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Abstract: The structures and relative energies of a series of (CH)9 cations in the gas phase and in model ion pairs have been cal
culated using MINDO/3 and perturbation theory methods. In the gas phase, the bishomoaromatic ion, 2, the novel pyramidal 
ion, 4, and the homocubyl cation, 1, are found to be similar in energy with 4 the most stable and 1 the least stable. The energetic 
proximity suggests that complete carbon scrambling should be facile for isolated 1. In order to better approximate the situation 
in solution, complexes of the carbonium ions with HCl were studied as model ion pairs. A simple perturbation theory expres
sion is found to be useful in analyzing the origin of the differences in the interaction energies between the cations and counter 
molecule in the complexes. Due to the substantially different charge distributions and energetic similarity of the isolated cat
ions, the relative energies of the model ion pairs are in a distinctly different order: 1 < 4 < 2. Qualitatively, the results imply 
that relatively localized carbonium ions, such as 1, are better stabilized by a solvated leaving group than more delocalized 
species, e.g., 2 and 4. Furthermore, it is apparent that caution must be exercised in using relative energies of carbonium ions 
in the gas phase as a gauge for the relative energies of intermediates in solution. 

The homocubyl cation (1) is a topologically unusual 
species because it can, in principle, undergo complete carbon 
scrambling by a series of 1,2-carbon shifts. The solvolytic work 

of Schleyer,3 Pettit,4 and Dauben5 has shown, however, that 
the full degeneracy of 1 is difficult to achieve. Deuterium la
beling studies suggested that the partial scrambling is due to 
stereospecific rearrangements involving only the CC bonds 
trans to the leaving group (eq 1). Thus, under acetolysis con

ditions a free ion is apparently not formed which is reasonable 
for a secondary species.6 

The exact nature of the carbonium ion part of the ion pairs 
has not been established. The most obvious options are 1 in 
either Civ (bridge vertical) or Cs (bridge bent to one side) 
symmetry; the bishomocyclopropenium ion, 2 (the midpoint 
for the 1,2-shift); the trishomocyclopropenium ion, 3 (analo
gous to Coates' cation,7 5); and the pyramidal isomer, 4. Two 

facts have been interpreted as possible support for a bridged 
intermediate: (1) the stereospecificity of the rearrangements;3'4 

and (2) the rate enhancement of 400 based on the Foote-
Schleyer model8 observed for acetolysis of 9-homocubyl tos-
ylate.3 Bridged species analogous to 2 have also been impli

cated in the solvolyses of bishomocubyl derivatives;8'9 however, 
attempts at their preparation in superacid have been unsuc
cessful.10 

The present study was undertaken to help clarify the relative 
energies of the isolated ions, 1-4, and corresponding ion pairs. 
The approach that is used is a theoretical one featuring 
MINDO/310 and perturbation theory calculations. The same 
procedure has been applied to similar problems in the 
past.2'7b'12 A novel feature is the use of carbonium ion-HCl 
complexes to model the ion pairs. On the basis of our previous 
studies,2 it is anticipated that the presence of solvent or a sol
vated leaving group should stabilize the more localized ion, 1, 
to a greater extent than the more delocalized isomers, 2-4. 
Therefore, an intriguing point is whether the energetic ordering 
of the isolated ions is the same as for the ion pairs. The results 
reinforce the notion that the relative energies of carbonium ions 
in the gas phase do not necessarily dictate the nature of inter
mediates in solution. 

Results for the Isolated Ions 
Initially, MINDO/3 calculations were performed with 

complete geometry optimization for 1 in Civ symmetry. The 
resultant structure was then allowed to relax in Cs symmetry 
which yielded a minimum corresponding to 1 with the bridge 
bent 27° to one side. Bending the bridge further produced a 
second minimum, 4, which when fully optimized has Civ 
symmetry. No minimum corresponding to 3 could be found. 
Finally, the minimum for 2 was determined in C1 symmetry. 
As shown in Table I, the relative energies of the four species 
are remarkably close with 4 the most stable and 4 < 2 < l(Cs) 
< 1 {Civ)- However, in view of the similarity of the energies 
and the reliability of MINDO/3 calculations, the results in
dicate little more than that the four ions are roughly isoener-
getic. The calculated structures for the ions are given in Figures 
1-4 and the charge distributions are in Table II. Since 1 ( O , 
2, and 4 were optimized with a symmetry constraint and the 
activation energies for their interconversions were not deter
mined, it cannot be said with certainty whether or not they are 
absolute minima. The findings for the complexes of these ions 
with HCl discussed below strongly suggest that, at least, 2 and 
4 are true minima. 

The relative energies of Coates' cation, S(Cw), and the 
transition state for its bridge flipping, 5(C2V), are also included 
in Table I.7b The significantly lower energy of 5 is consistent 
with the well-known, silver ion catalyzed isomerizations of 
homocubyl derivatives to derivatives of Coates' system 
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Figure 1. Important structural parameters calculated for 1(Cj). Complete 
coordinates are given in the supplementary material. 

1 . 5 9 2 

Figure 2. Important structural parameters calculated for \(Civ). 

Table I. Relative Energies of C9H9 Cations" 1.572 

Cation Symmetry ReI energy 

1 
1 
2 
4 
5* 
5* 

C, 
Civ 
Cs 
Civ 
Civ 
Civ 

4.8 
6.4 
3.7 
0 

-35.8 
-13.7 

M1NDO/3 results in kcal/mol. * From ref 7b. 

Table II. Charge Distributions for C9H9 Cations" 

Atom KG)4 KC2K) 

Cl 
C2 
C3 
C4 
C5 
C6 
C9 

Total on C 

-0.036 
0.029 

0.036 

0.043 
0.342 
0.488 

-0.070 
0.054 

0.023 

0.401 
0.524 

0.132 
0.000 
0.028 
0.025 
0.053 
0.038 

0,462 

0.100 
0.017 

-0.030 
0.437 

" MINDO/3 results in electrons. * Bridge bent toward C6C7. 

(norsnoutanes) and analogous isomerizations of bishomocu-
banes.13 As discussed previously,715 the calculated bridge 
flipping barrier for 5 (22.1 kcal/mol) seems reliable due to the 
agreement between the calculated and experimental7* values 
for the same process in 9-methyl-5 and the similarity of these 
barriers to those for the 7-norbornadienyl cation and its 7-
methyl analogue.14 It should be noted that the experimental 
determinations are made by NMR in superacid, while the 
calculated values apply to the gas phase. In view of our recent 
work,2 which claims that the relative energies of isomeric 
carbocations exhibiting substantially different charge der
ealization may vary from solution to the gas phase, the 
agreement for the bridge flipping barriers is consistent with 
weak solvation in superacid. This condition was anticipated2 

and is attributable to an absence in superacid of species that 
are good electron donors. 

In contrast to Coates' cation, it is notable that 3 is not a 
minimum. This appears to be another manifestation of the 
difference between cyclopropyl (5) and cyclobutyl (3) edge 
participation.15 On the other hand, the pyramidal ion, 4, does 
not have an analogue in Coates' system. Some observations can 

1 .253 

1.536 

1 .761 

Figure 3, Important structural parameters calculated for 2. 

be made concerning this dichotomy. 4 may be described as a 
complex between CH+ and the symmetric diene, jyn-tricy-
clo[4.2.0.02'5]octadiene (6). The corresponding complex for 

1 • i 

P 

5 would be between CH+ and the unsymmetric diene, semib-
ullvalene (7). To date, pyramidal structures have not been 
established for any carbonium ions in which an unsymmetrical 
diene is formally involved, e.g., 8 and 9 are found, not 10 and 

ll .1 6 This must be due, to some extent, to the obvious fact that 
the interactions between CH+ and one set of termini in an 
unsymmetric diene must be stronger than for the alternative 
termini. However, it seems that it should be possible by proper 
choice of dienes to obtain all gradations between structures 
such as 3 and 4 or 8 and 10. This matter deserves further at
tention.17 

The results in Table I imply that complete carbon scram
bling would be facile for the homocubyl cation in the gas phase. 
This could be achieved by interconversions of ions like 4 via 
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Table III. Relative Energies of Carbonium Ion-HCl Complexes0 

Figure 4. Important structural parameters calculated for 4. 

1-825 __ , , C l 

Figure 5. Important structural parameters calculated for 1-C1H in C1 

symmetry. 

Scheme I 

1(C2K) in conjunction with 1,2-shifts of 2 via 1 ( O as shown 
in Scheme I or by interconversions of 1(C5), \{C2v). and 2. 
It is assumed that \{C2v) and \{CS) approximate the transition 
states for these processes. Naturally, rearrangement to more 
stable isomers such as 5 or 12 could also be expected in the gas 

phase. Similar behavior may complicate experiments on ho-
mocubyl cations in superacid. 

These predictions clearly do not agree with the observed 
difficulty in achieving carbon degeneracy that was found under 

Cation Symmetry ReI energy 

1 
1 
2 
4 

Cs 
"Civ 

C1 

Ci 

O 
(5.5)* 
6.6r 

3.2'' 

"MINDO/3 results in kcal/mol. * HCl fragment optimized; ge
ometry of I(C2K) taken from the calculation on the isolated ion. 
c Hydrogen bonded form. 

Table IV. LUMO Charges, LUMO Energies, and Specific 
Solvation Factors for Carbonium Ions and Stabilization Energies 
for R+ .« ClH 

R+ 

UCs) 
l("C2v") 
2 
4 
5 ( C 3 K ) 

QL 
(C+") 

0.720 
0.734 
0.356 
0.210 
0.409 

- < L , 
eV" 

5.46 
6.18 
4.35 
4.60 
3.51 

/ . " 

0.108 
0.124 
0.046 
0.028 
0.048 

AEs
a'b 

14.8 
(10.8)rf 

7.1 
6.9 

A£s
est bx 

11.6 
13.3 
4.9 
3.0 
5.1 

" MINDO/3 results. QL(C+) is the electron density for the car
bonium carbon in the LUMO (eq 4). CL is the orbital energy of the 
LUMO. AEs's are in kcal/mol. fs is defined in eq 2. * Stabilization 
energies relative to separated cation and HCl.c Calculated using eq 
3 with a = 107.2. d See footnote b of Table III. 

acetolysis conditions.3'4 However, since free ions are apparently 
not formed during the solvolyses, there is no reason to expect 
that the relative energies of ion pairs involving 1,2, and 4 are 
the same as for the isolated ions. 

Results for the Ion Pairs 
To probe this issue, MINDO/3 calculations have been 

performed on model ion pairs consisting of the carbonium ions 
and an HCI molecule. Although the model is crude, it has been 
useful in studying solvent effects on carbocations2 and should 
reveal general trends. Formally, the carbonium ion-HCl 
complexes can be considered to represent a tight ion pair, or 
more properly a tight ion dipole,19 between the cation and the 
solvated leaving group (Cl - solvated by H+). Naturally, the 
choice of counter molecule influences the results. HCl has been 
selected since it interacts relatively weakly with carbonium ions 
and minimizes steric concerns.2 The calculated interaction 
energy of HCl and simple secondary and tertiary carbocations 
was found to be generally 11-16 kcal/mol.2 

In view of the similarity of the energies of the isolated ions 
(Table I) and their very different charge derealization (Table 
II), it is not surprising that the relative energies of the ion pairs 
display a dramatically different order. As shown in Table III, 
the complex with 1 is the most stable followed by 4 and 2. The 
calculated structure of 1-C1H is given in Figure 5. In contrast 
to Figure 5, no minima could be found for the bridged species, 
2 and 4, with the chlorine associated with a carbon. The only 
minima that were found were for hydrogen bonded forms with 
nearly linear H-Cl—H-C fragments. There is little prefer
ence for different hydrogens: the hydrogen bond energies are 
all roughly 7 kcal/mol while the stabilization energy for 1-C1H 
is 14.8 kcal/mol. These data are summarized in the fifth col
umn of Table IV. The fact that minima were found for the 
hydrogen bonded forms with no geometric constraints indicates 
that isolated 2 and 4 are true minima as discussed above. 

At this point, it must be asked: Could additional solvation 
return the energetic order of the ion pairs to that for the iso
lated ions? A similar question has been addressed previously 
in the context of the solvation of bridged and bisected ethyl 
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cations.2b The calculations in the earlier study revealed a nearly 
constant preference for the bisected rather than bridged form 
in the presence of from one to five molecules of HCl. The re
sults were attributed to several factors including the relatively 
low electron affinity of the bridged species due to its high 
LUMO energy and the fact that the total charge on hydrogens 
is almost the same for the bisected and bridged ions. Thus, the 
weaker interactions between solvent and carbons in the more 
delocalized ion are not compensated by increased hydrogen 
bonding.28 

The same phenomena are expected to apply to the solvation 
of the homocubyl isomers. The high energy of the LUMO's of 
2 and 4 (Table IV) make the species relatively poor electron 
acceptors. Furthermore, the total charge on hydrogens for 1, 
2, and 4 varies by only 0.05 (Table II), so significant differ
ences in hydrogen bonding are not anticipated. In going from 
1 to the more delocalized isomers the charge is primarily re
distributed among the carbons. The charge on carbons in de-
localized ions such as 2 and 4 is so well dispersed, however, that 
it essentially becomes unavailable for substantially attractive, 
electrostatic interactions with solvent. McMahon and Kebarle 
have analyzed this effect succinctly in terms of the Born 
equation.22 

For further assurance, the individual hydrogen bond ener
gies for all hydrogens in 1(CS) and 4 have been calculated. The 
results are shown in Figure 6 and verify the predicted similarity 
of hydrogen bonding for the two ions.24 From the standpoint 
of solvation, the major difference is that for 1 there appear to 
be eleven potential sites for coordination, the nine hydrogen 
bond sites and the two sides of the carbonium carbon, while for 
4 (and 2) the only sites are the nine hydrogen bond possibilities 
since no other minima were found. The coordination sites 
would presumably be filled by solvent molecules and the sol-
vated leaving group. The additional solvation of 1 may be es
timated from results for isopropyl since the interaction of these 
secondary ions with one HCl in Cs symmetry differs by less 
than 1 kcal/mol. When isopropyl is solvated by two HCl's, one 
on either side of the trigonal center, in Cs symmetry, the cal
culated stabilization is 23.1 kcal/mol, the second HCl pro
viding an additional stabilization of 7.5 kcal/mol.25 It is rea
sonable that these strong interactions with the carbonium 
carbon (C9) in 1 may reduce the electron demand of the ion 
enough to somewhat diminish its propensity for hydrogen 
bonding, particularly to the hydrogen at C9. However, even 
if this hydrogen bond is completely eliminated, the coordina
tion of the first HCl with C9 in 1 is unmatched by any similar 
interaction in 4 or 2. The more remote hydrogen bonds are 
anticipated to remain relatively unchanged and to stabilize the 
different ions comparably (Figure 6). The ethyl cation results213 

clearly argue that the variation in carbon solvation cannot be 
offset by hydrogen bonding but rather that the solvation of the 
first one or two solvent molecules is critically discriminat
ing.26 

In summary, our model studies and electrostatic argu
ments22 suggest that if free ions could be formed in a medium 
of moderate solvating ability such as HCl, the classical ion (1) 
would be better solvated than its more delocalized isomers due 
to the additional coordination with the carbonium carbon. For 
ion pairs, the solvation would be more comparable since it 
would chiefly involve hydrogen bonding; however, the leaving 
group-cation interaction should be more stabilizing in 1. 

It must be said that the quantitative significance of the re
sults presented here is not profound. However, the qualitative 
trends and implications are reasonable and important. First, 
it is apparent that localized carbonium ions form "tighter" ion 
pairs than more delocalized isomers and that additional sol
vation may not be compensatory. This effect implies that the 
relative energies of isomeric carbonium ions in the gas phase 
do not necessarily dictate the relative energies of corresponding 

H 7.3 
\ + H 6.6 

\ \ ^ H 6.8 . / , - , , 

H —\ Y x~-H 

H 6.6 

Figure 6. Calculated hydrogen bond energies for 1(G) and 4 with HCI 
in kcal/mol. 

intermediates in solution. The extent of the discrepancies de
pends on several variables including the difference in charge 
derealization for the carbonium ions and the nature of the 
solvent and leaving group. A more nucleophilic counter mol
ecule than HCl, e.g., HCOOH or CH3COOH,20 should 
magnify the preference for ion pair formation with a more 
localized carbonium ion. Thus, although the results in Table 
IH propose that carbon scrambling in ion pairs with HCl might 
still be facile, the scrambling would be more difficult in com
plexes with a more nucleophilic counterion or solvated leaving 
group. This condition may well be realized during acetolyses 
of 9-homocubyl tosylates. Second, the results and analyses 
presented here can be interpreted as support for 1 representing 
the carbonium ion part of intimate ion pairs that occur initially 
during solvolyses of 9-homocubyl tosylates. Carbon scrambling 
is then achieved through rearrangements involving higher 
energy ion pairs or transition states that may be based on 
species such as 2 and 4, e.g., eq 1. 

The Perturbation Theory Approach 
It was shown previously that a simple, second-order per

turbation theory expression (eq 2-4) could be used to estimate 
and analyze the stabilization energies (AE5) for carbonium 
ion-HCl complexes.23 

A £ s , 6 L ( C + ) • / . (2) 

eL(R+) - eH(s) / S ^ ' 
AE^ = afs (3) 

AO's 

6 L ( C + ) = L C ,L 2 (C + ) (4) 

Equation 3 represents the stabilization associated with the 
important, frontier orbital interaction between the HOMO of 
the electron donating counter molecule (HCl) and the LUMO 
of the electron accepting carbonium ion. Specifically, S L ( C + ) 
is the electron density on the carbonium carbon in the cation's 
LUMO, if it were occupied by one electron. For simple car
bonium ions, this quantity is dominated by the contribution 
from the vacant 2p orbital. ^L(R + ) and «H(S) are the orbital 
energies for the LUMO of the cation and HOMO of the 
counter molecule. / s is the "specific solvation factor" and is 
related to AE5 by a proportionality constant, a, that was de
termined empirically.23 

Charge derealization in a carbonium ion decreases A£s as 
given in eq 2 by two means. First, C L ( C + ) at any one carbon 
will be small if the charge is distributed over several centers. 
Second, hyperconjugation leads to high LUMO energies, 
CL(R+)- by mixing the LUMO with lower energy, filled a or-
bitals. Homoaromatic and pyramidal carbocations, e.g., 2 and 
4, also have high LUMO energies since their LUMO's have 
some a* character.2-23 

Using the data for the carbonium ions compiled in Table IV 
and the MINDO/3 value for eH(HCl), -12.11 eV, A£s's can 
be estimated from eq 3. The results are in the sixth column of 
the table. For all the cations in Table IV, the carbonium carbon 
was taken to be the most positively charged carbon (Table II). 
The estimated A£s for \{CS) is low for a secondary carbonium 
ion, e.g., isopropyl and cyclopentyl both have A£s

est's of ca. 16 
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kcal/mol. The lower value for 1(C,) can be attributed to sig
nificant hyperconjugation with the C1C6, C6C7, and C7C8 
bonds in the isolated ion. This is revealed in the relatively high 
6L for 1(Cs) as compared to isopropyl (-7.15 eV) and cyclo-
pentyl (—6.88 eV) and by the lengthening of the hyperconju
gating bonds in 1(CS) as compared to 1(C2K). viz., Figures 1 
and 2. The hyperconjugation may be responsible for the 
moderate rate enhancement observed during acetolysis of 9-
homocubyl tosylate.3 The interactions should be stronger than 
in 7-norbornyl cation, for example, since the hyperconjugating 
bonds in 1 are more strained and are in cyclobutyl rings. 

The low 2 L ( C + ) ' S and high «L'S for 2,4, and 5 attest to the 
extreme derealization in these species. The result is A£s

est 

values that fall below the hydrogen bond energies (~7 kcal/ 
mol), so these ions prefer coordination of HCl with hydrogen 
rather than carbon. Thus, this analysis also finds that the de-
localized ions are not expected to bond as strongly to a coun-
terion or molecule in an ion pair as the more localized species, 
1. In addition, the same factors, derealization and high 
LUMO energy, should lead to small substituent effects for 
solvolyses that generate the delocalized ions. This prediction 
has been verified for 5.7 
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