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Ab initio calculations at the MP2/cc-pVTZ level show that the cyclobutylmethyl cation is a honclassical
o-delocalized species, which is distinct from the global minim@msymmetric cyclopentyl cation
(Schleyer, P. v. R.; Carneiro, J. W. de M.; Koch, W.; Raghavachard. ®m. Chem. S0d.989 111,

5475). Relatively lower level DFT calculations, on the other hand, show that the primary cyclobutylmethyl
cation spontaneously collapses into the cyclopentyl cation (Prakash, G. K. S.; Reddy, V. P.; Rasul, G.;
Casanova, J.; Olah, G. A. Am. Chem. S0d.998 120, 13362). The secondary 1-cyclobutylethyl cation

is also a nonclassical carbocation, as shown by calculations at the MP2/cc-pVTZ level. Two structures
having energy minima are identified for the latter cation on the potential energy surface. The conformer
in which the methyl group is in thexo orientation is a global minimum and is favored over the
correspondingendo conformer by 1.2 kcal/mol at the MP2/cc-pVTZ/IMP2/cc-pVHZPE level of
calculations. The tertiary 1-cyclobutyl-1-methylethyl cation, at this level of calculations, also involves
substantial nonclassicatdelocalization, showing that the nonclassical stabilization is more important
for cyclobutylmethyl cations relative to the cyclopropylmethyl cations. ¥ @&NMR chemical shifts
obtained from GIAO-CCSD(T)/tzp/dz calculations further substantiate the nonclassical structures for these
carbocations.

Introduction the inherent strain in the cyclopropyl ring is the major driving
force for the formation of the nonclassical cyclopropylmethyl
Nonclassical delocalization involving cyclopropylmethyl cations from their corresponding substrates under solvolytic
cations has been extensively studied experimentally and by abconditions and in superacidic media. The extent of delocalization

initio theoretical calculations at correlated IeVéTé‘.l Relief of of the Charge into the Cyc|0pr0py| ring is marked|y diminished
in the tertiary carbocations such asx-dimethylcyclopropyl-

f University of Missouri-Rolla. methyl cationt® There is significant nonclassical stabilization
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minor contributions from the equilibrating bisected cyclopro-
pylmethyl catiorf1516Extensive solvolytic, stable ion studies
and theoretical calculation support sugitbridged nonclassical
cations in this systerhl’

Although relatively less strained when compared to the
cyclopropyl group, the cyclobutyl ring, in the puckered con-
formation, is stereoelectronically well positioned for the forma-
tion of nonclassical cyclobutylmethyl catiots!° There is much
precedence for the involvement of nonclassical cyclobutylmethyl
cations as reaction intermediates based on early solvolytic
studies on cyclobutylmethyl substraf@s3?

We have recently prepared the first persistent cyclobutylm-
ethyl cation,a,o-dicyclopropylcyclobutylmethyl catiord, in

(8) Saunders, M.; Laidig, K. E.; Wiberg, K. B.; Schleyer, P. v.R.
Am. Chem. Socl1988 110, 7652-7659. Cacace, F.; Chiavarino, B.;
Crestoni, M. EChem—Eur. J.200Q 6, 2024-2031. Siehl, H.-U.; Backes,
A. C.; Malkina, O. InOrganosilicon Chemistry IV: From Molecules to
Materials Auner, N., Weis, J., Eds.; Wiley-VCH: New York, 2000; pp
150-157. Falkenberg-Andersen, C.; Ranganayakulu, K.; Schmitz, L. R.;
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TABLE 1. Total Energies (—au), ZPE? and Relative Energies
(kcal/mol)®

structure MP2/6-31G* ZPE MP2/cc-pVTZ rel. energy
8 194.89859 77.9 195.15660 10.3
9 194.91416 76.7 195.17117 0.0
10 194.89794 77.5 195.15498 11.0

aZero point vibrational energies (ZPE) at MP2/6-31G*//MP2/6-31G*
scaled by a factor of 0.9%9.Relative energy at the MP2/cc-pVTZ//IMP2/
cc-pVTZ + ZPE level.

TABLE 2. Total Energies (—au), ZPE? and Relative Energies
(kcal/mol)P

structure MP2/6-31G* ZPE MP2/cc-pVTZ rel. energy
11 234.07462 95.2 234.38946 1.2
12 234.07677 95.1 234.39115 0.0
13 273.25472 112.0 273.62555

aZero point vibrational energies (ZPE) at MP2/6-31G*// MP2/6-31G*
scaled by a factor of 0.9%.Relative energy at the MP2/cc-pVTZ//IMP2/
cc-pVTZ + ZPE level.

superacid medi& The latter carbocation shows distinct absorp-
tions (O*3C) for the cyclopropyl ¢ and G, as well as ¢ and

Cy carbons indicating that it exists as a bisected conformer.
The estimated rotational barrieAG* = 11 + 0.5 kcal/mol at
—40 °C) is similar to that of the analogousa-dimethylcy-
clopropylmethyl catior$? indicating that the cation is predomi-
nantly a charge localized (i.e., classical) species, with significant
contribution ofo-delocalization from the neighboring cyclobutyl
ring.

FSO3H/SO,CIF

OH
-90 °C

3

Our attempts to generate the secondary and primary cyclobu-
tylmethyl cations, however, were not successful. In all cases,
only the corresponding cyclopentyl catior’,resulting from
ring-expansion rearrangements were observed. Our density
functional theory (DFT) studies at the B3LYP/6-32G* level
on the primary cyclobutylmethyl cation showed that it is not a
minimum on the potential energy surface and spontaneously
rearranged into the cyclopentyl cati&h.

R

H
H +
vK(oH SbFs/SO,CIF H G
R 290 °C N R
5 6 7

R = CH3, Ph, cyclopropyl

Although there is strong support for the involvement of
nonclassical secondary cyclobutylmethyl cations as the reaction
intermediates, from Winstein and co-workers’ early solvolysis
studies?® the structures of the cyclobutylmethyl cations have
not been explored at high level ab initio calculations to date.

(31) Prakash, G. K. S.; Reddy, V. P.; Rasul, G.; Casanova, J.; Olah, G.
A. J. Am. Chem. S0d.998 120, 13362-13365.

(32) Kabakoff, D. S.; Namanworth, El. Am. Chem. Socl97Q 92,
3234-3235.
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FIGURE 1. MP2/cc-PVTZ structures of carbocatiois9, and transition statéO.

TABLE 3. Calculated® and Experimental *3C NMR Chemical

Shifts
no. atom GIAO-SCF  GIAO-MP2  GIAO-CCSD(T) exptl
8 C1 198.9 196.6 195.8
c2 17.9 26.9 27.3
C3 17.8 22.3 21.0
C4 19.0 22.9 22.5
C5 82.8 90.5 88.7
® Ci1 321.7 318.8 314.8 320.0
C2,C3 23.3 29.4 28.6 28.0
C4,C5 61.4 74.2 73.5 71.0
11 C1 139.9 143.8 142.2
c2 23.0 33.1 32.8
C3 8.1 10.4 9.6
C4 12.3 15.8 15.4
C5 116.5 120.6 119.4
C6 14.8 17.1 16.5
12 C1 152.8 155.7 154.1
c2 28.2 38.5 38.1
C3 16.8 21.2 20.0
Cc4 16.5 20.8 20.2
C5 117.1 1235 121.8
C6 16.1 18.9 18.2
13 C1 106.0 1155
c2 34.0 47.0
C3 10.5 13.3
(o23 12.9 17.4
C5 164.9 165.2
C6 24.4 28.1
c7 20.3 22.9

calculated the GIAO-CCSD(T) derivet'C NMR chemical
shifts of the selected carbocations to probe the nature and extent
of charge delocalization into the cyclobutyl ring.

Calculations

Geometry optimizations and frequency calculations were carried
out with the Gaussian 03 prograthThe geometry optimizations
were performed at the MP2/6-31G* level. Vibrational frequencies
at the MP2/6-31G*//MP2/6-31G* level were used to characterize
stationary points as minima (number of imaginary frequency
(NIMAG) = 0) or transition state (NIMAG} 1) and to evaluate
zero point vibrational energies (ZPE), which were scaled by a factor
of 0.95. The MP2/6-31G* geometries were further optimized at
the higher MP2/cc-pVTZ levels. Final energies were calculated at
the MP2/cc-pVTZ/IMP2/cc-pVTZA ZPE level. Calculated energies
are given in Table 1. NMR chemical shifts were calculated by the
GIAO (Gauge Invariant Atomic Orbitals) methtfd36 using MP2/
cc-pVTZ geometries. GIAO-CCSD(T), GIAO-MP2, and GIAO-
SCF calculations using the tzp/dz basi§%sét have been performed
with the ACES Il progrant® The 13C NMR chemical shifts were
computed using TMS (calculated absolute shift, o¢C) = 193.9
(GIAO-SCF), 199.6 (GIAO-MP2), 197.9 (GIAO-CCSD(T)) as a
reference.

Results and Discussion

Our earlier DFT calculations at the B3LYP/6-3G* level

aReferenced to TMS; for numbering scheme please see Figures 1 andshowed that the primary cyclobutylmethyl cation is not an

2. b Experimental values were taken from ref 42.

energy minimum on the potential energy surfét®e have
now calculated the structure of the primary cyclobutylmethyl

We have therefore sought to obtain structural information on cation at the correlated ab initio MP2/6-31G* and MP2/cc-pVTZ
primary, secondary, and tertiary cyclobutylmethyl cations levels, which show a minimum for the-bridged nonclassical
through such high level ab initio calculations. We have also structure 8). The charge delocalization of the latter carbocation

FIGURE 2. MP2/cc-pVTZ structures of carbocatiofd—13.
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into the cyclobutyl ring is evidenced by significant-©C, bond cyclopentyl cations, through ring expansion rearrangement, the
elongation (1.903 A), which is comparable to that of the-C ~ secondary cyclobutylmethyl cation§, are expected to be
Cs bond (1.738 A) at the MP2/cc-pVTZ level (Figure 1). minima on the potential energy surface as a result of the
Consistent with the nonclassical structure, the-Cs bond is relatively lower electron demand for charge delocalization. We
also significantly shortened (1.391 A). This structure may also have accordingly calculated the structures of the homologous
be considered as a nonclassical cyclopentyl cation. However,secondary 1-cyclobutylethyl cation at the ab initio MP2/cc-pVTZ
it is distinctly different from the global minimur@,-symmetric level. At this level of calculation we have found that the
cyclopentyl cation9), originally calculated at the ab initio MP2-  1-cyclobutylethyl cation shows energy minima for two confor-
(FU)/6-31G** level by Schleyer and co-workefsWe have mations. These conformers differ in the stereochemical disposi-
also calculated the structure of the lat@rsymmetric cyclo-  tion of the methyl group as either belowndoconformer,11)
pentyl cation at the same level MP2/cc-pVTZ level for a or above €xoconformer,12) the average plane of the cation.
comparison with structur8. At the MP2/cc-pVTZ//IMP2/cc- The endoconformerl1l is relatively less stable than thexo
pVTZ + ZPE level, theCo-symmetric cyclopentyl catiorty is conformer12 by 1.2 kcal/mol at the MP2/cc-pVTZ//MP2/cc-
favored over the nonclassical primary cyclobutylmethyl cation pvTZ + ZPE level. Interestingly both conformers involve
(8) by 10.3 kcal/mol (Table 1). nonclassical charge delocalization into the cyclobutyl ring. In

We have located a transition structud) (Figure 1), for theexoconformer,12, the G—C, bond is substantially elongated
interconversion of nonclassica)(and classical9) structures. (1.837 A), whereas the &£Cs bond is relatively unaffected.
Although the global energy minimum for the primary cyclobu- More importantly the G-Cs bond distance (1.822 A) of the
tylmethyl cation is a classical structur@)(it is important to carbocation12 is almost equal to that of the;EC, bond
note that the nonclassical structu {s stabilized relative to  showing that the secondagxo1-cyclobutylethyl cation12,

the corresponding transition state structd@® py only 0.7 kcal/  is a true nonclassical structure. Total energies, zero point
mol at the MP2/cc-pVTZ/IMP2/cc-pVTZ+ ZPE level  vibrational energies (ZPE), and relative energies of the calcu-
(Table 1). Further, we have calculated i€ NMR chemicial lated structures are shown in Table 2.

shifts of carbocation8 and9 at the GIAO-CCSD(T)/tzp/dz level Reflecting its relatively higher energy content over that of
using MP2/cc-pVTZ geometry (Table 3). For comparison, the e exo conformer12, the G—C, bond distance (1.819 A) of
*C NMR chemical shifts were also computed at the GIAO- o g5conformert1is relatively smaller than that of the,€Cs
MPZ./th/dZ and GIAO-SCFltzp/dz levels (Table 3). TaC bond (1.839 A). For comparison, we have also calculated the
obtained at the GIAO-MP2 and GIAO-CCSD(T) levels of = g,cqre of the 1-cyclobutyl-1-methylethy! catiob, at the

calculations |Ig(r;9NaMreR 'g rgzucrf]w closer ag[)?e.megt W'lt,h thf same level. The latter cation also involves substantial nonclas-
experimenta ata” than those obtained earlier at ;05| gelocalization, as shown by its slightly elongatae-Cs

H 1
relatively lower 'e"‘?'s (IGLO/IE T_he calculated 3C for bond (1.766 A), which is significantly shorter than that of the
structure8 are also in agreement with the nonclassical nature - _ " ponq (1.952 A). The inductive stabilization of the
of the primary cyclobutylmethyl cation. Th&#'3C obtained at a-methyl groups seems to be insignificant as the-C; (Cs—

g;f?e?Ils,:\i(g)r-lli\f/if:nt?;dfrgrf?l;gges%(b-?aiIr?gglsatarti eSirrnQIIZ:ivaer;S Cs) bond distances are identical to those of the secondary cations
11 and 12. The calculated structures of the carbocatidds
- - 1
Icg)wer GIAtO. Scle '.e"el'- TTe GIA|O Ct(?SQD(T& 3C forkthb? 12, and 13 are shown in Figure 2. Attempts to find a stable
_z-s_lymrtnetﬁc tC a}s?;]ca cyc o_pent%/ |C§ Ito )(_Iz_irEIre?arTg y minimum for a possible secondary 2-methylcyclopentyl cation
similar to that of the experimental data (Table 3). Tae (a classical structure), however, failed because of rearrangement

symmetric cyclobutylmethyl cgt|0n8I shpws five distinct to form a more stable tertiary 1-methylcyclopentyl cation (also
absorptions, and the charge is delocalized overa@d G a classical structure)

carbons §13C 195.8 and 88.7, respectively), showing its bridged . .
nature. \ P Y) g g The 13C NMR chemical shifts forendo 11 and exo 12
Although our attempts to generate the secondary cyclobu- conformers of the 1-cyclobutylethyl cation are calculated using

tylmethyl cations consistently gave the corresponding substituted G"AO-SCF,  GIAO-MP2, and GIAO-CCSD(T) methods
(Table 3). The more reliable GIAO-CCSD(T) calculations for

(34) London, F.J. Phys. Radiuni937 8, 397-409. conformer 12 show that the C1 carbon is relatively more
(35) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. S0d99Q 112, deshielded §'3C 154.1) as compared to that of tlendo
8251-8260. conformer ¢13C 142.2), indicating relatively more nonclassical
g% ggﬁg@?'géﬁém_oLﬁy?i'i?ggg?’lgfggfgézo_ stabilization of theexo12, which is in accord with its relatively
(38) Gauss, JJ. Chem. Phys1993 99, 3629-3643. elongated &-C, bond (vide supra). Attempts to find a stable

(39) Schaefer, A.;; Horn, H.; Ahlrichs, R. Chem. Physl992 97, 2571~ minimum for a possible secondary 2,2-dimethylcyclopentyl

2577. ; ; B
(40) ACES I, Austin-Budapest-Mainz version; Stanton, J. F.; Gauss, cation (a classical structure), however, failed because of

J.; Watts, J. D.; Szalay, P. G.; Bartlett, R. J. with contributions from Auer, rearrangeme'nt to form a more stable tertiary 1,2-dimethylcy-
A. A, Bernholdt, D. B.; Christiansen, O.; Harding, M. E.; Heckert, M.;  clopentyl cation (also a classical structure).

Heun, O.; Huber, C.; Jonsson, D.; Jusg J.; Lauderdale, W. J.; Metzroth, .
T.; Ruud, K.; Schiffmann, F.; Tajti, A. and the Integral packages: Interestingly, the GIAO-MP2 calculateédC NMR data for

MOLECULE (Almlsf, J.; Taylor, P. R.), PROPS (Taylor, P. R.), and the tertiary carbocatiof3 indicates that it involves substantial
ABACUS (Helgaker, T.; Aa, H. J.; Jensen H. J. A.; Jargensen, P. and Olsen, nonclassical charge delocalization into the cyclobutyl ring. Thus,

J.). See also: Stanton, J. F.; Gauss, J.; Watts, J. D.; Lauderdale, W. J.; ; i Qinnifi ; —
Bartlett, R. JJnt. J. Quantum Chem. Sympo92 26, 879-894. Current I carbocation center is significantly shieldett*C(Cs)

version sednttp://www.aces2.de. 165.2), showing that the charge is substantially delocalized into
(41) Schleyer, P. v. R.; Carneiro, J. W. d. M.; Koch, W.; Raghavachari, the ring, as compared to that of the classical cyclopentyl cation
K. J. Am. Chem. Sod.989 111, 5475-5477. - 81 = - i
(42) Myhre, P. C.; Kruger, J. D.; Hammond, B. L.; Lok, S. M.; Yannoni, (9: 913C (expt)=320.0). The GIAO-CCSD(T) CalCUIa.tlonS on
C. S..Macho, V.: Limbach, H. H.- Vieth, H. MI. Am. Chem. S0d.984 structure13 were not possible as a result of the size of the
106, 6079-6080. molecule.
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In conclusion, we have shown by ab initio MP2/cc-pVTZ/ Acknowledgment. Support of our work by the National
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structure 8). The secondary 1-cyclobutylethyl cation shows two  acknowledged.
nonclassical structures as energy minima, which differ in the
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