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The structures, relative energies, and interconversion barriers and pathways for several isomeric
C5H11

+ carbocations were investigated by high level ab initio MO calculations with inclusion of
electron correlation. The energy minima found were two conformations of the tertiary 2-methyl-
2-butyl cation (2), bisected (2b) and asymmetric (2as), and three 1-protonated (corner-protonated)
cyclopropanes: trans-2,3-dimethyl (trans-8), cis-2,3-dimethyl (cis-8), and 1,2-dimethyl (9).The
bridged ions trans-8, cis-8, and 9 are higher in energy than the tertiary ion by 8.3, 9.2, and 10.6
kcal/mol, respectively, at the MP4SDTQ(FC)/6-31G**//MP2(FC)/6-31G** level, or 9.6, 10.6 and 12.4
kcal/mol after correcting for the zero-point energies (ZPE). Various conformations of the “open”
3-methyl-2-butyl cation correspond to transition states for the interconversion of the tertiary ion
2as and the two 1-protonated-2,3-dimethylcyclopropanes. Hydrogen shift in 2as can lead only to
the cis-2,3-dimethyl isomer, cis-8; trans-8 is formed only from the cis isomer by ring opening and
reclosure. The 1,3-protonated-1,2-dimethylcyclopropane (10) (edge-protonated) is the transition
state for the interconversion of trans-8, and the third corner-protonated cyclopropane isomer (1-
protonated-1,2-dimethylcyclopropane, 9). The latter can be regarded as the cyclic form of the
2-pentyl cation or of the 2-methyl-1-butyl cation. The calculations thus agree with the results of
the experimental study on the cations generated in trifluoroacetic by predicting the existence of
more than one “2-methylbutyl” cation, but disagree on another point, by predicting that the other
cation besides 2 has a symmetrical structure, 8.

Introduction

A previous study in our laboratory of the solvolysis of
3-methyl-2-butyl tosylate (1) in trifluoroacetic acid (TFAH)2
indicated the existence of two intermediates along the
reaction coordinate, as shown in Chart 1. Whereas most
of the product was formed from the tertiary 2-methyl-2-
butyl cation (2), the latter was preceded by another
carbocation, X. Ion X was formed from 1 together with
TsO- in a tight ion pair which underwent internal return
to the extent of at least 50%. The part which did not
return partitioned in the rate-determining step between
elimination to 2-methyl-2-butene (3) (ca. 25%), capture
by the solvent to form 3-methyl-2-butyl trifluoroacetate
(4) (1.5%), and rearrangement to ion 2. Both 2 and 3
reacted with the solvent in fast reactions and led to
2-methyl-2-butyl trifluoroacetate (5).2

In another work, Collin and Herrman had shown that
gas-phase protonation of 3-methyl-1-butene (6) by the
conjugate acid of xenon gave a C5H11

+ cation which had
a long lifetime compared with the collision frequency and
was thermalized before isomerizing to ion 2 with an
activation energy (Ea) of 2.1 kcal/mol.3 It is not possible,
however, to ascertain whether their C5H11

+ cation was
the same as our ion X.
In trying to establish the nature of ion X, we found

that solvolysis of 1-1,1,1-d3 gave products with the label

scrambled to the extent shown in Scheme 1 (in paren-
theses), indicating that rearrangement, extensive before
trapping and minor before hydrogen shift, had occurred
in ion X.2
The results of the labeling study indicated that the

ion X cannot have a symmetrical structure. The same
conclusion was reached from a study of the addition of
TFAH (neat, or containing potassium trifluoroacetate,
or mixed with acetonitrile) and TFAD to alkene 6
and its isomers, 2-methyl-1-butene and 2-methyl-2-
butene.1
The exact structure of ion X could not be deduced,

however, from rate and product studies. In an attempt
at obtaining a description of this reactive intermediate
we resorted to high level ab initio MO calculations4 of
C5H11

+ ions and of their interconversions by intramo-
lecular rearrangements.
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Scheme 1
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Computational Method

The calculations were conducted with the programs
Gaussian 905 and Gausian 92.6 Electron correlation was
handled with the Møller-Plesset perturbation theory of
the second (MP2), third (MP3), and fourth order (MP4).7

Full geometry optimization was achieved at the MP2-
(FC)/3-21G, MP2(FC)/6-31G*, and MP2(FC)/6-31G** lev-
els, and then single point MP3(FC)/6-31G**//MP2(FC)/
6-31G** and MP4SDTQ(FC)/6-31G**//MP2(FC)/6-31G**
calculations were conducted for a more complete descrip-
tion of the electron correlation. No symmetry constraints
were placed upon any of the structures investigated in
the optimization runs. Structures optimized at the MP2-
(FC)/6-31G* level were confirmed as local minima or
transition states by means of analytical frequency cal-
culations, which also provided zero-point energies. The
structures of endpoints (local minima) associated with
each transition state were established by means of
intrinsic reaction coordinate (IRC)8 tracking at the same
level of theory, followed by full optimization of the local
minima thus located.

Results and Discussion

1. Comparison of Theoretical Approaches for
Description of C5H11

+ Ions. One C5H11
+ ion has been

thoroughly investigated as a long-lived species in super-
acid solution: the tertiary pentyl (2-methyl-2-butyl)
cation 2.9 Scrambling of methyl groups in 2was observed
by NMR and rationalized by Scheme 2.9b,10 An activation
enthalpy of 13.6 kcal/mol9b,10a or 14.7 kcal/mol10b was
measured for the overall process.
The intermediates in Scheme 2 are the “open” second-

ary 3-methyl-2-butyl cation (7) and the symmetrical,
“bridged” ion, 1-protonated-2,3-dimethylcyclopropane (8).
The latter can exist as two stereoisomers, cis and trans.
Preliminary semiempirical calculations with the MIN-

DO-3 method11 indicated that cis-8 and trans-8 (both
energy minima) are formed by the ring closure of two
different conformations of the open ion 7, which are also
energy minima. Both cis- and trans-8 are not sym-

metric: the distances from the methyl carbon to the CH
carbons are unequal. In each case, the bridging methyl
group of 8 had one hydrogen in the plane of the ring, an
arrangement similar to that of the parent protonated
cyclopropane.12 The calculations thus predicted the
existence of two pathways, cis and trans, for Scheme 2.
Along the cis pathway, the highest barrier (12.9 kcal/mol
above 2) is for conversion of 7 to cis-8, along the trans
pathway, the highest barrier is for conversion of 2 to 7
(12.6 kcal/mol above 2).
The ab initio calculations at the HF level gave a similar

picture, qualitatively, with the semiempirical calcula-
tions. As soon as electron correlation was introduced,
however, in the optimization runs, at the MP2 level, the
open ions were no longer energy minima, but transition
states for the interconversion of various bridged ions with
each other and with the tertiary ion 2. Therefore, the
results of the HF calculations will not be discussed in
any detail here. Comparable results were obtained with
the 3-21G, 6-31G*, and 6-31G** basis sets, but the
smaller basis sets gave less symmetrical bridged species.
Whereas introduction of electron correlation (MP2) had
major effects on geometry optimization, essentially re-
versing the order of energies of the bridged and open
secondary cations, reoptimization with electron correla-
tion of the same order and larger basis set resulted in
little change of geometries, in agreement with our
observations in other cases.13 Likewise, the differences
between MP2(FU) and MP2(FC) structures and energies
were negligible where examined. After full geometry
optimization at the MP2(FC)/6-31G** level, single point
energy calculations at the MP3(FC)/6-31G**//MP2(FC)6-
31G** andMP4SDTQ(FC)/6-31G**//MP2(FC)6-31G** level
were conducted for the optimum geometries thus found.
2. Tertiary Pentyl Cations. Our results on the

tertiary ion 2 can be compared with the literature data
on the same species at a similar level of theory.14 In the
previous study it was assumed that two conformations
(geometries) could be adopted by ion 2: a bisected
geometry, 2b, with dihedral angles æ(C1-C2-C3-C4) )
-æ(C5-C2-C3-C4) (the C2C3C4 plane bisects the C1-
C2-C5 angle) and a planar geometry, 2p, in which all
the carbon atoms are coplanar. Both geometries had Cs

symmetry. An earlier study had considered only the
bisected conformation, because the goal of that work was
to compare C-C with Si-C hyperconjugation.15 In the
bisected form the symmetry-equivalent methyl groups C1
and C5 are eclipsed. This arrangement differs from that
reported for the 2-propyl cation, for which in the mini-
mum energy conformation C1 and C3 were staggered
(chiral 2-propyl cation).16 In the planar form 2p, one
hydrogen in each of the three methyl groups is situated

(4) (a) Pople, J. A. Acc. Chem. Res. 1970, 3, 217. (b) Pople, J. A. Int.
J. Mass Spectrom Ion Phys. 1976, 19, 89. (c) Hehre, W. J.; Radom, L.;
Schleyer, P. v. R.; Pople, J. A. Ab initio Molecular Orbital Theory;
Wiley-Interscience: New York, 1986.

(5) Frisch, M. J.; Head-Gordon, M.; Trucks, G. W.; Foresman, J. B.;
Raghavachari, K.; Robb, M. A.; Binkley, J. S.; Gonzalez, C.; DeFrees,
D. J.; Fox, D. J.; Whiteside, R. A.; Seeger, R.; Melius, C. F.; Baker, J.;
Martin, R. L.; Kahn, L. R.; Stewart, J. P.; Topiol, S.; Pople, J. A.
Gaussian 90; Gaussian, Inc.: Pittsburgh, PA, 1990.

(6) Frisch, M. J.; Trucks, G. W.; Head-Gordon, M.; Gill, P. M. W.;
Wong, M. W.; Foresman, J. B.; Johnson, B. G.; Schlegel, H. B.; Robb,
M. A.; Replogle, E. S.; Gomperts, R.; Andres, J. L.; Raghavachari, K.;
Binkley, J. S.; Gonzalez, C.; Martin, R. L.; Fox, D. J.; DeFrees, D. J.;
Bak, J.; Stewart, J. P.; Pople, J. A. Gaussian 92, Revision E.1;
Gaussian, Inc.: Pittsburgh, PA, 1992.

(7) Møller, C.; Plesset, M. S. Phys. Rev. 1934, 46, 618.
(8) Gonzales, C.; Schlegel, H. B. J. Phys. Chem. 1989, 90, 2154.
(9) (a) Olah, G. A.; Baker, E. B.; Evans, J. C.; Tolgyesi, W. S.;

McIntyre, J. S.; Bastien, I. J. J. Am. Chem. Soc. 1963, 85, 1329. (b)
Brouwer, D. M.; Mackor, E. L. Proc. Chem. Soc. 1964, 147.

(10) (a) Brouwer, D. M. Recl. Trav. Chim. 1968, 87, 210. (b)
Saunders, M.; Hagen, E. L. J. Am. Chem. Soc. 1968, 90, 2436.

(11) Bingham, R. C.; Dewar, M. S. J.; Lo, D. H. J. Am. Chem. Soc.
1975, 97, 7432.

(12) Dewar, M. J. S.; Healy, E. A.; Ruiz, J. M. J. Chem. Soc., Chem.
Commun. 1987, 943.

(13) Fǎrcaşiu, D.; Hâncu, D. Paper in preparation.
(14) Schleyer, P. v. R.; Carneiro, J. W. de M.; Koch, W.; Forsyth, D.

A. J. Am. Chem. Soc. 1991, 113, 3990.
(15) Ibrahim, M. R.; Jorgensen, W. L. J. Am. Chem. Soc. 1989, 111,

819.
(16) (a) Koch, W.; Liu, B.; Schleyer, P. v. R. J. Am. Chem. Soc. 1989,

111, 3479. (b) Schleyer, P. v. R.; Koch, W.; Liu, B.; Fleischer, U. J.
Chem. Soc., Chem. Commun., 1989, 1098.
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in the plane of the five carbon atoms. According to the
frequency analysis at the HF/631G*//HF-631G* level,
conformer 2b was an energy minimum and conformer 2p
was a transition state. A calculation of isotropic chemical
shifts by the IGLO scheme17 showed proper agreement
(differences of less than 10 ppm) with experiment for C1,
C3, C4, and C5 of both conformers, but only 2b matched
the experimental value for C2 (C+) within 0.3 ppm; 2p
was off by 17.5 ppm.14

It was also found, however, that the two rotamers, 2b
and 2p, have the same energy (the difference of 0.03 kcal/
mol is within the limit of uncertainty of the calculations)
at the highest level pursued, MP4SDTQ/6-31G**//MP2-
(FU)/6-31G* + ZPE,14 thus making the assignment of one
as a minimum and the other as transition state poten-
tially problematic. Even if this was the case, the transi-
tion state theory18 postulates that the initial state and
the transition state are in equilibrium, therefore near-
equality in energy requires near-equality in population,
meaning that at any moment both conformers should be
present in nearly equal amounts, and a time-averaged
NMR signal should result, reflecting the contribution of
both structures. The calculated chemical shift is then
the average of the chemical shifts for 2b and 2p, which
does fit the experimental spectrum, the differences being
1.7(C1, C5), 8.9(C2), 7.6(C3), and 1.4 ppm(C4). Note that
a deviation of 0.1 and one of 9.9 ppm are equally good
fits for a method with uncertainty of 10 ppm. The
averaged chemical shifts should not be temperature-
dependent.
In our hands, optimization of the bisected conformation

at the MP2(FC)/6-31G** level without any symmetry
constraint gave a geometry essentially identical to the
reported 2b. The calculated energy was also basically the
same with that reported,14 the small difference being
probably due to comparison of MP2(FC) with MP2(FU)
results.This structure is shown in Figure 1 in two
projections (front and top). An interesting feature, not
discussed in previous analyses of 2b14,15 is that in each of
the R methyl groups (C1 and C5) one hydrogen is
reasonably albeit not perfectly positioned for providing
H-C hyperconjugation with C+ (C2), which adds to the

C-C hyperconjugation assured by C4-C3.19 These
hydrogens, identified in Figure 1 as H10 and H12, are
situated on the other side of the C1C2C3C5 plane from
C4 and have dihedral angles æ(H12-C5-C2-C3) ) -æ-
(H10-C1-C2-C3) ) 97.7°. Their bond angles C+-C-H
(105.3°) are smaller than the corresponding bond angles
of the other hydrogens bonded to C1 and C5 (113°), but
their bond lengths are only slightly increased (1.107 Å
compared to 1.092 Å). For comparison, the bond angle
C4-C3-C2 is 101.7°, and the bond length C3-C4 is
1.583 Å for a dihedral angle æ(C1-C2-C3-4) ) 90.3°,
in agreement with the literature.14 (The difference of 0.3°
in the dihedral angle from the value of 90° is negligible.)
The reduction of the C4-C3-C2 bond angle was de-
scribed as a distortion toward bridging,14 but we believe
that the results are more appropriately rationalized by
considering that hyperconjugation and bridging are dif-
ferent types of interaction20 and maximum hyperconju-
gative stabilization is achieved for a C+-C-C or C+-
C-H angle of 90° (and a dihedral angle C-C+-C-C or
C-C+-C-H of 90°).
Starting from the transition state for the hydrogen

shift (first step of Scheme 2) discussed below and follow-
ing the IRC,8 we found another energy minimum, some-
what close to 2p, but with C4 slightly off the C1C2C3C5
plane. This displacement results in an asymmetric
structure, 2as, with a dihedral angle æ(C1-C2-C3-C4)
of about 14.5° (MP2(FC)/6-31G**). This structure is
shown in projections in Figure 2. No â bond exhibiting
“excess” hyperconjugation is evident in this form, as the
only “suitable” dihedral angles are æ(C1-C2-C3-H6) )
107.2° and æ(C1-C2-C5-H13) ) 74.9°.19 The bond
lengths of these imperfectly hyperconjugating hydrogens
are not much increased compared with other hydrogens
at the same carbons (1.109 vs 1.096 Å at C3, 1.102 vs
1.090 and 1.085 Å at C5), but the bond angles are reduced
to 104.1° (C2-C5-H13) and, remarkably, to 100.4° (C2-
C3-H6). The reduction in the latter bond angle does not
represent, however, a distortion toward hydrogen bridg-
ing. As found for ions 8, below, bridging produces a small
pyramidalization of the “bridgehead” carbon, away from
the bridging group, but in 2as C5 deviates from the
C1C2C3 plane by 0.027 Å in the direction of H6. The

(17) (a) Kutzelnigg, W. Isr. J. Chem. 1980, 19, 193. (b) Schindler,
M.; Kutzelnigg, W. J. Chem. Phys. 1982, 76, 1919. (c) Schindler, M.;
Kutzelnigg, W. J. Am. Chem. Soc. 1983, 105, 1360.

(18) (a) Eyring, H. J. Chem. Phys. 1935, 3, 107. (b) Wynne-Jones,
W. F. K.; Eyring, H. J. Chem. Phys. 1935, 3, 492. (c) The theory is the
generalization of an earlier model of Pelzer, H,; Wigner, E. Z. Phys.
Chem. 1932, B15. 445. (d) See also Johnson, H. J.; Eyring, H.; Jones
Stover, B. The Theory of Rate Processes in Biology and Medicine; John
Wiley: New York, 1974; p 13.

(19) It was argued that that the methyl hyperconjugation is not a
function of the relative orientation of individual C-H bonds and the
empty orbital (Hoffmann, R.; Radom, L.; Pople, J. A.; Schleyer, P. v.
R.; Hehre, W. J.; Salem, L. J. Am. Chem. Soc. 1972, 94, 6221.) This
representation is in agreement with the low rotational barrier calcu-
lated for the 2-propyl cation, but does not explain why in the “chiral”
2-propyl cation the properly oriented C-H bonds are much longer than
the other methyl C-H bonds (ref 16).

(20) (a) Jensen, F. R.; Smart, B. E. J. Am. Chem. Soc. 1969, 91,
5686; 5688. (b) Brown, H. C. The Nonclassical Ion Problem; Plenum
Press: New York, 1977; p 262.

Figure 1. Optimized [MP2(FC)/6-31G*] geometry of the
bilaterally symmetric (Cs, bisected) 2-methyl-2-butyl cation,
2b. F: front view (C1 closest to the viewer); T: top view.

Figure 2. Optimized [MP2(FC)/6-31G*] geometry of the
asymmetric 2-methyl-2-butyl cation, 2as. F: front view (C1
closest to the viewer); T: top view.
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C2-C3-C4 angle, 119.4°, also exhibits a large deviation
from the expected value, which can be safely assigned to
the severe steric interaction with C1. The more rigid sp2
bonds are also distorted, but to a lesser extent. such that
the C1-C2-C3 angle is increased to 121.0°, whereas the
C1-C2-C5 and C3-C2-C5 angles are reduced to 119.6°
and 119.4°, respectively. The equilibrium C1‚‚‚C4 dis-
tance in 2as is only 2.978 Å, to be compared with the
C1‚‚‚C4 distance calculated for gauche butane (3.199 Å)
and eclipsed butane (2.961 Å).21 The reduction of the
C2-C3-H6 angle (to 100.4°) arises as the compensation
for the increase of the C2-C3-C4 angle, rather than
from a strong hyperconjugative interaction, in agreement
with the less than optimum orientation shown by the
value of the C1-C2-C3-H6 dihedral angle. The net
effect is that H6 is favorably placed for the 1,2-shift.
It is noteworthy that despite the steric strain and the

loss in hyperconjugative stabilization by the â C-C bond,
the energy of 2as is not much different from the value for
2b, even before applying the ZPE correction for both. In
fact, the relative energy of 2as is similar to that of the
symmetry-constrained planar form of Schleyer et al.14
After ZPE correction with the appropriate scaling factor,22
the two conformers are equal in energy (Table 1). Since
upon a 360° rotation of the C2-C3 bond one encounters
two minima with conformation 2b and four minima with
conformation 2as, the tertiary cation 2 is predominantly
(67%) in the latter conformation. This result reduces the
reliability of the reported chemical shift calculations,
which considered only 2b.14

3. Secondary and Bridged Methylbutyl Cations.
Three C5H11 cations with bridged structures were identi-
fied as energy minima: cis-8, trans-8, and the positional
isomer 1-protonated-1,2-dimethylcyclopropane, 9. Their
calculated geometries are presented in Figures 3-5.
cis-8 exhibits a staggered conformation at the bonds
connecting the methyl substituents with the ring. The
bridging methyl is rotated by about 30° from the position
in the parent, unsubstituted protonated cyclopropane,
and the cation has, therefore, Cs symmetry (Figure 3).
By contrast, trans-8 is asymmetric. One of the hydrogens
of the bridging methyl (labeled as H10) is almost in the
plane of the ring: the dihedral angle æ(H10-C1-C2-
C3) is 165.1°, just a little smaller than 180°. The two
bridging bonds are unequal, the one facing H10 (C1-
C2) is the longer of two. The two methyl substituents

are again in staggered conformation (Figure 4). Like-
wise,the bridging CH2Me group of the third isomer, 9, is
positioned with one of its hydrogens facing the most
substituted bond of the ring, C1-C2 bond, which is then
the longest (and presumably weakest) bond of the ring
(Figure 5), suggesting some incipient C--H--C bonding.
Breaking of this bond leads (in principle) to the 2-pentyl
cation and products with the n-pentane skeleton.
The secondary 3-methyl-2-butyl cation (7) was not an

energy minimum (MP2), but a few conformations of it
were optimized as transition states. They are distin-

(21) (a) Engler, E. M.; Andose, J. D.; Schleyer, P. v. R. J. Am. Chem.
Soc. 1973, 95, 8005. (b) Engler, E. M. Ph.D. Thesis, Princeton
University: Princeton, 1973.

(22) Pople, J. A.; Scott, A. P.; Wong, M. W.; Radom, L. Isr. J. Chem.
1993, 33, 345.

Table 1. Relative Energies of the Optimized Geometries of C5H11
+ Ions (kcal/mol)

ion MP2(FC)/6-31G* MP2(FC)/6-31G**
MP3(FC)/6-31G**//
MP2(FC)/6-31G**

MP4SDTQ(FC)/6-31G**//
MP2(FC)/6-31G** ZPEa

MP4SDTQ(FC)/6-31G**//
MP2(FC)/6-31G**+SZPEb

2b -0.79 -0.78 -0.20 -0.57 94.2 -0.02
2as 0.00c 0.00d 0.00e 0.0f 93.6 0.00g,h
7(0°) 15.2 15.1 15.7 15.0 94.2 15.6
7((60°) 14.0 13.8 14.3 13.7 93.8 13.9
7((120°) 15.6 15.4 15.6 15.2 93.7 15.2
7((180°) 13.3 13.2 13.9 13.1 94.1 13.6
cis-8 7.2 7.2 10.1 9.2 95.1 10.6
trans-8 6.5 6.4 9.2 8.3 95.0 9.6
9 9.5 9.1 11.7 10.6 95.5 12.4
10 16.3 14.8 18.2 17.2 95.0 18.5

a From analytical MP2(FC)/6-31G*//MP2(FC)/6-31G* frequency calculations. b ZPE-s scaled by a factor of 0.9646, as recommended in
ref 22. c Absolute value - 196.1098660. d Absolute value - 196.1952513. e Absolute value - 196.2535160. f Absolute value - 196.2832336.
g Absolute value - 196.1393361. h Absolute energy values in Hartree; 1 Hartree ) 627.5095 kcal/mol.

Figure 3. Optimized [MP2(FC)/6-31G*] geometry of 1-pro-
tonated-cis-2,3-dimethylcyclopropane, cis-8. F: front view; T:
top view.

Figure 4. Optimized [MP2(FC)/6-31G*] geometry of 1-pro-
tonated-trans-2,3-dimethylcyclopropane, trans-8. F: front view;
T: top view.

Figure 5. Optimized [MP2(FC)/6-31G*] geometry of 1-pro-
tonated-1,2-dimethylcyclopropane, 9. F: front view; T: top
view.
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guished by the values of the dihedral angle
æ(H-C2-C3-H): 7(0.0°), 7(60.4°), 7(118.2°), and 7(179.2°)
which are close to 0°, 60°, 120°, and 180°. Finally, the
(1,3)-protonated-1,2-dimethylcyclopropane, 10 (edge pro-
tonated), was also optimized as a transition state and
its geometry is shown in Figure 6. This species, as well
as 9, does not appear in Scheme 2.
The energies obtained for each level of calculation of

the several structures examined are presented in Table
1. As mentioned above, the conformers of the open ion
7 are identified by the value of the dihedral angle æ(H-
C2-C3-H). Both the total energies and the energies
relative to the tertiary cation are given. It can be seen
that inclusion of polarization functions on hydrogen
(MP2(FC)/6-31G** compared with MP2(FC)/6-31G* basis
set) lowered all the relative energies by 0.1 to 0.4 kcal/
mol, except for that of the edge-protonated 10, which
decreased by 1.5 kcal/mol. Inclusion of MP4 terms
reduced the relative energies of the four conformers of
the open form 7 by 0.1-0.2 kcal/mol and increased those
of the bridged isomers 8-10 by 1.5-2.4 kcal/mol. At the
highest level of theory shown in Table 1, trans-8 is 8.3
kcal/mol higher in energy than 2as and cis-8 is only 0.9
kcal/mol less stable than trans-8. It is also seen that the
carbocation resulting from proton attachment to a meth-
yl-carrying carbon in 1,2-dimethylcyclopropane, 9, is
by10.6 kcal/mol higher in energy than 2as, therefore 9 is
less stable than the two isomers 8. Application of the
correction for the ZPE energy22 again reduces the energy
differences between the bridged structures 8-10) and the
open structures 7, as shown in Table 1.
Following the intrinsic reaction coordinate8 allowed

us to connect the various intermediates in the family of
isomers with the appropriate transition structures. The
orientation of the C-H bonds at C3 in 2b is not favorable
for the hydrogen shift. Ion 7(60.4°) represents the
transition state for the reaction (hydrogen shift and ring
closure) which interconverts the asymmetric conforma-
tion of the tertiary ion, 2as, and cis-8. At the highest level
of theory investigated here and after ZPE correction
(Table 1) this reaction has a barrier of 13.9 kcal/mol in
the endothermic direction and 3.3 kcal/mol in the exo-
thermic direction. The latter barrier is somewhat higher
than the value of 2.1 kcal/mol obtained from the study
of protonation of 3-methyl-1-butene in the gas-phase.3

The rotamer 7(118.2°) appeared as the transition state
for a process interconverting the stereoisomers cis-8 and
trans-8. The ZPE-corrected barrier for stereoisomeriza-
tion of cis-8 to trans-8, 4.6 kcal/mol, is higher than the
barrier for hydrogen shift in the former, leading to 2as.
By virtue of its symmetry, cis-8 can open equally at C2
and C3 upon returning to 2as, thus achieving the methyl

interchange in the latter. We were not able to locate a
transition state connecting trans-8 with 2. Intuitively,
we had expected that opening trans-8 to 7(118.2°) should
continue in that direction, but 7(118.2°) closed to cis-8,
instead.
In addition to the reaction steps connecting 2 with 8

via 7, the calculations have revealed a pathway of ring
opening of 8 followed by ring closure, which conserves
the cis or trans stereochemistry and interchanges the
bridging methyl with one of the substituent methyl
groups. Structures 7(0.0°) and 7(179.2°) are the transi-
tion states of this transformation for cis-8 and trans-8,
respectively. This particular methyl scrambling in trans-8
(4.0 kcal/mol ZPE-corrected barrier) is easier than the
other two reactions available to this isomer, namely
conversion to cis-8 and to 9. This mechanistic feature is
of no consequence for the isomerizations originating with
2, but could be important if trans-8 were generated by
the ionization of a 3-methyl-2-butyl precursor. The same
energetic considerations suggest that protonation of
3-methyl-1-butene in the gas phase3 should not involve
7(179.2°) and trans-8, because the calculated energy
barrier for the isomerization of the latter to the tertiary
cation, 5.6 kcal/mol, is too high. The barrier for the
corresponding scrambling in cis-8, 5.0 kcal/mol, is higher
than the barriers for both return to 2as and isomerization
to trans-8. The calculations thus predict that reaction
of 3-methyl-1-butene with XeD+ should give 2 containing
deuterium only or mostly at C4.
The calculations have also revealed a pathway for the

intramolecular gas-phase isomerization of the branched
cation 2 to the straight chain isomer, 2-pentyl cation (11).
(The straight chain reaction products might be formed,
however, directly from ion 9.) The highest point (18.5
kcal/mol above 2 after ZPE correction) along that reaction
coordinate is the edge-protonated cyclopropane 10, which
is the transition structure for the step connecting trans-8
with the positional isomer, 9. The trans-8 a 9 step also
achieves the exchange of hydrogen atoms between the
methylene and methyl groups of ion 2. This exchange is
responsible for the complete hydrogen scrambling ob-
served in superacid solution at temperatures above 100
°C.23
On the basis of the difference in energy between cis-8

and trans-8 and on the examination of the geometry of
10 (Figure 5), we estimated that the analog of 10 starting
from cis-8 should be higher in energy, therefore, we did
not study it. Finally, the hydrogen shift from C1 to C2
in 9 (automerization) has no chemical consequence,
because the methyl groups are scrambled earlier, in the
2as a cis-8 step or in the trans-8 a 7(179.2°) a trans-8
step; it was also not investigated. The reaction pathways
starting from 2aswhich were identified in our calculations
are shown in Chart 2 (the energies shown were corrected
for ZPE). The conformer 2as should be connected to 2b
by a rotation with a small barrier, but this process is not
shown in the chart.
The identification of the pathway involving 9 and 10

by calculations allows us also to formulate a verifiable
prediction for the isomerization of isopentane labeled
with carbon-13 at C1, under conditions which would
preclude a bimolecular pathway involving C10 cations as
intermediates.24 The first, fastest reaction to be observed
should be the degenerate isomerization (automerization)
of isopentane, transfering the label from C1 to C4 and

(23) Saunders, M.; Rosenfeld, J. J. Am. Chem. Soc. 1969, 91, 7756.

Figure 6. Optimized [MP2(FC)/6-31G*] geometry of 1,3-
protonated-trans-1,2-dimethyl-cyclopropane (edge-protonated
cyclopropane), 10. F: front view; T: top view.
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C5, according to Scheme 2, a reaction already studied
experimentally for the ions in superacid.9b,10 As a slower
process, isomerization to n-pentane should be observed,
giving a product labeled to a similar extent at C1 and
C3, but unlabeled at C2. Determination of the label
distribution in the product should serve to validate the
mechanism. Rate measurements on the skeletal rear-
rangement at several temperatures would give an activa-
tion entalpy which could be compared with the potential
energy barrier of 18.5 kcal/mol obtained from the calcula-
tion of the transition state 10 in this work.

Conclusions

Two equally stable conformers with the structure of
tert-pentyl cation exist as energy minima, 2b (“bisected”)
and 2as (asymmetric). The latter is 2:1 favored by
entropy. This finding casts doubts upon the published
NMR chemical shift calculations, which considered only
2b. Three other minima on the energy surface are the
protonated dimethylcyclopropanes cis-8, trans-8, and 9.
Various conformations of the “open” 3-methyl-2-butyl
cation are the transition states for the interconversion
of the bridged ions 8 with each other and with 2as. Thus,

the results of the calculations reported here are in
agreement with the studies on C5H11

+ cations in the gas-
phase3 and in TFAH solution1,2 to the extent that they
predict the existence of at least one other reaction
intermediate with this formula, in addition to the tertiary
cation 2. They disagree with the conclusion of the work
in TFAH, which indicated that the “other”, less stable,
cation was nonsymmetrical, because it scrambled the
methyl groups during its lifetime incompletely and to
different extents when the precursors were different.1,2
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