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w system, there are also interactions present in the ¢ system
which favor a pyramidal heteroatom, i.e., a nonplanar geom-
etry. In pyrrole, these o interactions are small and the geometry
is determined by the aromaticity in the 7 system. However, in
phosphole these ¢ interactions are larger and dictate a non-
planar geometry as a compromise.?® We conclude that the
nonplanar geometry of phosphole is due to ¢ interactions and
not to a lack of aromaticity of the = system, as has been sug-
gested by Palmer.27:28
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Abstract: The geometrical structures and relative energies of several isomeric forms of C4Hs™ have been investigated using sin-
gle determinant ab initio molecular orbital theory. Of lowest energy is the methyl-substituted cyclopropenyl cation, which dis-
plays the enhanced stability of the aromatic 2= electron cyclic on which it is based. The homocyclopropenyl cation is much bet-
ter depicted in terms of a cyclobutenyl-like geometry rather than that corresponding to a true bicyclic arrangement. As was
the case for the related homoaromatic systems, the bicyclo[3.1.0]hexenyl and homotropylium ions, the homocyclopropenyl
cation is predicted by the calculations to readily undergo degenerate circumambulatory rearrangement. Only this time does
rearrangement proceed in a2 Woodward-Hoffmann forbidden manner, the explanation for which is given in terms of the con-
trol of the migration process by an orbital subjacent to the highest occupied. The effects of substituents, both on the geometri-
cal structure of the homocyclopropenyl cation and the energetics of its degenerate rearrangement are briefly considered.

Introduction

There has been intense interest in recent years in detecting
and, if possible, characterizing molecules which are expected
to show either exceptional stability because of aromatic con-
jugation or lability due to their incorporation of cyclic anti-
aromatic arrays. The characterization of the aromatic 27
electron cyclopropenyl cation is an example of the former;? the

quest for cyclobutadiene, the latter.* One set of molecular
species which are especially fascinating in this regard are those
in which the cyclic aromatic array has been interrupted in one
or more places by alkyl chains. A number of these so termed
homoaromatic and homoantiaromatic arrangements have
already been observed experimentally.®* Among the better
characterized are included the 6« electron homotropylium ion
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and the 4 system, bicyclo[3.1 O]hexenyl cation. Although the
simplest possible member of this series of ions, the 27 ¢lectron
homocyclopropenium cation, was the first to be deplcted asa
possible homoaromatic, it was not until many years after the
initial solvolysis experiments of Roberts and Applequist® that
even highly substituted derivatives of the system were actually
observed as stable species. The NMR spectrum of the parent
homocyclopropenium ion itself has only been reported in the
last year.”

In the present paper, we continue our theoretical investi-
gations into the nature of homoaromatic stabilization and into
the structure of homoconjugated molecules!® by now focusing
attention on the homocyclopropenyl cation. As in our previous
studies, we shall make use of simple levels of ab initio molecular
orbital theory. Our primary concern here will be a character-
ization, as far as is possible, of the geometrical and electronic
structures of the homocyclopropenyl cation and in the eluci-
dation of any pathways by which it might undergo rear-
rangement. We shall also be interested in describing what ef-
fects simple substituents have upon the structural and energetic
properties of the ion. In so doing not only should we be able to
probe the distribution of charge in the homoaromatic ion, but
also we should be placed in a favorable position to construct
substituted systems which might behave in predetermined
manners.

Quantum Mechanical Methods

Standard single-determinant molecular orbital theory has
been used throughout. As in our previous works we have em-
ployed the STO-3G minimal basis set® for the optimization of
molecular equilibrium geometry. Our results are to be found
in Figure 1. A single calculation was then performed at this
“best” STO-3G geometry using the split-valence-shell 4-31G
basis.? This is in order that we be able to more accurately assess
the relative energies of the individual isomers. We have also
performed additional calculations on the cyclobutenyl cation
for values of the ring puckering angle other than that reported
as optimum. The individual geometries here have been opti-
mized at the STO-3G level much in the same manner as those
for equilibrium structures. Only the ring puckering angle was
kept fixed. Here, we have attempted to provide a potential
curve for ring flipping in parent cyclobutenyl system in order
that we might investigate the effects of simple substitutents
on the geometry of the ion. Thus, single point STO-3G cal-
culations have been carried out along this potential for various
placements of standard model'? methyl and phenyl substitu-
ents. These have been attached at the same angles as the hy-
drogens which they replaced and at connecting bond lengths
of 1.50 and 1.40 A, respectively. We have also performed a
number of individual STO-3G calculations on a variety of
methyl- and phenyl-substituted cyclopropenylcarbinyl cations.
Our purpose here was to investigate the effects of these sub-
stituents on barrier to degenerate circumambulation in the
cyclobutenyl cation and on the potential-hindering methylene
rotation in the cyclopropenylcarbinyl transition state.
Geometries were constructed as before. All energetic data are
to be found in Table I.

The calculations we report in this paper were all carried out
using the GAUSSIAN 70 series of computer programs.!!

Discussion of Results

Of the forms of C4Hs* which we have investigated theo-
retically, the methylcyclopropenyl cation(I) is the most stable,
not at all surprising in view of its incorporation of an aromatic
2r electron cycle. The geometrical structure of this ion has not
been fully optimized at the STO-3G level. Rather, a “stan-
dard” methyl group'® (tetrahedral, ¢y = 1.09 A) has replaced
one of the hydrogens in the theoretical equilibrium structure
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Figure 1. Theoretical (STO-3G) equilibrium geometries. Except for
methylcyclopropenyl cation, all C-H bond lengths set at 1.10 A. The
calculated structure for the methylcyclopropenyl cation assumes a stan-
dard model CH3 group attached to the theoretical equilibrium geometry
of cyclic C3H;t. Only the connecting bond length has been optimized.

of parent C3H37",!2 the connecting linkage being optimized by
STO-3G to a value of 1.505 A. We expect that a fuller opti-
mization of geometry would reveal a tendency for the small
ring to adopt a structure in which two of its bonds have elon-
gated and the other shortened, a consequence of charge
transfer from the highest occupied molecular orbital on the
methyl into the lowest empty (7 symmetry) function associated
with the three-membered ring. Stabilization due to methyl

I~ bonding density increases
linkage shortens

O
antibonding density increases
linkage lengthens

substitution granted to the cyclopropenyl system, as measured
by the energy of the isodesmic!? process (1), is significantly

+ CH, — + CH,-CH, o

CH3
AE (431G) = 184 keal/mol

less than that afforded to a bare carbonium center (2), indic-

CH,-CH,* + CH, — CH,* + CH,~CH, (2)
E(4-31G) = 29.9 kcal/mol

ative of the delocalization of charge away from a single site.
Perhaps the most curious of the C4Hs* isomers is the ho-
mocyclopropenyl cation (1), a molecule which presents us with

— i tH
%
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TableI. Theoretical Energy Data
STO-3G 4-31G
Molecule E, hartrees E, hartrees
Methylcyclopropenyl (I) —152.23019 —153.81896
Cyclobutenyl (IIb) 0° —152.20665 —153.79510
10° —152.20726 —153.79574
30° —152.20473 —153.79374
50° —152.17991 —153.76875
Bisected cyclopropenylcarbinyl (IIT) —-152.13722 —153.75315
Eclipsed cyclopropenylcarbinyl (IVa) —152.09251 —153.70063
Eclipsed cyclopropenylcarbinyl (IVb) —152.10123 —153.69285
2-Methylcyclobutenyl (V) 0° —190.80144
10° —190.80245
30° —190.80161
50° —190.77960
2-Phenylcyclobuteny] (VI) 0° —378.97414
10° —378.97540
30° —378.97658
50° —378.95889
4,4’-Dimethylcyclobutenyl (VII) 0° —229.37775
10° —229.37839
30° —229.37612
50° —229.35082
Bisected 4,4’-dimethylcyclopropenylcarbinyl (VIII) —229.34018
Eclipsed 4’ 4’-dimethylcyclopropenylcarbinyl (IXa) —229.31803
Eclipsed 4/,4’-dimethylcyclopropenylcarbinyl (IXb) —229.27109
the possibility of a 27 electron homoaromatic arrangement.
Here, one might consider such a system to be constructed by AN
replacement of the formal double bond in the cyclopropenyl y 4+
cation by a cyclopropane moiety, the logic behind such a move W " (CH,)
being easily suggested by the overall similarity between the (CHp)

highest filled = and lowest empty #* orbitals on an unsaturated
linkage (A, B) to the occupied valence pair of (Walsh) orbitals

3 88 ¥ ¥

on the small ring (C, D).14 Two extreme geometrical structures
may result from such a substitution, The first, one in which the
integrity of the cyclopropane ring has largely been maintained,
might properly be termed a bicyclobutyl cation (IIa). The

4 4

bicyclobutyl cation cyclobutenyl cation

ITa ITb
other, where the ring-fused bond has opened, would be better
described as a cyclobutenyl cation, IIb. One might anticipate
that any equilibrium between these two forms
Ia == IIb

would be very much the same as the equilibrium between the
cyclopropyl and allyl cations, the only difference being the

\\\\ 7y 7

constraint that the two termini are tied together by a single
methylene group (see structures below).

Pople and co-workers have carefully explored the C3Hs*
surface,!® and in particular the equilibrium between the allyl

and cyclopropyl cations. They report that the cyclopropyl
system is unstable with respect to disrotatory ring opening in
the direction of the allyl cation. One can easily see the reason
behind the instability here. Consider the cyclopropyl cation
to be formed as a result of interaction of ethylene witha C-H*
fragment. The important terms involved in such an interaction

| |
ot . C+
H”//Cic\\\\H Hitnic——c IHtH

g’  YH il y

are given in Figure 2. Term | between the highest (doubly)
occupied molecular orbitals on each of the ethylene and CH*
fragments involves a total of four electrons, and hence is re-
pulsive. Although terms 2 and 3 are two-electron interactions,
to a first approximation they do not lead to energetic stabili-
zation because of zero overlap between the component frag-
ments. Overlap between the two lowest empty molecular or-
bitals (interaction 4), while allowed on symmetry grounds,
leads neither to energetic stabilization or destabilization. This
is simply because no electrons are involved.

An alternative, but completely equivalent, manner in which
to visualize the unfavorable energetic situation here is to
consider the nature of the orbital arrangement in the resulting
complex between C-H* and ethylene. One might think of it
as either a four-electron Huckel cycle (E) or an equally unfa-

@ filled % empty

G- £

E f

filled

vorable two-electron Mobius arrangement arrangement (F).'6
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In either representation the cyclopropyl cation stands out as
an antiaromatic system.

In light of Pople’s observations on the allyl-cyclopropyl
equilibrium, it is not surprising that we find only a single po-
tential minima on the C4Hs™ surface corresponding to a
four-membered ring, and that this structure resembles far more
closely what we would call a cyclobutenyl cation (IIb), in which
the ring-fused bond has opened, than a bicyclobutyl form (IIa),
in which this linkage remains closed. Thus, the theoretical
(STO-3G) structure which we report for the C4Hs* ho-
moaromatic is one in which the four-membered ring deviates
only slightly from planarity (an angle of 10° between the pair
of three-membered rings is calculated) and one in which the
“ring-fused” linkage has elongated to 1.99 A. Inversion
through an ion with a wholly planar carbon skeleton is pre-
dicted at the 4-31G level to require only 0.4 kcal/mol.

It is easy to see why it is that the cyclobutenyl cation would
not wish to adopt a wholly planar carbon skeleton. Consider
the system to be formed as a result of association of an allyl
cation and methylene. Here, if all four centers lie in a common
plane, then the potentially stabilizing two-electron interaction
between the lowest unoccupied allyl cation molecular orbital
and the filled p-orbital symmetry function at methylene is zero
for lack of overlap. Raising the methylene center slightly from
the plane of the other three carbons breaks the symmetry
constraint, thus allowing stabilization to occur.

=i

in - ptane out-of -plane
overlap zero overtap finite
There are at least two published crystal structures of sub-
stituted cyclobutenyl cations. That of a tetramethyl deriva-
tive!”® (complexed to AICI;~) shows ring bond lengths which
are almost identical with those suggested by the calculation,
but a carbon skeleton which is puckered to a greater extent.
A structure of the chloride salt of the tetraphenylcyclobutenyl
cation shows, on the other hand, a planar ring skeleton.!7®

AlCL;™
Me
Me 1o angle between ring
planes = 315°
Me 1784
1394
Me

The 13C and 'H NMR spectra of parent C4;Hs*, as well as
a number of its simple derivatives, have recently been reported
by Olah and co-workers.” Here, under conditions of long life
in super-acid media, the ion has been established to have a
puckered carbon skeleton and to undergo what appears to be
ring inversion through a planar arrangement, with a barrier
of 8.4 kcal/mol.

What is even more disturbing than the lack of agreement
between the calculated and experimental barriers to ring in-
version are a series of NMR spectral observations which Olah
and co-workers have made on the parent and methyl- and
phenyl-substituted homocyclopropenyl cations. Whereas the
3C chemical shifts of such species

Ph Me
152 H 163 H
X
Ph 198 H
191 - ~
Ph Me

parts per million relative to Me,Si (ref 7b)
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Figure 2. Interaction of the valence orbitals of CH* with those of a double
bond leads to the formation of the cyclopropyl cation.

closely parallel those in the analogous allyl cations

parts per million relative to Me,Si (ref 18)
those in the parent system do not.

H
188 H
- \@
P H
134
H

parts per million relative to Me,Si (ref 7b)

Olah interprets his NMR data as evidence for a structure of
C4Hst, which is fundamentally different from one based on
allyl cation, and in particular one in which there is significant
1,3-bonding.

H
H
H
a H
H

This is seemingly in contrast to the theoretical (STO-3G)
structure for parent cyclobutenyl ion, which incorporates a
nearly “normal” allylic moiety (at least as far as carbon-car-
bon bond lengths are concerned). The STO-3G calculated 7

G cn, <
1.3928 13858 -7 N

charges for both planar and puckered forms of the cyclobutenyl
system are also markedly similar to those of the allyl cation.
That is to say, the positions adjacent to the methylene carbon

/-
~0.025 ~0.020 <f
0012

5 + 0510
+0:510 40463

in the two ring systems are positively charged, while that op-
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Figure 3. Theoretical (STO-3G) potentials for ring puckering in cyclo-
butenyl cation and its (2-substituted) methyl and phenyl derivatives.

posite to it is actually slightly negative. Although the detailed
pattern of charge localization which characterizes the allyl
system is most closely mimicked by the planar cyclobutenyl
cation, ring puckering does not seem to cause major disrup-
tions. We strongly suspect that even for puckering angles two
or three times larger than that predicted by the STO-3G
method, the cyclobutenyl systems will exhibit charge distri-
butions reminiscent of the allyl cation.!? If, then, one is willing
to accept the notion of a gross parallel between !3C chemical
shifts and molecular charges,?® one is forced to admit that the
theoretical calculations are in fundamental disaccord with
Olah’s NMR data. Perhaps we are indeed witnessing a
breakdown of the assumed shift-charge relationship, or per-
haps the ion’s geometrical and electronic structure is actually
being altered by the presence of the super-acid media. Possibly
instead, the quantitative molecular orbital calculations have
failed to properly describe the gross structure of the cyclobu-
tenyl cation. With regard to this last point, it is quite con-
ceivable that the ab initio STO-3G calculations have seriously
underestimated the degree to which the cyclobutenyl cation
is actually puckered. Thus, the theory's assignment for the
deviation from planarity of the carbon skeleton in cyclobutane
(6.9° at the STO-3G level) is only about a fourth of what is
observed experimentally.2! Also the barrier to ring inversion
in cyclobutane (0.1 kcal/mol using the 4-31G basis set at op-
timum STO-3G geometries) is more than an order of magni-
tude below the experimental value of 1.28 kcal/mol. Despite
this failing of the theoretical method with regard to the degree
to which the ground state C4Hs™* ion is actually puckered, we
suspect that gross features of our calculated cyclobutenyl
cation structure such as the carbon-carbon bond lengths will
stand up to further scrutiny.?? Further investigation is neces-
sary, both into the nature of the assumed charge-shift rela-
tionships and into the possible role of the solvent on the equi-
librium structure of the ion.

In addition to their studies on the parent C3Hs* systems,
Radom, Pople, and Schleyer have observed that the energy
difference between the allyl and cyclopropyl cations may be
significantly reduced by substitution.??* For example, a single
methyl group at the 2 position reduces the separation between
the two by more than half, from 39.2 kcal/mol in the parent
ions to 18.8 kcal/mol for the substituted systems. Substitution
by strong 7 donor ¢ acceptor groups such as amino or hydroxy
is actually predicted by the calculations to lead to a reversal
in the energies of the isomeric cations, making the small-ring
compound the more stable. It is interesting, then, to see what
effects, if any, substituents might have on the structure of the

cyclobutenyl cation. Toward this goal we have taken two steps.
First we have traced a one dimensional potential corresponding
to the motion of ring puckering required to go between the
open, cyclobutenyl, and closed, bicyclobutyl, cations. This has
been accomplished by complete optimization of geometrical
structure subject only to the constraint that the puckering
angle, ¢, is held fixed. The results, displayed in Figure 3, show
a single and shallow energy minimum around ¢ = 10°, (It
should be commented that individual 4-31G calculated ener-
gies for the ¢ = 0, 10, 30, and 50° points are nearly superim-
posible on the STO-3G values.) Without further geometrical
optimization we have next proceeded to replace the hydrogen
at the 2 position in the cyclobutenyl cation by methyl and
phenyl groups. The ring puckering potentials which result from
such a substitution are also plotted in Figure 3. Paralleling the
case with the allyl-cyclopropyl system, substitution by methyl
leads to an increase in the degree to which the cyclobutenyl
cation is puckered. Replacement of hydrogen by a phenyl
group furthers this trend.

We have also investigated the effect of a pair of CHj sub-
stituents at the methylene carbon on the structure of the cy-
clobutenyl cation, and on its barrier to ring inversion. The
potential which results is virtually identical with that for the
unsubstituted ion,

Our initial interest in the homocyclopropenyl cation centered
around the possibility of it undergoing degenerate stereospe-
cific isomerization by way of circumambulation of the external
methylene group around the base of the three-membered ring
polyene. Recall that the corresponding migration process in

the 4 electron system, bicyclo[3.1.0]hexenyl cation, goes with
stereochemical inversion at the methylene carbon;?* that is to
say, it proceeds through a bisected cyclopentadienylcarbinyl
cation (X — XI — X) rather than an eclipsed one (X — XII
— X). This is simply in order to maintaih continuity of overlap

between the empty p lobe at the migrating methylene group
and the highest occupied molecular orbital on the base polyene
(G).?5 Migration with retention at methylene would necessitate

A H

eb B4

G H

a break in overlap at one point along the way (H). The situation
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is quite the opposite for the 67 electron homotropylium ion.
Here the termini of the base polyene highest occupied molec-
ular orbital are of the same sign. This time migration with in-
version would be the symmetry forbidden processs, and that
with retention the allowed (J, K). Although degenerate

H H H

@é}
\J
N, // ~a

3 X
methylene circumambulation has never been experimentally
observed in homotropylium,26 theoretical ab initio calculations
indicate!®?7 a strong preference for the symmetry allowed
mechanism (XIII — XV - XIII) over the forbidden (XIII
- X1V — XIII).

Migration of the methylene in C4Hs*, another (4N + 2)x
electron system, should follow the same pattern as in homo-
tropylium. That is to say, progression through an eclipsed cy-
clopropenylcarbinyl cation should be the allowed process, as
far as interaction between the empty lobe at methylene and the
polyene HOMO goes, while passage via a bisected structure,
the forbidden. The results of the ab initio calculations are,

+

Forbidden
it Atlowed e

R4

however, not in agreement with this simple notion. Indeed, at
the 4-31G level, the bisected cyclopropenylcarbinyl cation is
energetically favored over the corresponding eclipsed structure
by more than 30 kcal/mol. To understand this apparent vio-
lation of orbital symmetry control, consider interaction of the
vacant p lobe on the migrating methylene group with each
member of the manifold of cyclopropene valence molecular
orbitals, and not just the = symmetry highest occupied function
to which we have limited our attention until now. Immediately
below the highest occupied = is a pair of in-plane functions,
intimately related to the degenerate set of Walsh orbitals on
cyclopropane. Here the degeneracy is split in such a way as to
place the symmetric member of the duo at the lower energy.
This ordering of orbital energies is presumably due to the fact
that one of the three linkages in the cyclopropene ring is shorter
than the other two. Thus, the symmetric Walsh component,
which is strongly bonding between a single pair of ring atoms,
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Cyclopropane Cyclopropene
is lowered in energy, while the asymmetric member of the duo,
which is antibonding between this same set of centers, is raised.
So we must now contend with a situation wherethe migrating
carbonium center may interact not only with the cyclopropene
m system, but also with the pair of valence Walsh orbitals on
the small ring. Thus, the Woodward-Hoffmann allowed
eclipsed cyclopropenylcarbinyl transition-state structure is
further stabilized by way of a two-electron interaction with the
lower energy symmetric Walsh orbital. We would, however,
expect this additional stabilization to be rather small, for not
only are the interacting filled and empty orbitals far removed
in energy, but overlap between them is minimal. The bisected
cyclopropenylcarbinyl structure has only a single two-electron
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interaction available to provide energetic stabilization, that
involving the antisymmetric, and higher energy, member of
the Walsh pair. Although, on energy grounds alone, this term
should not be as effective in stabilizing the carbonium center
as that involving the small ring = system, on the basis of overlap
considerations, it is far superior. That is to say, unlike the p-=
interaction open to the system in its eclipsed geometry, this
interaction involves overlap between two centers which are
already connected by a o linkage. We have, then, uncovered

g

// energy gap medium
overlap good

A #

an extreme example of what has been termed subjacent orbital
control;?% a situation where, because of favorable overlap
conditions, a molecular orbital beneath that which is highest
occupied provides the dominant force dictating stereochemical
control.

Our contention that the two-electron interaction between
the carbonium center and the antisymmetric Walsh component
is of far greater importance than that involving either the ring
« system or the symmetric Walsh orbital may be further sub-
stantiated by careful scrutiny of the calculated STO-3G
geometries of the bisected and eclipsed cyclopropenylcarbinyl
cations. Two-electron interaction between the carbonium
center and the antisymmetric Walsh component present in
bisected cyclopropenylcarbinyl results in charge transfer away
from the small ring and into the linkage connecting the two
fragments. As a direct consequence, bonding electron density
is removed from two of the small ring’s linkages, resulting in
their lengthening (from 1.49 A in cyclopropene at the STO-3G
level?® to 1.59 A in the ion). In addition, the charge withdrawal
leads to a lessening of the antibonding character of the re-
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maining cyclopropene linkage. It actually shortens in response
(to 1.25 A in bisected cyclopropenylcarbinyl down from 1.28
A in the cyclic alkene). Interaction of the positively charged
center in its eclipsed arrangement with either the cyclopropene
m orbital or its symmetric Walsh component leads to a
lengthening of just one of the small ring’s linkages. Such a

~
bond
lengthens bond — 2>
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distortion is indeed observed in the geometrical structure of
the eclipsed cyclopropenylcarbinyl cation, though its magni-
tude is far smaller than the effects noted in the bisected system
(the rinﬁ C==C bond length in eclipsed cyclopropenylcarbinyl
is 1.29 A, only 0.01 A longer than that for cyclopropene itself).
Further indication of the difference in strengths between the
two-electron interactions possible for the bisected and eclipsed
conformations of cyclopropenylcarbinyl may be seen in the
theoretical values for the lengths of the bonds connecting the
small ring to the carbonium center. Thus the ring-carbonium
center bond in bisected cyclopropenylcarbinyl is very much
shorter than that in, say, methylcyclopropane (1.38 vs. 2 1.52
A), while that in the eclipsed conformer (1.52 A} is little dif-
ferent. It might be commented that the geometrical distortions
observed in these two systems closely parallel those already
noted for interaction of a carbonium center with the saturated
cyclopropane ring.3° Indeed, even the magnitude of the effects
in the two sets of systems is nearly identical.

The form of eclipsed cyclopropenylcarbinyl which we have
hitherto discussed is one whose geometrical structure is related
to that of the bisected ion by a 90° twist at the methylene
center. In terms of its highest occupied molecular orbital it may
be depicted as (L). There exists the possibility of a second en-
ergy minima on the C4Hs* potential surface which might also
be said to correspond to eclipsed cyclopropenylcarbinyl. The
ring-carbonium center bond in this species (IVb) has bent up

so that now it is nearly orthogonal to the plane of the three-
membered cycle. In so doing, interaction between the vacant
p lobe at C* and the cyclopropene « system has been consid-
erably enhanced (M). According to the theoretical STO-3G
calculations, this second *“closed” form of eclipsed cyclopro-
penylcarbinyl is a separate entity from the ““open” structure
(IVa), and actually slightly (5.5 kcal/mol) the lower in energy.
A barrier (IVb — IVa) of slightly more than a half a kcal /mol
is predicted between the two structures. Calculations using the
split-valence shell 4-31G basis suggest, however, that this is
not the case and that only a single potential minima for cy-
clopropenylcarbinyl, the open structure (IVa), actually ex-
1sts.

In the hope of further probing the electronic structure of the
cyclobutenyl and cyclopropenylcarbinyl cations, we have
carried out calculations in which both methylene hydrogens
have been replaced by CH; groups. As before, the geometry
of the methyls is as given by the standard model, and they are

Table II. Relative Energies of C4Hg* Cations®
4,4-
Unsub- Dimethyl-
Comparison stituted substituted
Cyclobutenyl/bisected 26.7 6.7
cyclopropenylcarbinyl
Cyclobutenyl/open eclipsed 597 256
cyclopropenylcarbinyl
Cyclobutenyl/closed eclipsed 64.5 653
cyclopropenylcarbinyl
Bisected /open eclipsed 330 18.8

cyclopropenylcarbinyl

@ In kilocalories per mole at 4-31G level. Approximate 4-31G rel-
ative values for dimethyl-substituted systems obtained by combining
the STO-3G energies for isodesmic processes: VII + III — II + VIII,
VII +IVa—II +IXa, VII + IVb — II + IXb, VIII + IVa — I1I +
IXa, with the calculated 4-31G energy differences for the parent
molecules.

connected to the parent ions with bond lengths of 1.50 A. A
number of interesting energetic comparisons among these
substituted ions are given in Table II along with the corre-
sponding values for the unsubstituted systems.

Both the symmetry allowed and forbidden pathways tode-
generate methylene circumambulation in the cyclobutenyl
cation are lowered as a result of methyl substitution. Although
the Woodward-Hoffmann preferred pathway gains the more
(34 kecal/mol), the energy lowering of the symmetry-forbidden
mode is great enough (20 kcal/mol) such that it is still the
favored. The observation that the eclipsed cyclopropenylcar-
binyl cation benefits more from substitution at the positively
charged center than does the bisected structure may be taken
as evidence for the extreme difference in the pattern of electron
distribution present in the two species. In particular, it would
appear that, whereas conjugation with the cyclopropene ring
in the bisected ion leads to a dispersal of positive charge
throughout the entire molecular skeleton, and hence a dimin-
ishment of substituent effect at any given site, the mere fact
that the carbonium center in eclipsed cyclopropenylcarbinyl
is “isolated” from the remainder of the ion means that sub-
stitution here will be of major consequence. The activation
required for passage through the closed form of eclipsed cy-
clopropenylcarbinyl is unaffected by substitution at methylene.
This latter observation suggests the delocalized nature of the
closed cyclopropenylcarbinyl cation, indicating, perhaps, that
what one might term the formal carbonium center actually
bears but a small portion of the total positive charge. The effect
of methyl substitution on the barrier to methylene rotation in
cyclopropenylcarbinyl is interesting, in that it closely parallels
what we have already observed for the analogous torsional
process in the saturated cyclopropylcarbinyl cation.3' The
reduction in rotation barrier in both of these systems—from
33 to 19 kcal/mol in cyclopropenylcarbinyl; from 31 to 17
kcal/mol in the saturated analogue—is indicative of the extent
to which electrons are delocalized in the bisected and eclipsed
conformations of these cations. That is to say, while charge is
extensively delocalized throughout the molecular framework
in the bisected cyclopropenyl- and cyclopropylearbinyl cations,
reducing the impact of the methyl substituents, it is highly
developed on the methylene center in the eclipsed structures
where conjugation with the small ring systems is no longer as
significant.

Conclusion

We have investigated the geometrical structures and relative
energies of the homocyclopropenyl and related C4Hs* cations
using ab initio molecular orbital theory. The following points
are worthy of special mention.
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The homocyclopropenyl cation is not the lowest energy form
on the C4Hs™* potential surface. This distinction belongs to a
methyl derivative of the 27 electron aromatic cyclopropenyl
cation.

The calculated geometry of the homocyclopropenyl cation
is closer to that expected of an open “‘cyclobutenyl” structure
rather than a tightly bridged bicyclic form. The theoretical
assignment of the structure of the ion does not appear to be
entirely in agreement with the conclusions reached by Olah
in his recent NMR spectroscopy study of the parent ion.

Of the pathways open to degenerate rearrangement in the
homocyclopropenyl cation, that which is formally forbidden
on orbital symmetry grounds is found to be the preferred.
Explanation is provided in terms of participation of an orbital
subjacent to the highest occupied in the Woodward-Hoffmann
forbidden transition state, the bisected cyclopropenylcarbinyl
cation.

References and Notes

(1) Papers | and It in this series are: (a) W. J. Hehre and P. C. Hiberty, J. Am.
Chem. Soc., 96, 2665 (1974); (b) W. J. Hehre, ibid., 96, 5207 (1974).
Portions of the present work have already been reported in preliminary
form: (c) A. J. P. Devaquet and W. J. Hehre, ibid., 96, 3644 (1974).

(2) (a) University of California, Alfred P. Sloan Fellow, 1974-1976; (b) University
of Paris. (c) The Laboratoire de Chimie Organique Theorique Is associated
with the CNRS (ERA 594).

(3) R.Breslow and J. T. Groves, J. Am. Chem. Soc., 92, 984 (1970), and ref-
erences clted therein to earlier work.

(4) For arecentreview, see: G. Maier, Angew. Chem., Int. Ed. Engl., 13, 425
(1974).

(5) For reviews see: (a) S. Winstein, Q. Rev., Chem. Soc., 23, 141 (1969); (b)
R. R. Story and B. C. Clark, Jr., Carbonium lons, 3, 1007 (1972). (c) P.
Warner in ‘"Nonbenzenoid Aromatic Chemistry”, in press.

(6) D E. Applequist and J. D. Roberts, J. Am. Chem. Soc., 78, 4012 (1956).

(7) (a) G. A. Olah, J. S. Staral, and G. Liang, J. Am. Chem. Soc., 96, 6233
(1974); (b) G. A. Olah, J. S. Staral, R. J. Spear, and G. Liang, ibid., 97, 5489
(1975); this latter reference contains an extensive survey of earlier spec-
troscopic and structural investigations on the parent and substituted ho-
mocyclopropeny! cations.

(8) W.J. Hehre, R. F. Stewart, and J. A. Pople, J. Chem. Phys., §1, 2657 (1969).

(9) R.Ditchfield, W. J. Hehre, and J. A. Pople, J. Chem. Phys., 54, 724 (1971).

(10) J. A. Pople and M. Gordon, J. Am. Chem. Soc., 89, 4253 (1967).
(11) W. J. Hehre, W. A. Lathan, R. Ditchfield, M. D. Newton, and J. A. Pople,

4377

Program No. 238, Quantum Chemistry Program Exchange, Indiana Uni-
versity, Bloomington, Ind.

(12) L. Radom, P. C. Hartharan, J. A. Pople, and P. v. R. Schieyer, J. Am. Chem.
Soc., 98, 10 (1976).

(13) The energies of isodesmic reactlons are especially well described by the
simple levels of ab Inltlo molecular orbital theory which we employ here.
See W. J. Hehre, R. Ditchfleld, L. Radom, and J. A. Pople, J. Am. Chem.
Soc., 92, 4796 (1970).

(14) For a discussion of the valence orbitals on cyclopropane, see R. Hoffmann
and R. B. Davidson, J. Am. Chem. Soc., 93, 5699 (1971).

(15) L. Radom, R. C. Hariharan, J. A. Pople, and P. v. R. Schleyer, J. Am. Chem.
Soc., 95, 6531 (1973).

(16) Consult ref 1b for a discussion of the Hickel-Mébius concept applied to
the study of homoaromatic cations.

(17) (a) C. Kruger, P. J. Roberts, Y. H. Tsay, and J. B. Koster, J. Organomet.
Chem., 78, 69 (1974); (b) R. F. Bryan, J. Am. Chem. Soc., 86, 733 (1964);
quoted by R. Hoffmann and P. Hofmann, ibid., 88, 598 (1976).

(18) G. A. Olah and R. J. Spear, J. Am. Chem. Soc., 97, 1539 (1875).

(19) For example, MINDO/3 calculatlons predict the cyclobutenyt catlon to be
puckered, with a barrier to ring inversion, through a planar form, of 9.8
kcal/mol, in excellent agreement with Olah’s solution phase value of 8.4
kcal/mol. In both planar and puckered forms is the charge distribution
qualtitatively conslstent with that of an allyl cation: W. L. Jorgensen, J. Am.
Chem. Soc., submitted for publication, and private communication to W,
J.H.

(20) See, however, G. E. Maclel in “Topics In Carbon-13 NMR Spectroscopy”,
Vol 1, G. C. Levy, Ed., Wiley, New York, N.Y., 1974, p 54.

(21) See W. J. Hehre and J. A. Pople, J. Am. Chem. Soc., 97, 6941 (1975).

(22) Note that even though the theoretical value for the ring puckering angte
in cyclobutane is in poor agreement with experiment, other geometrical
parameters (bond lengths and angles) are reproduced rather well.

(23) L. Radom, J. A. Pople, and P. v. R. Schleyer, J. Am. Chem. Soc., 98, 8193
(1973).

(24) P. Vogel, M. Saunders, M. M. Hasty, Jr., and J. A. Berson, J. Am. Chem.
Soc., 98, 1551 (1971), and references cited therein to earlter work on
substituted bicyclohexenyl cations.

(25) For the definitive treatment of orbital symmetry control, ses: R. B. Wood-
ward and R. Hoffmann, *‘The Conservation of Orbltal Symmetry”, Academic
Press, New York, N.Y., 1969,

(26) See, however, J. A. Berson and J. A. Jenkins, J. Am. Chem. Soc., 94, 8907
(1972), and references cited therein to earlier work.

(27) W. J. Hehre, J. Am. Chem. Soc., 94, 8908 (1972).

(28) (a) J. A. Berson and L. Salem, J. Am. Chem. Soc., 94, 8917 (1972); (b) J.
A. Berson, Acc. Chem. Res., 5, 406 (1972). Other recent examples of
subjacent orbital control include: (c) J. A. Berson and R. W. Holder, J. Am.
Chem. Soc., 95, 2037 (1973); (d) S. David O. Elsenstein, W. J. Hehre, L.
Salem, and R. Hoffmann, ibid., 95, 3806 (1973).

(29) L.Radom, W. A Lathan, W. J. Hehre, and J. A. Pople, J. Am. Chem. Soc.,
93, 5339 (1971).

(30) W.J. Hehre, Acc. Chem. Res., 8, 369 (1975), and references cited therein.

(31) W. J. Hehre and P. C. Hiberty, J. Am. Chem. Soc., 96, 302 (1974).

Hehre, Devaquet /| The Homocyclopropeny! Cation



