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Abstract: The potential surface of C4H7+ in the vicinity of the bisected cyclopropylcarbinyl cation has been investigated by ab 
initio molecular orbital theory using the 4-3IG split-valence basis set. In addition to the bisected cyclopropylcarbinyl cation, 
a second potential minimum, 0.5 kcal mol-1 higher in energy at the 6-31G*//4-31G level, has been uncovered, the structure 
for which is best represented in terms of approximately equal contribution to the two classical valence forms A and B. 

C4H7+ has been the focus of a number of experimental Scheme I 
and theoretical studies directed at rationalizing the facile in-
terconversion of cyclopropylcarbinyl, cyclobutyl, and allyl-
carbinyl derivatives under solvolytic conditions, and at ex­
plaining the observed proton and carbon magnetic resonance 
spectra of stable cationic species derived from such precursors 
in superacid media.1'2 It is presently believed that the solvolysis 
transition state(s) and the intermediate(s) observed under 
"stable ion" conditions may not be represented by any static 
structure. It is also likely that the bisected cyclopropylcarbinyl 
cation (I) plays some role in the overall scheme. It is not ob­

vious, however, whether any dynamic scheme involving the 
bisected (classical) cyclopropylcarbinyl cation alone (Scheme 
I) is capable of satisfactorily explaining the experimental ob­
servations. In particular, the observed carbon chemical shifts 
of C4H7+ under stable ion conditions do not appear to be 
consistent with such a model. Therefore, it was earlier proposed 
that the equilibrium involved a set of equivalent <x-delocalized 
"bicyclobutonium" structures (Scheme II).2e'' More recent 
NMR evidence has suggested that the dynamic equilibrium 
must involve at least two different species of very similar sta­
bility, the bicyclobutonium ion (II) and the bisected cyclo­
propylcarbinyl cation (I), separated by a small energy bar­

rier. 2a 

Additional experimental evidence3 points to (a) stable cyclic 
structure(s) for tritiated C4H7+ in the gas phase. /3-Decay by 
C4H7-„T„+i yields C4H7_„T„+ cations which, upon being 
intercepted by bases Y = NH3 or H2O, yield significant 
quantities of tritiated products, i and ii. 

/ 

Theoretical investigations to date have determined that the 
bisected cyclopropylcarbinyl cation is a local minimum on the 
STO-3G4 potential surface, and that structures such as the 
puckered cyclobutyl cation (III) and homoallyl cation (IV) 

IZ 

/t> ^ 4- ^ <N 
collapse without barrier to such a form.28'h No evidence for 
other stable C4H7+ forms was discovered at this level. Based 
on this data, it was earlier proposed that C4H7+ exists as a 
rapidly equilibrating set of classical structures (Scheme I), the 
transition state for interconversion being a puckered cyclobutyl 
cation (III). 

We report here that reinvestigation of the C4H7+ potential 
surface using the more flexible split-valence 4-31G basis set5 

has yielded a second minimum energy form (V), similar in 

energy and structure to the bisected cyclopropylcarbinyl cation, 
yet lacking the plane of symmetry possessed by this ion. The 
calculated 4-3IG geometry for V as well as for the bisected 
cyclopropylcarbinyl (I) cation and puckered cyclobutyl cation 
(III) are presented in Table I. While the bisected cyclopro­
pylcarbinyl cation corresponds to an energy minimum on the 
4-3IG potential surface, the puckered cyclobutyl cation 
represents an energy maximum, and therefore may not be 
considered a stable form OfC4H7

+.6'7 

The theoretical geometry for V (two views of which are given 
in Figure 1) closely resembles that of the bisected cyclopro­
pylcarbinyl cation (I), Figure 2. The (formal) cationic center 
in cyclopropylcarbinyl has been twisted slightly, and the 
C4CiC2 bond angle decreased such that the (formally) empty 
p orbital is now directed toward the C1C2 bond. As a result, 
electron density has been drained from the a bond connecting 
Ci and C2 and the linkage lengthened. Also of note is the 
shortening of the C1C3 bond distance, reflecting the decreased 
overlap between the p orbital and the C1C3 a bond. Little 
changed from cyclopropylcarbinyl is the C]C4 bond length 
(1.357 A), nearly equal to that of a normal CC double bond 
(e.g., 1.318 A for propene at the 4-3IG level9). The near pla-
narity of the three-carbon "propene" skeleton of V is apparent 

Scheme II 

rn 

0002-7863/79/1501-5537S01.00/0 © 1979 American Chemical Society 



5538 Journal of the American Chemical Society / 101:19 / September 12, 1979 

Figure 1. V, 4-31G optimized geometry. Geometrical parameters are 
summarized in Table 1. View (a): the three carbons of the propane ring 
are in the plane of the paper. View (b): the plane of the (formal) cationic 
center is in the plane of the paper. 

Figure 2. Bisected cyclopropylcarbinyl cation. 4-3IG optimized geometry. 
Geometrical parameters are summarized in Table I. 

from Figure lb. In this view, the structure closely resembles 
that of a perpendicular form of cis homoallyl cation (IV). 

Examination of the coefficients of the lowest unoccupied 
molecular orbital of V indicates that the electron vacancy is 
shared to a nearly equal extent by carbons 2 and 4. This result, 
in addition to the calculated equilibrium geometry, suggests 
that the ion is best represented by the pair of resonance forms 
A and B, or alternatively in terms of a single delocalized 
structure V. The latter representation coincides approximately 
with earlier formulations for the bicyclobutonium ion,2a,b'e 

although the apparent lack of significant bonding interactions 

Table I. 4-3IG Optimized Geometries3 

geometrical 
parameter 

CiC2 

C1C3 
C2C3 
C4C1 
H5C, 
H6C2 

H7C2 

H8C3 
H9C3 
H10C4 
H n C 4 
ZC3C1C2 

ZC1C2C3 

ZC1C3C2 
ZC.4C]C3 
ZC4C1C2 
/H5C1C2 
/H5C1C3 

/H6C2C1 
/H6C2C3 

/H7C2C1 

/H7C2C3 
/H8C3C1 

/H8C3C2 
/H9C3C, 
/H9C3C2 
/H1OC4C1 
/H11C4C1 

/HiOC4C1C3 
/H t (C4C1C3 

ZH5C4C1C3 

V* 

1.758 
1.522 
1.456 
1.357 
1.069 
1.069 
1.071 
1.072 
1.072 
1.073 
1.073 

52.1 
55.6 
72.3 

121.0 
101.7 
115.5 
118.8 
117.4 
121.2 
106.6 
120.9 
116.3 
117.3 
113.0 
117.7 
120.9 
122.2 
179.7 

1.1 
178.3 

bisected 
cyclopropyl­
carbinyl (I)c 

1.664 
1.664 
1.412 
1.347 
1.067 
1.070 
1.071 
1.070 
1.071 
1.073 
1.074 

50.2 
64.9 
64.9 

117.7 
117.7 
115.2 
115.2 
113.6 
120.6 
108.1 
120.5 
113.6 
120.6 
108.1 
120.5 
121.4 
122.2 
154.9 
25.1 

154.9 

puckered 
cyclobutyl 

(111)'' 

1.778 
1.435 
1.650 
1.435 
1.074 
1.073 
1.070 
1.073 
1.071 
1.073 
1.071 

60.7 
49.3 
70.0 

108.8 
60.7 

116.4 
120.0 
137.9 
107.5 
107.8 
117.4 
119.4 
107.2 
117.9 
119.9 
119.4 
117.9 
60.6 

152.4 
143.7 

a Bond lengths in angstroms, bond angles in degrees. * C1 sym­
metry. c Cs symmetry. d Cs symmetry; puckering angle C1C^4C2 = 
124.4° (where C3i4 is the midpoint between C3 and C4). 

Table II. Relative Energies of C4H7
+ Isomers" (kcal mol ') 

4-31G//4-31G 6-31G*//4-31G 

bisected cyclopropylcarbinyl (I) 0* 0* 
V 1.5(2.0)'' 0.5(1.0)' 
puckered cyclobutyl (III) 10.9(10.9)'' 3.7 (3.7)c 

" The nomenclature A//B indicates a calculation performed with 
basis set A using a geometry optimized with basis set B; e.g., 6-
31G*//4-31G indicates a 6-3IG* calculation using a geometry op­
timized at the 4-3IG level. b 4-3IG energy for cyclopropylcarbinyl 
cation = -154.998 06 au; 6-3IG* energy = -155.227 50 au. ' Cor­
rected for zero-point vibrational energy via calculation of complete 
harmonic force field at the 4-3IG level. Calculated zero-point energy 
for the bisected cyclopropylcarbinyl cation is 65.5 kcal mol- '. 

*i H u H 

H - i *PH " - V / * H 

A A+ 
HH H H 

A B 

between carbons 2 and 4 makes us reluctant to use such a name 
to describe V. 

Table II gives the relative energies for the C 4 H 7
+ isomers 

considered in the present study, both at the 4-3IG level and as 
obtained from single point calculations (assuming optimum 
4-31G geometries) using the 6-31G* polarization basis set.'° 



Levi, Blurock, Hehre / Structure of C4Hj+ 5539 

Table III. Relative Energies of 1 -Methyl Derivatives of C4H7+ 

Cations" (kcal mol-1) 

cation 4-3IG 

>-CH, 

Jl; o.8 
H H 

CH3 

V- » 
" Optimum 4-3IG structures for C4H7+ ions summarized in Table 

Il were substituted in appropriate positions by methyl groups with 
standard model geometries (/HCH = 109.4712°; CH = 1.09 A; CC 
= 1.52 A). * 4-31G energy for 1-methylcyclopropylcarbinyl cation 
is-193.980 18 au. 

Both sets of theoretical results show the bisected cyclopro­
pylcarbinyl cation to be the most stable form, although the 
energy of V is only 0.5 kcal mol-1 higher at the 6-3IG* level. 
Listed in parentheses in Table II are relative energies corrected 
for zero-point vibrational energies obtained from the 4-3IG 
calculations. Such corrections do very little to change the 
qualitative shape of the potential surface. It is not evident to 
these authors how further improvements in basis set (beyond 
the 6-3IG* level) or inclusion of partial account of electron 
correlation will alter the calculated energy difference between 
the bisected cyclopropylcarbinyl cation (I) and the new form 
(V). The geometrical structures of the two ions are, qualita­
tively speaking, very similar (differing mainly by a slight twist 
of the formal carbocation center, and by distortion of the 
three-membered ring) and one might hope that whatever 
corrections higher level calculations might introduce would 
be small. The energy of the puckered cyclobutyl cation (III) 
is 3.7 kcal mol-1 above that of the cyclopropylcarbinyl cation 
and 3.2 kcal mol-1 higher than that of V) at the 6-31G* level. 
It represents a maximum on the potential energy surface, al­
though it is unlikely that it plays a significant role in the in-
terconversion of I and equivalent forms of V. Our theoretical 
results seem to be consistent with recent NMR spectral data 
of Olah and Roberts,2a their interpretation of which requires 
the participation of at least two different C4H7+ isomers. They 
are not inconsistent with the gas-phase investigations of Cacace 
and Speranza,3 although the second cyclic form of C4H7

+ 

uncovered theoretically more closely resembles cyclopropyl­
carbinyl than it does the puckered cyclobutyl cation. Species 
such as I or V, in which there is little positive charge on Ci, 
would seem unlikely to undergo facile interconversion of the 
methylene and methine positions as is required to explain the 
observed 13C scrambling.2b The puckered cyclobutyl cation 
(III) is a more likely candidate, although our calculations in­
dicate that it is not a minimum energy form. 

4-3IG calculations have been performed on the 1-methyl 
derivatives of I, III, and V. Geometries for these systems have 
been constructed by replacing the appropriate hydrogen on the 
corresponding parent ion by a "standard model" methyl group 
(tetrahedral, rcH = 1 09 A) using a connecting CC bond length 
of 1.52 A. The relative energies of the methyl derivatives 

Figure 3. Potential energy surface for C4Hv+ in the region of the bisected 
cyclopropylcarbinyl cation. 

(Table III) mimic those of the parent systems. Assuming that 
the first two structures represent energy minima and the third 
a maximum (the complete force fields which are required to 
substantiate such assumptions have not as yet been obtained), 
our results on these systems are again consistent with the recent 
low-temperature NMR studies which also suggest the presence 
of at least two stable forms. 

We conclude that the potential surface for C4Hy+ contains 
a pair of equivalent asymmetrical minimum energy forms (V) 
in the region of the bisected cyclopropylcarbinyl cation (I) 
(Figure 3). These forms are presumably separated from the 
more stable cyclopropylcarbinyl cation by a very low energy 
barrier in view of the similarity of their structures. We further 
demonstrate that another isomeric form of C4Hy+, the sym­
metrical puckered cyclobutyl cation (III), is a maximum on 
the potential energy surface. These findings appear to be 
consistent with the model put forth by Olah and Roberts and 
their coworkers2a>b that averaging of the methylene carbons 
occurs via a rapid equilibrium involving two different forms 
OfC4H7

+. 
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