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Structural Isomerization of the Gas-Phase 2-Norbornyl Cation
Revealed with Infrared Spectroscopy and Computational Chemistry**
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Abstract: In an attempt to produce the 2-norbornyl cation
(2NB+) in the gas phase, protonation of norbornene was
accomplished in a pulsed discharge ion source coupled with
a supersonic molecular beam. The C7H11

+ cation was size-
selected in a time-of-flight mass spectrometer and investigated
with infrared laser photodissociation spectroscopy using the
method of “tagging” with argon. The resulting vibrational
spectrum, containing sharp bands in the C�H stretching and
fingerprint regions, was compared to that predicted by
computational chemistry. However, the measured spectrum
did not match that of 2NB+, prompting a detailed computa-
tional study of other possible isomers of C7H11

+. This study
finds five isomers more stable than 2NB+. The spectrum
obtained corresponds to the 1,3-dimethylcyclopentenyl cation,
the global minimum-energy structure for C7H11

+, which is
produced through an unanticipated ring-opening rearrange-
ment path.

The 2-norbornyl cation (C7H11
+; 2NB+) is the most famous

and controversial carbocation.[1,2] On the basis of unusual
solvolysis reaction rates and products of 2-exo- and 2-endo-
norbornyl derivatives,[3–8] Winstein proposed a symmetrically
bridged nonclassical structure for the ion intermediate.[5] In
sharp disagreement, Brown favored rapidly equilibrating
classical structures.[9] This dispute continued vehemently for
decades. Experiments on 2NB+ under “stable ion” conditions
in “superacid” media supported the non-classical structure, as
did theory at ever-more sophisticated levels.[10–21] Notably,
Saunders demonstrated deuterium isotope effects on the
13C NMR spectra showing no rapid equilibration,[14] and
Yannoni�s cryogenic (5 K) 13C NMR spectra showed a static

symmetrically bridged structure.[15] However, proponents of
the classical structure argued that these results were not
definitive because of the long NMR time scale. Recently, the
long-sought X-ray crystal structure of 2NB+ was obtained,
confirming its nonclassical structure in the condensed
phase.[22] Nevertheless, questions remain about the nature of
this ion in the gas phase. Is the isolated ion intrinsically stable,
or is it stabilized by the counter ions and solvation in the
superacid media? Although aspects of its chemistry have
been studied by mass spectrometry,[23–27] no gas-phase spec-
troscopy of 2NB+ has been reported. Our objective was to
measure the infrared spectrum of the mass-selected C7H11

+

ion and to determine its structure from the vibrational
patterns by comparison to the predictions of theory. To our
surprise, the structure of C7H11

+ obtained under our con-
ditions is not that of 2NB+, but instead corresponds to a much
more stable rearranged ion. This rearrangement and the
unexpected C7H11

+ isomer are the subjects of this paper.
Previous mass spectrometry of 2NB+ explored its reac-

tions and collisional dissociation behavior.[23–27] Fragmenta-
tion patterns of C7H11

+ produced by different methods are
similar, and energetic thresholds are consistent with the
thermochemistry expected for 2NB+.[27] However, rearrange-
ments are common in ion fragmentation and these experi-
ments did not establish actual ion structures. Although 2NB+

is well-known in the condensed phase, it is not generally
recognized that it is not the C7H11

+ global energy minimum.
Computational studies have explored some C7H11

+ isomers,
but there has been no comprehensive study of the potential
energy surface, and no studies of this system at higher levels of
theory.[20, 28,29] We compared the experimental infrared spec-
trum of the C7H11

+ isomer produced by norbornene proto-
nation with those predicted computationally for various
isomers. Theory finds that several of these are more stable
than 2NB+, but only the C7H11

+ global energy minimum gives
a good match with the experiment.

The infrared spectrum of our C7H11
+ isomer, obtained by

photodissociation of argon tagged species,[30] is shown in
Figure 1. C7H11

+Ar was produced in a discharge of norbor-
nene and H2 in argon; abundant H3

+ acts as the protonating
agent. After mass selection, the spectrum was recorded as the
wavelength dependent yield of the C7H11

+ photofragment. It
contains a strong broad band at 2910 cm�1 in the C�H
stretching region and weaker absorptions at higher frequen-
cies. Sharper structures characterize the fingerprint region,
with bands at 995, 1230, 1333, 1389, 1421, 1482 cm�1, and the
most prominent peak at 1525 cm�1. Notably, this spectrum
does not correspond to that predicted for 2NB+ (Figure 1,
bottom) at the MP2/cc-pVTZ level of theory. Likewise, it
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does not match spectra measured for 2NB+ in superacid
films.[13, 22] In particular, 2NB+ has no 1525 cm�1 feature and
its strong bands in the 1300–1400 cm�1 region and that near
850 cm�1 are not detected. These surprising results prompted
a study of 2NB+ with different levels of theory. Computations
at the DFT/B3LYP and CCSD(T) levels produce frequencies
in essential agreement with those in Figure 1 (see Supporting
Information). We therefore conclude that the spectrum
obtained is not that of the 2NB+ cation.

To identify the ion produced we performed the first
systematic computational investigation of C7H11

+ iso-
mers.[20, 28,29] 10 isomers were identified (see Supporting
Information); the six lowest of these appear in Figure 2.
Isomers A, E and F were investigated further at the
CCSD(T)/ANO0 level (Table 1). Corresponding MP2 and
CCSD(T) energies are comparable, except for the 2NB+

structure, where MP2 overestimates the stability indicated
by CCSD(T). As shown in these data, 2NB+ is far from the
most stable structure for C7H11

+. Instead, the 1,3-dimethyl-
cyclopentenyl cation (DMCP+) is the global energy mini-
mum, lying 23.4 and 16.9 kcalmol�1 lower than 2NB+ at the
CCSD(T) and MP2 levels. Merino and co-workers have
carried out a complimentary molecular dynamics study of the
2NB+ potential energy surface and its rearrangement path-

ways, also finding DMCP+ as the global minimum.[31] When
vibrational spectra for these isomers are examined (see
Supporting Information), only that for the DMCP+ species
(Figure 1, middle) matches the experiment. The main exper-
imental features are all accounted for, and no strong bands
are predicted that are not observed. Apparently, our experi-
ment produces the DMCP+ isomer exclusively.

Previous gas-phase studies of 2NB+ also employed pro-
tonation of norbornene to produce this ion.[23–27] However, the
ions formed in our experiment rearranged to form the
DMCP+ species. The energetics of the protonation provide
some insight into this rearrangement. Because H3

+ (conven-
ient for our discharge source) has a proton affinity (100.9 kcal
mol�1)[32] much lower than that of norbornene (198.8 kcal
mol�1),[26] the reaction is exothermic by almost 100 kcal mol�1.
According to the molecular dynamics study of Merino,[31]

ring-opening steps for 2NB+ require activation energies
near 30 kcal mol�1. It is therefore not too surprising in
retrospect that our protonation could cause rearrangement
of 2NB+. However, our ion source employs a supersonic
expansion in which collisional cooling occurs within a few
microseconds to temperatures of 50–100 K. Therefore,
although the protonation was exothermic, rearrangement
was not guaranteed. Previous gas-phase studies of 2NB+

employed less exothermic norbornene protonation or gen-
erated ions from norbornyl halide precursors.[23–27] Unfortu-
nately, such reagents are intractable thusfar in our discharge

source, preventing the formation of
C7H11

+ by those routes. However,
although the previous studies
employed less energetic ionization,
they used no collisional cooling.
Ion fragmentation was observed,
suggesting that isomerization could
also have influenced those studies.

The DMCP+ cation, seen here
for the first time in the gas phase, is
fascinating in its own right. It has
been characterized before only as
an ion pair in zeolite matrices by

Figure 1. Comparison of the experimental infrared spectrum of C7H11
+

(black, top) with spectra predicted for isomers A (red, middle) and F
(blue, bottom). Calculations were performed at the MP2/cc-pVTZ level
of theory. Harmonic frequencies were scaled by a factor of 0.956.

Figure 2. Six low-energy isomers of C7H11
+. Energies are computed at

the MP2/cc-pVTZ level of theory.

Table 1: Structural isomers of C7H11
+ predicted on the 0 K potential energy surface.[a]

Isomer MP2/cc-pVTZ
[hartree]

DE
[kcalmol�1]

CCSD(T)/ANO0
[hartree]

DE
[kcal mol�1]

1,3-dimethylcyclopentenyl (A) �272.4691985 0.0 �272.4017756 0.0
1,2-dimethylcyclopentenyl (B) �272.4608720 + 5.2 – –
1,4-dimethylcyclopentenyl (C) �272.4538149 +10.1 – –
1-ethylcyclopentenyl (D) �272.4521393 +11.8 – –
1-methylcyclohexenyl (E) �272.4522731 +12.0 �272.3862355 + 11.0
2-norbornyl (F) �272.4469651 +16.9 �272.3689254 + 23.4

[a] Structures optimized at the MP2/cc-pVTZ level of theory were confirmed to be minima through
harmonic vibrational analysis. Selected isomers were evaluated at the CCSD(T)/ANO0 level.
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13C NMR[33] and low-resolution Raman spectroscopy.[34] Its
structure combines carbocation-stabilizing features: five-
membered ring allyl resonance and optimally-placed methyl
substituents. The intense C-C-C asymmetric allyl stretch at
1525 cm�1 is lower than the corresponding vibrations of the
allyl cation (1581 cm�1)[35] or protonated benzene
(1607 cm�1).[36] The prominent 2910 cm�1 absorption corre-
sponds to the overlapping C�H stretches of the CH3 and CH2

groups. Lower frequency bands arise from C�H bending and
carbon stretching modes. As shown in Table 2, some Raman
bands from zeolites correspond approximately with our gas-
phase IR bands.[34] Therefore, the assignment of the C7H11

+

ion in our experiment to DMCP+, the C7H11
+ global

minimum, is unambiguous.
It is clear from this work that the global potential energy

surface of the C7H11
+ ion connecting to 2NB+ is complex, with

a rich variety of structures and rearrangement pathways not
recognized previously. Merino�s related study[31] finds that
several structures other than DMCP+ lying lower in energy
than 2NB+ are highly relevant in the mechanistic dynamics on
this PES. Rearrangements of related bicyclic ions have been
studied previously, and found to proceed through cyclo-
hexenyl intermediates before forming cyclopentenyl species
related to DMCP+.[37] Considering the possible isomer
intermediates and rearrangement pathways, it is truly re-
markable that we produced only the DMCP+ ion. This study
provides the first spectroscopy of any C7H11

+ ion in the gas
phase, without the stabilizing influences of counter ions or
solvent. Previous gas-phase experiments also employed
energetic ionization, but without collisional cooling, and
may also have been subject to facile rearrangements. It
therefore remains to be seen whether or not the authentic
2NB+ cation has been or can be produced as an isolated ion in
the gas phase.

Experimental Section
C7H11

+ ions are produced in a pulsed discharge source[30] and cooled
in a supersonic expansion using a gas mixture of 10% H2 in argon
(total pressure 20 atm) seeded with the vapor of norbornene (Sigma–
Aldrich) heated to 40 8C. The molecular beam is sampled into
a reflectron time-of-flight mass spectrometer in a differentially-
pumped chamber. C7H11

+ tagged with argon or N2 (m/z 135/123) is
mass-selected and irradiated with a tunable IR laser (LaserVision
OPO/OPA).[30] Parent and fragment ions are then detected at
different times with an electron multiplier tube. IR spectra are
recorded as the C7H11

+ signal resulting from argon elimination while
tuning the laser. MP2 calculations employed the GAMESS-US
package (v. 1 May 2012, R1).[38] CCSD(T) calculations were carried
out with the CFOUR program (version 1.0).[39]

Received: December 31, 2013
Revised: March 28, 2014
Published online: May 7, 2014

.Keywords: carbocations · computational chemistry ·
ion spectroscopy · mass spectrometry

[1] Carbocation Chemistry (Eds.: G. A. Olah, G. K. S. Prakash),
Wiley Interscience, Hoboken, 2004.

[2] D. H. Aue, Wiley Interdiscip. Rev. Comput. Mol. Sci. 2011, 1,
487 – 508.

[3] L. Schmerling, J. Am. Chem. Soc. 1946, 68, 195 – 196.
[4] S. Winstein, D. Trifan, J. Am. Chem. Soc. 1949, 71, 2953 – 2953.
[5] J. D. Roberts, L. Urbanek, R. Armstrong, J. Am. Chem. Soc.

1949, 71, 3049 – 3051.
[6] S. Winstein, B. K. Morse, E. Grunwald, H. W. Jones, J. Corse, D.

Trifan, H. Marshall, J. Am. Chem. Soc. 1952, 74, 1127 – 1132.
[7] S. Winstein, D. Trifan, J. Am. Chem. Soc. 1952, 74, 1147 – 1154.
[8] S. Winstein, D. Trifan, J. Am. Chem. Soc. 1952, 74, 1154 – 1160.
[9] H. C. Brown (with commentary by P. v. R. Schleyer), The

Nonclassical Ion Problem, Plenum, New York, 1977.
[10] P. v. R. Schleyer, M. Comisaro, G. A. Olah, R. C. Fort, W. E.

Watts, J. Am. Chem. Soc. 1964, 86, 5679 – 5680.
[11] M. Saunders, P. v. R. Schleyer, G. A. Olah, J. Am. Chem. Soc.

1964, 86, 5680 – 5681.

Table 2: Vibrational bands for the 1,3-dimethylcyclopentenyl (C2v symmetry) cation compared to the predictions of theory and previous Raman
experiments.[a]

Exp.[b] MP2[c] CCSD(T)[d] Raman[e] Symmetry Assignment[f ]

995 977 (22.6) 987 (81.9) 1000 b1 ip CH3 dasym/CH2 twist/CH out-of-plane wag
1230 1197 (67.6) 1219 (707.9) b2 ip CH2/CH wag

1333
1300 (18.1) 1322 (48.7) a1 ip C2 (ring) stretch, ip CH3 umbrella
1304 (68.2) 1324 (156.2) b2 oop C2 (ring) stretch, ip CH2 wag

1389
1363 (35.7) 1381 (5.6)

1375
b2 oop CH2 scissors, asym ring distortion

1372 (51.8) 1392 (68.8) a1 ip CH2 scissors

1421
1404 (60.7) 1435 (25.2)

1440
b1 ip CH3 asym bend

1418 (45.5) 1425 (20.8) b2 oop CH3 asym bend/CH in-plane wag
1482 1479 (9.5) 1456 (1.2) a1 C3 (allyl) sym stretch
1525 1528 (446.8) 1514 (223.8) b2 C3 (allyl) asym stretch

2910
2923 (41.9) 2890 (25.0) b2 oop CH3 sym stretch
2945 (19.5) 2929 (12.5) a1 ip CH2 sym stretch

2995
3017 3065 (8.8) 3034 (10.3) b2 oop CH3 in-plane C�H stretch
3101 3119 (4.7) 3121 (783.9) a1 allyl C�H stretch

[a] Frequencies are in cm�1; intensities in parentheses are in kmmol�1. [b] This work. [c] Frequencies of C7H11
+Ar scaled by a factor of 0.956; basis sets

were cc-pVTZ for C and H atoms, aug-cc-pVDZ for Ar atoms. [d] Anharmonic frequencies for C7H11
+ from harmonic frequencies computed at the

CCSD(T) level using a truncated atomic natural orbital basis set (ANO0) and anharmonic corrections obtained at the MP2/ANO0 level coupled with
second-order vibrational perturbation theory (VPT2). [e] From Ref. [34]. [f ] ip= in phase; oop= out of phase.

.Angewandte
Communications

5890 www.angewandte.org � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2014, 53, 5888 –5891

http://dx.doi.org/10.1002/wcms.12
http://dx.doi.org/10.1002/wcms.12
http://dx.doi.org/10.1021/ja01206a013
http://dx.doi.org/10.1021/ja01176a536
http://dx.doi.org/10.1021/ja01177a031
http://dx.doi.org/10.1021/ja01177a031
http://dx.doi.org/10.1021/ja01125a003
http://dx.doi.org/10.1021/ja01125a006
http://dx.doi.org/10.1021/ja01125a007
http://dx.doi.org/10.1021/ja01078a056
http://dx.doi.org/10.1021/ja01078a057
http://dx.doi.org/10.1021/ja01078a057
http://www.angewandte.org


[12] G. A. Olah, A. Commeyras, C. Y. Lui, J. Am. Chem. Soc. 1968,
90, 3882 – 3884.

[13] G. A. Olah, A. M. White, J. R. Demember, A. Commeyra, C. Y.
Lui, J. Am. Chem. Soc. 1970, 92, 4627 – 4640.

[14] M. Saunders, M. R. Kates, J. Am. Chem. Soc. 1980, 102, 6867 –
6868.

[15] C. S. Yannoni, V. Macho, P. C. Myhre, J. Am. Chem. Soc. 1982,
104, 7380 – 7381.

[16] K. Raghavachari, R. C. Haddon, P. v. R. Schleyer, H. F. Schaefer,
J. Am. Chem. Soc. 1983, 105, 5915 – 5917.

[17] H. C. Brown, Acc. Chem. Res. 1983, 16, 432 – 440.
[18] G. A. Olah, G. K. S. Prakash, M. Saunders, Acc. Chem. Res.

1983, 16, 440 – 448.
[19] G. A. Olah, G. K. S. Prakash, M. Saunders, Acc. Chem. Res.

1985, 18, 292 – 293.
[20] P. v. R. Schleyer, S. Sieber, Angew. Chem. 1993, 105, 1676 – 1677;

Angew. Chem. Int. Ed. Engl. 1993, 32, 1606 – 1608.
[21] P. R. Schreiner, P. v. R. Schleyer, H. F. Schaefer, J. Org. Chem.

1997, 62, 4216 – 4228.
[22] F. Scholz, D. Himmel, F. W. Heinemann, P. v. R. Schleyer, K.

Meyer, I. Krossing, Science 2013, 341, 62 – 64.
[23] F. Kaplan, P. Cross, R. Prinstein, J. Am. Chem. Soc. 1970, 92,

1445 – 1446.
[24] J. J. Solomon, F. H. Field, J. Am. Chem. Soc. 1976, 98, 1567 –

1569.
[25] R. H. Staley, R. D. Wieting, J. L. Beauchamp, J. Am. Chem. Soc.

1977, 99, 5964 – 5972.
[26] P. P. S. Saluja, P. Kebarle, J. Am. Chem. Soc. 1979, 101, 1084 –

1087.
[27] M. C. Blanchette, J. L. Holmes, F. P. Lossing, J. Am. Chem. Soc.

1987, 109, 1392 – 1395.
[28] W. Kirmse, Acc. Chem. Res. 1986, 19, 36 – 41.

[29] J.-F. Fuchs, J. Mareda, J. Mol. Struct.: THEOCHEM 2005, 718,
93 – 104.

[30] M. A. Duncan, J. Phys. Chem. A 2012, 116, 11477 – 11491.
[31] E. P. Hunter, S. G. Lias, NIST Chemistry WebBook, NIST

Standard Reference Database Number 69, Eds. P. J. Linstrom
and W. G. Mallard, National Institute of Standards and Tech-
nology, Gaithersburg MD, 20899, http://webbook.nist.gov.

[32] G. Merino and co-workers, personal communication.
[33] J. F. Haw, J. B. Nicholas, W. G. Song, F. Deng, Z. K. Wang, T. Xu,

C. S. Heneghan, J. Am. Chem. Soc. 2000, 122, 4763 – 4775.
[34] Y. T. Chua, P. C. Stair, J. B. Nicholas, W. G. Song, J. F. Haw, J.

Am. Chem. Soc. 2003, 125, 866 – 867.
[35] G. E. Douberly, A. M. Ricks, P. v. R. Schleyer, M. A. Duncan, J.

Chem. Phys. 2008, 128, 021102.
[36] G. E. Douberly, A. M. Ricks, P. v. R. Schleyer, M. A. Duncan, J.

Phys. Chem. A 2008, 112, 4869 – 4874.
[37] N. C. Deno, J. J. Houser, J. Am. Chem. Soc. 1964, 86, 1741 – 1743.
[38] M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert, M. S.

Gordon, J. H. Hensen, S. Koseki, N. Matsunaga, K. A. Nguyen,
S. Su, T. L. Windus, M. Dupuis, J. A. Montgomery, J. Comput.
Chem. 1993, 14, 1347 – 1363.

[39] CFOUR, a quantum chemical program package written by J. F.
Stanton, J. Gauss, M. E. Harding, P. G. Szalay with contributions
from A. A. Auer, R. J. Bartlett, U. Benedikt, C. Berger, D. E.
Bernholdt, Y. J. Bomble, L. Cheng, O. Christiansen, M. Heckert,
O. Heun, C. Huber, T.-C. Jagau, D. Jonsson, J. Jus�lius, K. Klein,
W. J. Lauderdale, D. A. Matthews, T. Metzroth, L. A. M�ck,
D. P. O�Neill, D. R. Price, E. Prochnow, C. Puzzarini, K. Ruud, F.
Schiffmann, W. Schwalbach, S. Stopkowicz, A. Tajti, J. V�zquez,
F. Wang, J. D. Watts and the integral packages MOLECULE (J.
Almlçf, P. R. Taylor), PROPS (P. R. Taylor), ABACUS (T.
Helgaker, H. J. Aa. Jensen, P. Jørgensen, J. Olsen), and ECP
routines by A. V. Mitin, C. van W�llen. See http://www.cfour.de.

Angewandte
Chemie

5891Angew. Chem. Int. Ed. 2014, 53, 5888 –5891 � 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.angewandte.org

http://dx.doi.org/10.1021/ja01016a062
http://dx.doi.org/10.1021/ja01016a062
http://dx.doi.org/10.1021/ja00718a027
http://dx.doi.org/10.1021/ja00542a044
http://dx.doi.org/10.1021/ja00542a044
http://dx.doi.org/10.1021/ja00389a108
http://dx.doi.org/10.1021/ja00389a108
http://dx.doi.org/10.1021/ja00356a034
http://dx.doi.org/10.1021/ar00096a002
http://dx.doi.org/10.1021/ar00096a003
http://dx.doi.org/10.1021/ar00096a003
http://dx.doi.org/10.1021/ar00118a002
http://dx.doi.org/10.1021/ar00118a002
http://dx.doi.org/10.1021/jo9613388
http://dx.doi.org/10.1021/jo9613388
http://dx.doi.org/10.1126/science.1238849
http://dx.doi.org/10.1021/ja00708a079
http://dx.doi.org/10.1021/ja00708a079
http://dx.doi.org/10.1021/ja00422a047
http://dx.doi.org/10.1021/ja00422a047
http://dx.doi.org/10.1021/ja00460a021
http://dx.doi.org/10.1021/ja00460a021
http://dx.doi.org/10.1021/ja00499a005
http://dx.doi.org/10.1021/ja00499a005
http://dx.doi.org/10.1021/ja00239a019
http://dx.doi.org/10.1021/ja00239a019
http://dx.doi.org/10.1021/ar00122a002
http://dx.doi.org/10.1016/j.theochem.2004.12.028
http://dx.doi.org/10.1016/j.theochem.2004.12.028
http://dx.doi.org/10.1021/jp309037d
http://dx.doi.org/10.1021/ja994103x
http://dx.doi.org/10.1021/ja994103x
http://dx.doi.org/10.1021/ja028439+
http://dx.doi.org/10.1021/ja028439+
http://dx.doi.org/10.1063/1.2828553
http://dx.doi.org/10.1063/1.2828553
http://dx.doi.org/10.1021/jp802020n
http://dx.doi.org/10.1021/jp802020n
http://dx.doi.org/10.1021/ja01063a016
http://dx.doi.org/10.1002/jcc.540141112
http://dx.doi.org/10.1002/jcc.540141112
http://www.angewandte.org

