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We report B3LYP/6-31G* density functional calculatidnen

the chair 4-tetrahydropyranyl caticha and the 4-quinuclidinyl

cation2, which show these species to be energy minima, but with

unusual geometries associated with extensive delocalization. In both

species, the CH-CH, bonds are exceptionally long, while the-C

bonds to the carbocation center and theXCbonds are shortened

(Figure 1). Inlathe Ct—H is semi-axial to provide better overlap

of the empty orbital with the CH-CH, bond orbitald and the . : The 4-tetrahv | catiote: CH—CH, 1673 A
: H : H gure 1. a e 4-tetra ropyranyl catioba — . )

equatorial lone pair on oxygen, creating a 6-electron system in the cﬁz—cw 8133 R -0 1379 R%’Ciébc 120.2. GG H 118.7.

equatorial plane of the ring. Calculation of nucleus-independent (b) 4-Quinuclidinyl catior®: CH,—CH, 1.719 A; CH—C* 1.448 A; C-N

chemical shifts (NICS)gives values of-14.2 at the center of the  1.425 A: G-C*—C 115.8; C—N—C 111.6. (c) Partially open twist

ring in 1a, and —25.6 at the center of the bicyclic system 2n structure4.

strongly indicative of aromaticity in both species. Through-bond

coupling has been extensively exploreait species such ds or TS ; TS

(a) (b) (©)

2 represent a novel type of delocalized cation; moreover these 71'0,;\\ 3 /7,4-\ gggteTS
findings have important implications for the Prins cyclization / 56.0 e 45‘5~i o e 52.8
and Grob fragmentatidfi reactions, and for the continuing debate N )
about transition states and intermediates in Cope rearrangements. /

Cationlais 56 kJ/mol more stable (41 kJ/mol in wafethan 1a/l
the best conformation of open catioB), which cyclizes without 0 e—

activation once it achieves the appropriate conformation (see Figure gjg, e . Gas-phase relative energies (kJ/mol)laf 3, 4, the transition

2). This is the prototypical Prins cyclization, and intermediates states (TS) connecting them, and the TS for the oxonia-Cope rearrangement
related tol should now be considered for many cyclizations leading in the boat series.

to 4-substituted tetrahydropyrans (eq 1). It has previously been

assumed that cyclization is concerted with nucleophilic capture tion methods, Quast et &.have made a strong case for co-
although this might be expected to lead to unfavorable entropies occurrence of both localized and delocalized species in 2,4,6,8-

of activation1® tetrasubstituted barbaralanes. In these examples, the transition state
resembles two allyl radicals due to the release of cyclopropane ring
o o) strain. The transition stat& for Cope rearrangement of 1,5-
® X/( \ﬂ'/x hexadiene is still much more open thaawith partial CH—CH,
O~ N o) H ) bonds 1.97 A long? but B3LYP/6-31G* calculations for 2,5-
\A ® \ ® dicyano-1,5-hexadiene predict an intermediate resembling cation
1a N O\\Q 1, with even shorter C+CH, bonds (1.575 Aj2 Finally, the role
\ played bylais reminiscent of the zwitterion intermediates identified

by Gompper's group in the reactions of 2-donor 5-acceptor

The Prins cyclization has attracted attention recently from dsubstituted hexa-1,5-dienés.

synthetic chemists because the stereochemistry of substitute
products is well-controlled and can be rationalized through a
chairlike transition state (or intermediaf€)The boat analogue of R2 ® ® Y @

lais 52.8 kJ/mol less stable, and is the transition state (TS) for RGO ® C 0 Ow
rapid, degenerate, oxonia-Cope rearrangement ofrtbemplex ZNJ

twist like structured (see Figure 1c). Note that the energy difference R* 2

betweerlaand4 is almost twice the calculated difference between 1a R2 R4=R6=H 4
the chair and twist forms of tetrahydropyran or cyclohexane (24.9 ’ 5 6 4 / ..
and 27.2 kJ/mol, respectively). 1b, R“*=R"=H, R"=Me 3 \‘\_\_‘_:Q
Prins cyclizations may be accompanied by oxonia-Cope rear-  4¢ R2=R®=Me. R%=H TS
rangementgtand species related focan be intermediates in these ' ’
9 P 1d, R%=Me, R*=R%=H 5

processes (eq 1). There has been extensive debate concerning the
chameleoni¥ (or centauri¢®) nature of the Cope transition state,

and a continuing search for intermediates. Using isotopic perturba- It IS interesting to note that the NICS value for(—27)° is
significantly higher than that fat. Aromaticity in these species is

* Corresponding author. E-mail: rog.alder@bris.ac.uk. gainedat the expensef o-bonding in the CH-CH, bonds, and
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extraordinary thermodynamic stability should not be expected for
1. The solvolysis rate of 4-tetrahydropyramytoluenesulfonate in
acetic acid at 85C is only 0.03 that of cyclohexyp-toluene-
sulfonatel” and we calculate that the isodesmic reaction in eq 2 is
endothermic by 2.4 kJ/mol (8.2 kJ/mol in water) in satisfactory
agreement with this.

T T =Ty @

Cations related td are subject to the usual strong effects of
alkyl substitution on carbocation stability. Thus 4-methy! idnis
97 kJ/mol more stable than open forms, whereas 2-methyl and 2,6-
dimethyl substitution stabilize open formsis-2,6-Dimethyl-4-
tetrahydropyranyl catioficis 13.4 kJ/mol less stable than the most
stable opened form, a-complex that retains interaction between
the electrophilic ©-CH," group and the alkene. Here we seem to
have an oxonia-Cope rearrangement with a genuine intermediate
since the closed form is still protected by an activation barrier of
1.9 kd/mol for ring opening. The closed 2-methyl catiahis quite
unsymmetrical, with the CHMe-Chbond much longer (1.765 A)
than the CH-CH, bond (1.633 A). This cation is still an energy
minimum, but is unstable with respect to the opened form by 15.1
kJ/mol, and the activation energy for opening in this direction is

extremely small (less than 1 kJ/mol).
Me Me\® 4
N N
& cl |
“ 6 7 8

The Prins cyclization is the reverse of a Grob fragmentation,
and the identification of an intermediate in the former raises the
question of similar intermediates being involved in the latter. In
his classic studie3Grob distinguished stepwise and synchronous
fragmentations, with the latter involving perfect alignment for
through-bond coupling in the transition state, and being subject to
what was termed frangiomeric acceleration. 4-Chloroquinuclidine
reacts 5x 10* times faster than 1-chlorobicyclo[2.2.2]octane; the
frangiomeric effect (estimated to be%.(n this case is the largest
recorded. However, B3LYP/6-31G* calculations fi2do be an
energy minimum, with a small, but real, activation energy (4.0 kJ/
mol; 4.7 kJ/mol in water) for fragmentation ® (exothermic by
80.1 kd/mol). Moreover, the isodesmic reaction in eq 3 is exothermic
by 37 kJ/mol, corresponding to an equilibrium constant df°10
neglecting symmetry and entropy effects. Thus the Grob fragmenta-
tion may be stepwise even in this highly favorable case.
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However, we donot claim that all Grob fragmentations are

stepwise; in fact the solvolysis @fleading to8 may be a real case
of synchronous fragmentation, since B3LYP/6-31G* calculations

indicate that9 (see eq 4) is a transition state for the Cope
rearrangement o8 (activation energy 85.3 kJ/mol), and not an
intermediate. Grob reports that solvolysis7of 1.35x 10* faster
than solvolysis of the corresponding chloride with NMe replaced
by CH;,; this system has the second highest frangiomeric accelera-
tion after the quinuclidinyl system. However, the B3LYP calcula-
tions suggest that the fragmentation process is only incidental to
the acceleration; the isodesmic reaction shown in eq 4 is exothermic
by 84 kJ/mol, so that through-bond stabilization is more than enough
to explain the acceleration.

In summary, 4-oxa- and 4-aza-cyclohexyl cations such asd
2 in which a lone pair on the heteroatom and the carbocation center
can interact via the CH-CH, bonds represent a novel type of
aromatic system, and can be intermediates in Prins cyclizations,
Grob fragmentations, and Cope rearrangements. lons suéh as
might be detected by trapping experiments and NMR observation
of suitably substituted derivatives dfmay be possible if 1,2-shifts
leading to more stable species can be blockeds (100 kJ/mol

less stable than the well-known 2-tetrahydropyranyl cation).
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