eclipsed con-
former, for the small overlap component involving the
Me CH linkages and the allylic skeleton is of opposite
sign to the principal overlap (between centers already
bonded via the o framework) and hence subtracts from
the total.

Interactions involving the second (non-bonded) = level
of allyl are of no consequence to Me group confor-
mation; there is no density on the central atom visible to
the Me rotor. Because interactions involving the allyl
level play no part in dictating rotor conformation, the
perturbation arguments also suggest that the Me group
torsion barriers in each of the three crotyl systems
should be of comparable magnitude. The data in Table 1
support such a contention. Finally, although interaction
between 3 and m., would result in a preference for a
staggered rotor conformation, neither level is occupied
and, therefore, no net stabilization or destabilization
results.

The Me rotor preferences noted for the crotyl systems
in their cis geometries may also be rationalized with the
aid of interaction diagrams similar to that presented in
Fig. 1. The key feature is the overlap between the Me
group and the far terminus of the allylic skeleton to
which it is attached. This will be at a maximum for a
staggered rotor conformation and at a minimum for an
eclipsed arrangement.
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For the cation (47 electrons) the resulting cyclic con-
jugation leads to energetic destabilization. Therefore, a
eclipsed conformation of the Me rotor should be prefer-
red, as indeed it is according the ab initio calculations.
For the crotyl anion with its 6« electrons the situation is
just the opposite. Here the potential for aromatic
stabilization causes the Me rotor to stagger the allylic
framework thus leading to maximum overlap with the far
terminus. The quantitative calculations concur. The
crotyl free radical with its 57 electrons shows only a
slight preference for the Me group to adopt a staggered
conformation.'®

CONCLUSIONS

1. The preference for a cis or trans carbon skeleton
depends on the formal charge of the allylic framework.
The crotyl cation and free radical prefer trans geome-
tries, but the crotyl anion favors a cis skeleton. These
preferences may be rationalized by recognizing the pos-
sibility of cyclic conjugation (aromaticity or antiaroma-
ticity) in the cis isomers.

2. The Me group in the trans isomer of each system
adopts a conformation in which one of its hydrogens
eclipses the partial double bond, the same preference as
in propene. The rotor in the cis crotyl cation also adopts
an eclipsed conformation minimizing the extent of un-
favorable (47 electron) cyclic conjugation. The situation
is reversed for the cis crotyl anion, where conjugation,
facilitated by a staggered Me, leads to aromatic stabil-
ization.
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