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Abstract: The structures and energies of the carbocations C4H7
+ and C5H9

+ were calculated using the ab
initio method. The 13C NMR chemical shifts of the carbocations were calculated using the GIAO-CCSD(T)
method. The πσ-delocalized bisected cyclopropylcarbinyl cation, 1 and nonclassical bicyclobutonium ion, 2 were
found to be the minima for C4H7

+ at the MP2/cc-pVTZ level. At the MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ +
ZPE level the structure 2 is 0.4 kcal/mol more stable than the structure 1. The 13C NMR chemical shifts of 1
and 2 were calculated by the GIAO-CCSD(T) method. Based on relative energies and 13C NMR chemical shift
calculations, an equilibrium involving the 1 and 2 in superacid solutions is most likely responsible for the
experimentally observed 13C NMR chemical shifts, with the latter as the predominant equilibrating species. The
R-methylcyclopropylcarbinyl cation, 4, and nonclassical bicyclobutonium ion, 5, were found to be the minima
for C5H9

+ at the MP2/cc-pVTZ level. At the MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ + ZPE level ion 5 is 5.9 kcal/
mol more stable than the structure 4. The calculated 13C NMR chemical shifts of 5 agree rather well with the
experimental values of C5H9

+.

Introduction

Among simple carbocationic sytems, the cyclopropylcarbinyl
cation, i.e. C4H7

+ ion, has been one of the most extensively
studied, yet its structure has not yet been fully established. The
nature of the cyclopropylcarbinyl cation has been under intense
scrutiny by many groups of researchers using various techniques,
ever since J. D. Roberts first carried out his pioneering solvolytic
studies on the cyclobutyl and cyclopropylcarbinyl derivatives.
Roberts in 1951 initially proposed a pentacoordinated tricy-
clobutonium structure (i) for the cationic intermediate and named
it as a “nonclassical” carbocation.1,2 The tricyclobutonium ion
structure was subsequently replaced by Roberts et al. with that
of equilibrating bridged bicyclobutonium ions ii as further
experimental results were not in agreement with the originally
proposed structure.3 H. C. Brown, on the other hand, on the basis
of solvolysis of cyclopropylcarbinyl and cyclobutyl 2-napthalene-
sulfonates, proposed the intermediacy of a set of equilibrating
cyclopropylcarbinyl cations iii involving the intermediacy of a
relatively unpopulated puckered cyclobutyl cation, iv.4

Olah et al. characterized in 1972 the C4H7
+ ion by 13C NMR

spectroscopy under stable ion conditions.5 Cyclopropylcarbinol
or cyclobutanol upon ionization in superacids gave identical
ions. The 13C NMR spectrum showed only two signals: δ13C
108.4 (CH), and 55.2 (CH2).5 Temperature-dependent chemical
shifts for the C4H7

+ ion, prepared from cyclopropylcarbinol-
1-13C, between -61 to -132 °C were also reported in the late
1970s by the Roberts and Olah groups.6 The ion shows two
absorptions at δ 13C 107.6 and 57.4 for the methine and
methylene carbons, respectively, at -70 °C. The 13C label was
randomly distributed, indicating facile hydride shifts in the
cation. At -132 °C, the methine and methylene carbons moved
to δ 13C 111.3 and 50.9, respectively. This indicates that more
than one species is involved in the rapid equilibration process.
On the basis of these observations, an equilibration involving
the πσ-delocalized bisected cyclopropylcarbinyl cation, 1, and
nonclassical bicyclobutonium ion, 2, was suggested with the
former as a minor equilibrating species.6 Such a proposal has

(1) Roberts, J. D.; Mazur, R. H. J. Am. Chem. Soc. 1951, 73, 2509.
(2) Roberts, J. D.; Mazur, R. H. J. Am. Chem. Soc. 1951, 73, 3542.
(3) Mazur, R. H.; White, W. N.; Semenov, D. A.; Lee, C. C.; Silver,

M. S.; Roberts, J. D. J. Am. Chem. Soc. 1959, 81, 4390.
(4) Brown, H. C. The Nonclassical Ion Problem, with comments by

Schleyer, P. v. R. Plenum, New York, NY, 1977, Ch. 5.
(5) Olah, G. A.; Juell, C. L.; Kelly, D. P.; Porter, R. D. J. Am. Chem.

Soc. 1972, 94, 146.
(6) Staral, J. S.; Yavari, I.; Roberts, J. D.; Prakash, G. K. S.; Donovan,

D. J.; Olah, G. A. J. Am. Chem. Soc. 1978, 100, 8016.
(7) (a) Saunders, M.; Jimenez-Vasquez.; Kronja, O. in Stable Carbocation

Chemistry (Prakash, G. K. S.; Schleyer, P. v. R. eds.), John Wiley
and Sons, New York, NY, 1997, Ch. 9, p 297-347, and references
cited therein.; (b) Saunders, M.; Siehl, H.-U. J. Am. Chem. Soc. 1980,
102, 6869. (c) Saunders, M.; Siehl, H.-U. J. Am. Chem. Soc. 1980,
102, 6868.
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been affirmed by deuterium isotopic NMR studies of Saunders
et al.,7,8 and low-temperature solid-state NMR studies of Myhre
and Yannoni.9

Numerous computational studies were reported on the
structure and energietics of 1 and 2. Relative energies of these
ions are given in Table 1. Semiempirical MINDO/3 studies by
Dewar and Reynolds found that the structure 1 is 5.6 kcal/mol
less stable than the structure 2.10 However, using the ab initio
method at the STO-3G level the structure 1 is found to be the
only minimum on the potential energy surface (PES) of C4H7

+.11

On the other hand, using the ab initio method at the HF/3-21G,12

HF/4-31G13 and HF/6-31G*12,14,15 levels 1, is more stable than
2 by 10.2, 10.9, and 2.5 kcal/mol, respectively. At the correlated
MP2/6-31G*//MP2/6-31G*,12,14,15 MP4(SDTQ)/6-31G*//MP2-
(full)/6-31G*14 and MP4(SDTQ)/6-311G**//MP2/6-31G**15

levels 1 is less stable than 2 by 1.8, 0.4 and 0.5 kcal/mol,
respectively. Including zero-point vibrational energy (ZPE) i.e.
at the MP4(SDTQ)/6-311G**//MP2/6-31G** + ZPE15 level the
energy difference between 1 and 2 vanished. More recently,
quantum-mechanical calculations of the stabilities of isomers
of C4H7

+ in solutions were reported.16 However, solvent effects
on the relative stabilities of 1 and 2 are found to be rather small

and insignificant. In water, structure 1 was found to be only
0.3 kcal/mol more stable than the structure 2.16

Siehl et al. generated 1-(trimethylsilyl)bicyclobutonium ion
in SbF5/SO2ClF/SO2F2 solution at -128 °C.17 The NMR
spectroscopic data are in accord with a bridged puckered
bicyclobutonium structure undergoing a 3-fold rapid degenerate
rearrangement. 13C NMR chemical shifts of 1-silylbicyclobu-
tonium cation and the (1-silylcyclopropy1)methyl cation were
calculated using the GIAO-MP2 method. The experimental
shifts of 1-silylbicyclobutonium ion agree well with the GIAO-
MP2 computed chemical shifts.17

Saunders et al. have previously investigated the structures
and 13C NMR chemical shifts of 1 and 2 by ab initio/IGLO
method.14 The structures were obtained at the MP2/6-31G*
level. The 13C NMR chemical shifts of both 1 and 2 deviate
from the experimental chemical shifts. The experimentally
observed 13C NMR spectrum of the C4H7

+ ion at -61 °C shows
only two signals at δ13C 106.8 (CH) and 59.0 (CH2).14 On the
other hand, IGLO calculated δ 13C of the C1 (CH), C2 (CH2),
and C4 (CH2

+) carbons of 1 were found to be 70.0, 75.0, and
244.3, respectively. The IGLO calculated δ 13C of the C1 (CH+),
C2 (CH2), and C3 (CH2) carbons of 2 were found to be 167.0,
71.3, and -14.3, respectively.14 The deviation of the observed
chemical shifts from the IGLO values also suggests the presence
of two isomers in equilibrium. The mole fractions of these
isomers were determined by assuming the observed chemical
shifts as weighted average of the chemical shifts of the static
ion. The IGLO calculated 13C NMR chemical shifts show
reasonable correlation with the experimental data.

DFT calculations at the GIAO-B3LYP/6-311G(d,p)//B3LYP/
6-31G(d) level of theory indicate that the accurate prediction
of 13C chemical shifts for a number of carbocations could be
achieved through scaling.18 The study shows that after proper
scaling, a very good correlation of predicted and experimental
chemical shifts of these carbocations could be obtained using
the relatively inexpensive DFT method. Recent studies19–23

indicate that extensive electron correlation contributions are
necessary to compute the accurate chemical shifts. These types
of correlated 13C NMR chemical shift calculations can be carried
out by the GIAO-CCSD(T) and other coupled cluster methods.
The GIAO-CCSD(T) method of calculating the accurate 13C
NMR chemical shifts of carbocations and other organic mol-
ecules have been demonstrated in several recent studies.19–23

The GIAO-CCSD(T) calculations for these carbocations would
be expected to closely correspond with the experimental data.
We now report high level ab initio/GIAO-CCSD(T) investiga-
tions on the C4H7

+ and related C5H9
+ cations.

Calculations. Geometry optimizations were carried out with
the Gaussian 03 program.24 The geometries were first optimized
at the MP2/6-311G* level. Vibrational frequencies at the MP2/
6-311G*//MP2/6-311G* level were used to characterize station-
ary points as minima (NIMAG (number of imaginary frequency)
) 0 or transition state NIMAG ) 1). The MP2/6-311G*

(8) Saunders, M.; Kronja, O. in Carbocation Chemistry (Olah, G. A.;
Prakash, G. K. S. eds.), John Wiley and Sons, New York, NY, 2004,
Ch. 8, p 231-235, and references cited therein.

(9) (a) Myhre, P. C.; Yannoni, C. S. in Stable Carbocation Chemistry
(Prakash, G. K. S.; Schleyer, P. v. R. eds.), John Wiley and Sons,
New York, NY, 1997, Ch. 12, p 389-431, and references cited
therein; (b) Myhre, P. C.; Webb, G. G.; Yannoni, C. S. J. Am. Chem.
Soc. 1990, 112, 8992.

(10) Dewar, M. J. S.; Reynolds, C. H. J. Am. Chem. Soc. 1984, 106, 6388.
(11) Hehre, W. J.; Hiberty, P. C. J. Am. Chem. Soc. 1972, 94, 5917.
(12) McKee, M. L. J. Phys. Chem. 1986, 90, 4908.
(13) Levi, B. A.; Blurock, E. S.; Hehre, W. J. J. Am. Chem. Soc. 1979,

101, 5537.
(14) Saunders, M.; Laidig, K. E.; Wiberg, K. B.; Schleyer, P. V. R. J. Am.

Chem. Soc. 1988, 110, 7652.
(15) Koch, W.; Liu, B.; DeFrees, D. J. J. Am. Chem. Soc. 1988, 110, 7325.
(16) Casanova, J.; Kent, D. R.; Goddard, W. A.; Roberts, J. D. Proc. Natl.

Acad. Sci. 2003, 100, 15.

(17) Siehl, H.-U.; Fuss, M.; Gauss, J. J. Am. Chem. Soc. 1995, 117, 5983.
(18) Vrcek, V.; Kronja, O.; Siehl, H.-U. J. Chem. Soc., Perkin Trans. 2

1999, 1317.
(19) Stanton, J. F.; Gauss, J.; Siehl, H.-U. Chem. Phys. Lett. 1996, 262,

183.
(20) Gauss, J.; Stanton, J. F. J. Mol. Struct. (THEOCHEM) 1997, 398, 33.
(21) Price, D. R.; Stanton, J. F. Org. Lett. 2002, 4, 2809.
(22) Siehl, H.-U.; Müller, T.; Gauss, J. J. Phys. Org. Chem. 2003, 16, 577.
(23) Rasul, G.; Prakash, G. K. S.; Olah, G. A. J. Phys. Chem. A; 2006,

110, 1041.
(24) Frisch, M. J.; et al. Gaussian 03, Revision B.04, 2003.

Table 1. Previous and Present Calculated of Relative Energiesa of
1 and 2

level of calculation 1 2 refs

MINDO/3 0.0 5.6 10
STO-3G 0.0 collapses

to 1
11

HF/3-21G 0.0 10.2 12
HF/4-31G 0.0 10.9 13
HF/6-31G* 0.0 2.5 12,14,15
MP2/6-31G*//MP2/6-31G* 0.0 -1.8 12,14,15b

MP4(SDTQ)/6-31G*//MP2(full)/6-31G* 0.0 -0.4 14
MP4(SDTQ)/6-311G**//MP2/6-31G** 0.0 -0.5 15
MP4(SDTQ)/6-311G**//MP2/6-31G** + ZPE 0.0 0.0 15
MP2/6-311G* 0.0 -1.9 b
MP2/cc-pVTZ 0.0 -2.4 b
MP2/cc-pVQZ 0.0 -2.6 b
MP2/cc-pVQZ//MP2/cc-pVQZ + ZPE 0.0 -2.0 b
MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ + ZPE 0.0 -0.4 b

a Relative energies in kcal/mol. b Present calculations.

J. AM. CHEM. SOC. 9 VOL. 130, NO. 28, 2008 9169

Stability and Dynamic Aspects of C4H7
+ and C5H9

+ Ions A R T I C L E S

http://pubs.acs.org/action/showImage?doi=10.1021/ja802445s&iName=master.img-001.png&w=140&h=62


geometries were further optimized at the MP2/cc-pVTZ (cc-
pVTZ defined as correlation-consistent polarized valence-triple-�
(Dunning) basis set) and MP2/cc-pVQZ (correlation-consistent
polarized valence-quadruple-� (Dunning) basis set) levels. For
improved energy, MP4(SDTQ)/cc-pVTZ calculations on MP2/
cc-pVTZ level geometry were carried out. NMR chemical shifts
were calculated by the gauge invariant atomic orbitals (GIAO)
method25 using MP2/cc-pVTZ and MP2/cc-pVQZ geometries.
GIAO-CCSD(T), GIAO-MP2, and GIAO-SCF calculations
using triple-� polarization (tzp) and quadruple-� polarization
(qzp) basis sets, which were optimized by Schäfer, Horn, and
Ahlrichs,26,27 have been performed with the ACES II program.28

The 13C NMR chemical shifts were computed using TMS
(calculated absolute shift i.e. σ (C), tzp (MP2/cc-pVTZ geom-
etry) ) 195.5 (GIAO-SCF), 199.2 (GIAO-MP2), 197.4 (GIAO-
CCSD(T)); tzp/tzp (MP2/cc-pVTZ geometry) ) 197.7 (GIAO-
CCSD(T); qzp/tzp (MP2/cc-pVQZ geometry) ) 196.3 (GIAO-
CCSD(T)) as reference.

Results and Discussion

C4H7
+. We have optimized the geometries at the MP2/6-

311G* level. Both the Cs symmetric structures 1 and 2 are
minima on the potential energy surface (PES) of C4H7

+. Similar
to previous calculations at the MP2/6-31G* level,12,14,15 our
present calculations at the MP2/6-311G** level also show that
the structure 2 is 1.9 kcal/mol more stable than the structure 1
(Table 2). No other minima corresponding to partially bridged
bicyclobutonium ions ii type structure were found. The structures
were further optimized at the MP2/cc-pVTZ level. For improved
energy, single-point energies at MP4(SDTQ)/cc-pVTZ level on
MP2/cc-pVTZ optimized geometries were computed. At this
level (MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ) the energy dif-
ference reduces to 1.0 kcal/mol. Including ZPE i.e. at the
MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ + ZPE level the energy
difference further reduces to 0.4 kcal/mol.

The MP2/cc-pVTZ structures were further optimized at the
MP2/cc-pVQZ level. At the MP2/cc-pVQZ level the structure
2 is also 2.6 kcal/mol more stable than the structure 1 (Table
2). Including ZPE i.e. at the MP2/cc-pVQZ//MP2/cc-pVQZ +

ZPE level the energy difference reduces to 2.0 kcal/mol. We
tried but could not calculate energies at the MP4(SDTQ)/cc-
pVQZ//MP2//cc-pVQZ level because of the size of the systems.
The MP2/cc-pVTZ and MP2/cc-pVQZ calculated structures are
shown in Figure 1.

At the MP2/cc-pVQZ level the C1-C3 bond distance of 2
is 1.643 Å. This indicates that the methylene C3 carbon of 2 is
pentacoordinated and the formal charge-bearing methine C1
carbon is tetracoordinated. A transition structure, 3ts (Figure
1), was located for interconversion of 1 and 2 at the MP2/cc-
pVTZ level. Structure 3ts lies only 0.6 kcal/mol higher in energy
than structure 2 at the MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ
+ ZPE level. Interconversion of the ions 1 and 2 therefore is
very facile.

The 13C NMR chemical shifts of 1 and 2 were calculated by
the GIAO-coupled cluster method19–23 at the GIAO-CCSD(T)/
tzp level using the MP2/cc-pVTZ geometry (Table 3). Chemical

(25) (a) London, F. J. Phys. Radium 1937, 8, 3974. (b) Ditchfield, R. Mol.
Phys. 1974, 27, 789. (c) Wolinski, K.; Himton, J. F.; Pulay, P. J. Am.
Chem. Soc. 1990, 112, 8251.

(26) (a) Gauss, J. Chem. Phys. Lett. 1992, 191, 614. (b) Gauss, J. J. Chem.
Phys. 1993, 99, 3629.

(27) Schäfer, A.; Horn, H.; Ahlrichs, R. J. Chem. Phys. 1992, 97, 2571.
(28) (a) Stanton, J. F.; Gauss, J.; Watts, P. G.; Szalay, P. G.; Bartlett, R. J.

with contributions from. (b) Auer, A. A.; Bernholdt, D. B.; Chris-
tiansen, O.; Harding, M. E.; Heckert, M.; Heun, O.; Huber, C.; Jonsson,
D.; Jusélius, J.; Lauderdale, W. J.; Metzroth, T.; Ruud, K.;ACES II,
Austin-Budapest-Mainz version. (c) Integral packages included are
MOLECULE (Almlöf, J.; Taylor, P. R.);PROPS (Taylor, P. R.) and.
(d) ABACUS(Helgaker, T.; Aa, H. J.; Jensen, H. J. A.; Jørgensen, P.;
Olsen, J.). See, also(e) Stanton, J. F.; Gauss, J.; Watts, J. D.;
Lauderdale, W. J.; Bartlett, R. J. Int. J. Quantum Chem. Symp. 1992,
26, 879 For the current version, see http://www.aces2.de.

Table 2. Total Energies (-au), ZPE and Relative Energies (kcal/mol) of Cations 1-5.

MP2/6-311G*
ZPE

(kcal/mol) MP2/cc-pVTZ
rel. energya

(kcal/mol) MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ
rel. energyb

(kcal/mol) MP2/cc-pVQZ
rel. energyc

(kcal/mol)

1 155.77599 58.8 155.92530 1.8 155.99310 0.4 155.97416 2.0
2 155.77898 59.4 155.92917 0.0 155.99473 0.0 155.97830 0.0
3ts 155.77557 59.0 155.92529 2.0 155.99310 0.6 155.97415d 2.2
4 194.96624 75.6 195.15770 6.8 195.24266 5.9 195.21964 6.8
5 194.97729 76.2 195.16947 0.0 195.25298 0.0 195.23168 0.0

a At MP2/cc-pVTZ//MP2/cc-pVTZ + ZPE level. b At MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ + ZPE level. c At MP2/cc-pVQZ//MP2/cc-pVQZ + ZPE
level. d Single-point energy at MP2/cc-pVQZ//MP2/cc-pVTZ level.

Figure 1. MP2/cc-pVTZ structures (MP2/cc-pVQZ values are given in
parentheses) of 1-5.
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shifts were also calculated at the GIAO-CCSD(T)/qzp/tzp level
using the MP2/cc-pVQZ geometry. However, calculations at
the CCSD(T)/qzp/tzp//MP2/cc-pVQZ level changed the mag-
nitude of chemical shifts very little. Calculated (CCSD(T)/qzp/
tzp//MP2/cc-pVQZ) δ13C of the C1 (CH), C2 (CH2), and C4
(CH2

+) carbons of 1 are 83.5, 83.1, and 224.8, respectively.
These data are different from the experimentally observed 13C
NMR spectrum of the C4H7

+ ion at -61 °C, which shows only
two signals at δ 13C 106.8 (CH) and 59.0 (CH2).5 On the other
hand, calculated δ 13C of the C1 (CH+), C2 (CH2), and C3
(CH2) carbons of 2 are 116.9, 75.3, and -13.9, respectively.5

These results are also different from the experimentally observed
results. Previously reported14 noncorrelated IGLO calculated δ
13C of the C1 (CH), C2 (CH2), and C4 (CH2

+) carbons of 1
were found to be 70.0, 75.0, and 244.3, respectively, and the
IGLO calculated δ13C of the C1 (CH+), C2 (CH2), and C3 (CH2)
carbons of 2 were found to be 167.0, 71.3, and -14.3,
respectively.

Like in previous suggestions, the deviation of the observed
chemical shifts from the GIAO-CCSD(T)/qzp/tzp values indicate
the presence of two isomers 1 and 2 in rapid equilibrium as
they are energetically extremely close (shallow potential energy
surface). The mole fractions of these isomers were determined
by assuming the observed chemical shifts as weighted average
of the chemical shifts of the static ion. By using this assumption,
we have estimated the δ13C values of C4H7

+ ion based on
computed δ13C of 1 and 2. Thus, at -61 °C, the percentages
of 1 and 2 were estimated to be 16 and 84, respectively (Table
4).6 At these percentages, the calculated values of δ13C of CH
and CH2 are 111.5 and 59.1 (CCSD(T)/qzp/tzp//MP2/cc-pVQZ)
agree very well with the corresponding experimental values
106.8 and 59.0. Similarly, at -132 °C the percentages of 1 and
2 were found to be 6 and 94, respectively. At these percentages,
the calculated values of δ13C of CH and CH2 are 114.8 and
50.6, also agree very well with the corresponding experimental
values 111.3 and 50.9.6 The results are listed in Table 4. Rapid
equilibrium between structures 1 and 2 is not only indicated
from their average chemical shifts but also from their very close
energies. Based on calculated energies and 13C NMR chemical
shifts, a rapid equilibration involving the πσ-delocalized bisected
cyclopropylcarbinyl cation, 1 and nonclassical bicyclobutonium
ion, 2 is indicated, with the former as the lesser populated
species. Present study shows the power of high level calculations

(such as GIAO-CCSD(T)/qzp/tzp//MP2/cc-pVTZ method) to
determine the accurate structures of still complex carbocationic
systems.

The 13C NMR chemical shifts of 1 and 2 were also computed
at the GIAO-MP2/tzp/dz and GIAO-SCF/tzp/dz levels (Table
3). The calculated GIAO-MP2/tzp/dz δ 13C values are reason-
ably close to the GIAO-CCSD(T)/tzp/dz values. However, the
GIAO-SCF/tzp/dz calculated δ 13C values are significantly more
deviated than those of the GIAO-CCSD(T)/tzp/dz values.

C5H9
+. Not unlike C4H7

+, both the Cs symmetric structures
4 and 5 were found to be minima on the PES of C5H9

+ at the
MP2/6-311G* level (Figure 1). The structures were also
optimized at the MP2/cc-pVTZ level. At the MP2/cc-pVTZ//
MP2/cc-pVTZ level the structure 5 is 7.4 kcal/mol more
stable than the structure 4 (Table 2). For improved energy,
single-point energies at the MP4(SDTQ)/cc-pVTZ level using
MP2/cc-pVTZ optimized geometries were computed. At this
level (MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ) the energy dif-
ference reduces to 6.5 kcal/mol. Including ZPE, i.e. at the
MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ + ZPE level, the energy

Table 3. GIAO Calculateda and Experimental 13C NMR Chemical Shifts of 1-5.

atom SCF/tzp/tzp//MP2/cc-pVTZ MP2/tzp/tzp//MP2/cc-pVTZ CCSD(T)/tzp/tzp//MP2/cc-pVTZ CCSD(T)/tzp/tzp//MP2/cc-pVQZ CCSD(T)/qzp/tzp//MP2/cc-pVQZ exptl

1b C1 71.8 82.7 81.9 81.7 83.5 106.8
C2,C3 71.1 81.8 81.1 81.0 83.1 59.0
C4 246.1 224.8 222.0 221.7 224.8 59.0
total 460.0 471.1 466.2 465.4 474.4 283.8

2 C1 120.4 115.0 115.5 114.8 116.9
C2,C4 70.8 76.6 74.0 73.7 75.3
C3 -20.0 -15.2 -14.0 -14.3 -13.9
total 242.1 253.0 249.5 247.9 253.6

4 C1 83.6 96.5 95.0 94.8 97.1
C2,C3 78.7 89.6 88.2 88.1 90.5
C4 241.2 218.3 215.8 215.3 218.7
C5 18.4 22.3 21.6 21.6 22.5
total 500.6 516.3 508.8 507.9 519.5

5c C1 159.8 153.0 153.6 152.9 157.2 162.1
C2,C4 67.6 75.0 72.0 71.8 74.9 72.7
C3 -10.3 -4.7 -3.9 -3.9 -1.8 -2.8
C5 25.8 28.4 27.4 27.4 29.1 25.8
total 310.6 326.7 321.1 319.9 334.3 330.5

a 13C NMR chemical shifts were referenced to TMS; for numbering scheme please see Figure 1; tzp/tzp means tzp on C and tzp on H; qzp/tzp means
qzp on C and tzp on H. b Experimental values were taken from ref 6. c Experimental values were taken from ref 29.

Table 4. Calculateda and Experimentalb 13C NMR Chemical Shifts
of 1 and 2 at Various Temperatures

% of calculated experimental

temp, °C 1 2 δ 13CH δ 13CH2 δ 13CH δ 13CH2

-61 16 84 111.5 59.1 106.8 59.0
-70 14 86 112.2 57.4 107.6 57.5
-76 14 86 112.2 57.4 107.6 57.2
-80 13 87 112.5 56.6 108.0 56.6
-88 12 88 112.8 55.7 108.5 55.6
-99 10 90 113.5 54.0 109.2 54.3
-101 10 90 113.5 54.0 109.4 54.0
-107 9 91 113.8 53.2 109.7 53.5
-112 9 91 113.8 53.2 110.0 53.0
-115 8 92 114.2 52.3 110.3 52.6
-127 7 93 114.5 51.5 111.0 51.4
-132 6 94 114.8 50.6 111.3 50.9

a 13C NMR chemical shifts were calculated at GIAO-CCSD(T)/qzp/
tzp//MP2/cc-pVQZ level and referenced to TMS. b Experimental values
were taken from ref 6. When the calculated values of δ 13C of CH and
CH2 were plotted against the corresponding experimental values, good
linear correlations with correlation coefficients of 0.98 and 0.99,
respectively, were found.
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difference further reduces to 5.9 kcal/mol. The structures were
further optimized at the MP2/cc-pVQZ level and are shown in
Figure 1.

The structure 5 is very similar to the structure 2 with the
C1-C3 bond length of 1.694 Å (MP2/cc-pVQZ level). This
also shows that the methylene C3 carbon of 5 is pentacoordi-
nated and the formal charge bearing C1 carbon is tetracoordi-
nated. We tried but could not locate a transition state for
interconversion of 4 and 5 at the MP2/cc-pVTZ level.

The 13C NMR chemical shifts of 4 and 5 were calculated at
the GIAO-CCSD(T)/qzp/tzp level using the MP2/cc-pVQZ
geometry (Table 3). Calculated δ 13C of the C1 (CH), C2 (CH2),
and C4 (CH2

+) carbons of 4 are 97.1, 90.5, and 218.7,
respectively. These calculated chemical shift values are different
than the experimentally observed 13C NMR data on the C5H9

+

ion at -156 °C.29 On the other hand, calculated δ13C of the C1
((CH3)C+), C2 (CH2), and C3 (CH2) carbons of 5 are 157.2,
74.9, and -1.8, respectively, and these are in good agreement
with the observed experimental 13C NMR shifts of 162.1, 72.7,
and -2.8 at -156 °C. The agreement between the observed
chemical shifts and the GIAO-CCSD(T)/qzp/tzp values suggests
that, unlike C4H7

+, the two isomers 4 and 5 are not in rapid
equilibrium. This is in agreement with the fact that the energy
difference (5.9 kcal/mol) between the isomeric ions 4 and 5 is
sufficiently high precluding any involvement of 4 at -156 °C.

Conclusion

The structures and 13C NMR chemical shifts of the C4H7
+

and C5H9
+ ions were calculated using the high level ab initio/

GIAO-CCSD(T) method. The cyclopropylcarbinyl cation, 1 and

bicyclobutonium ion, 2 were found to be the minima on the
C4H7

+ energy surface at the MP2/cc-pVTZ level. At the
MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ + ZPE level structure
2 is 0.4 kcal/mol more stable than structure 1. A rapid
equilibrium involving ions 1 and 2 is in accord with the observed
13C NMR chemical shifts in superacid solutions, with the former
only as the lesser populating species. The R-methylcyclopro-
pylcarbinyl cation, 4 and nonclassical bicyclobutonium ion, 5
were found to be the minima for the C5H9

+ at the MP2/cc-
pVTZ level. At the MP4(SDTQ)/cc-pVTZ//MP2/cc-pVTZ +
ZPE level the ion 5 is 5.9 kcal/mol more stable than the ion 4.
The calculated 13C NMR chemical shifts of 5 agree well with
the experimental values. It is rewarding to see that after half a
century of intense studies, Roberts pioneering view of the
nonclassical nature of these challenging carbocations prevails.
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