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ABSTRACT: In order to investigate the mechanism of the five-membered ring enlargement in carbocation
intermediates in steroid biosynthesis, the rearrangement processes in a model carbocation, the 2-cyclopentyl-2-propyl
cation5, were followed by means of1H and13C NMR spectroscopy. Carbocations5A and5B were prepared in SbF5–
SO2ClF–SO2F2 from the corresponding alcohol precursors. At aboutÿ100°C a ring enlargement process takes place
to give the 1,2-dimethylcyclohexyl cation7. Quantum chemical calculations of model carbocation structures5A, 5B,
6 and7 were carried out at the HF/6–31G(d) and B3LYP/6–31G(d) levels of theory. Copyright 2000 John Wiley &
Sons, Ltd.
Additional material for this paper is available from the epoc website at http://www.wiley.com/epoc
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It is well established that all steroid hormones and
triterpenoids arise from 2,3-epoxysqualene in enzymatic
cyclization reactions.1 The six-membered C ring of the
steroid structure is obtained by expansion of the initially
formed five-membered ring of the tricyclic cation1
(Scheme 1).2 During the biosynthesis of phytosterols, the
products arise from a common cation intermediate, the
dammarenyl cation3 (Scheme 1). The key step again is
the expansion of the five-membered ring, which results in
the formation of the baccharenyl cation4.3 Jenson and
Jorgensen have rationalized by quantum chemical
calculations the formation and expansion of the five-
membered C ring.4

To obtain a closer insight into the ring expansion
reaction in this work we investigated suitable model
carbocations in superacid media using NMR spectro-
scopy. The 2-cyclopentyl-2-propyl cation5A (see
Scheme 2) is a simple model suitable for investigating
the rearrangement of the tricyclic cation1 and the
dammarenyl cation3, as emphasized with thick bonds in
Scheme 1. The cation5 was prepared by the molecular
beam method5 in SbF5–SO2F2–SO2ClF from the alcohol

precursor either 2-cyclopentyl-2-propanol or 1-(2-pro-
pyl)cyclopentanol.

There are five resonances in the13C NMR spectrum at
ÿ120°C, which is consistent with the clean formation of
only carbocation5. The NMR chemical shifts atÿ120°C
are� (ppm) 329.73 (C-1, d) 66.86 (C-1, d) 58.33 (C-2, t),
26.71 (C-3, t) and 21.03 (C-2, q). These shifts are
temperature dependent, showing that the cation under-
goes a rapid non-degenerate hydride shift between the
2-cyclopentyl-2-propyl cation5A and the 1-(2-propyl)-
cyclopentyl cation5B. The relative shieldings of the
carbons C-2 and C-2' next to the carbocation centers C-1
or C-1', respectively, indicate that the equilibrium favors
the isomer5B which has the charge located on the
endocyclic carbon C-1. The signal for the methylene
carbons C-2 are shifted significantly more downfield than
those for the methyl groups C-2'. This result is in accord
with earlier conclusions by Okazava and Sorensen6 and
M. Saunders (Yale University, unpublished results)7 that
structure5B is more stable than structure5A.

At about ÿ100°C four new signals appear in the
13C NMR spectrum and the averaged peaks for5A/5B
gradually disappear (Fig. 1), indicating that an additional
rearrangement process takes place. After about 45 min,
the spectrum consists of four signals only, at� (ppm)
197.22, 57.22, 36.24 and 27.43. The chemical shifts of
these signals are not temperature dependent. The
spectrum is consistent with the formation of the 1,2-
dimethylcyclohexyl cation7, in which a rapid degenerate
hydride shift occurs over a low barrier [DG‡ =
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3.7kcalmolÿ1 (1 kcal= 4.184kJ) at ÿ136°C].8 The
formation of carbocation7 can be rationalizedby the
mechanismsuggestedin Scheme2. Expansionof the
five-memberedring of thecarbocationisomer5A yields
the2,2-dimethylcyclohexylcation6. Sequentiallya 1,2-
methylshift transformsthesecondarycarbocation6 into
the tertiary carbocation7.

The rate of the formation of carbocation 7 was
followed by means of 1H NMR spectroscopy.The
disappearanceof the methyl groups in 5A/5B (� =
2.22ppm)andtheconcomitantappearanceof themethyl
groups of cation 7 (� = 2.45ppm) was monitored by
recording1H NMR spectraat given time intervals(Fig.

2). The first-order reaction rate obtainedat ÿ99°C is
kobs= (2.6� 0.2)� 10ÿ4 sÿ1. Taking into accountthat
carbocation5A is formed in the rapid pre-equilibrium
5B/5A, the observedrateconstantis kobs= Keqk2, where
Keq representstheequilibrium constant5B/5A, andk2 is
the rate constantof the ring expansionreaction. The
equilibrium constant Keq(5A/5B) = 0.095 at ÿ99°C
(Kronja O, Vrc̆ek V. and Siehl H.-U. oral presentation
at the 7th EuropeanSymposiumon OrganicReactivity,
ESOR-7,Ulm, Germany,1999).Thustherateconstantof
the rearrangementprocessfrom 5A to 7 at ÿ99°C is
k2 = 2.7� 10ÿ3 sÿ1 and the free energyof activationis
�Gz�ÿ99�C� � 12:0 kcal molÿ1.

Quantumchemicalcalculationswere carried out for
modelstructures5A, 5B, 6 and7 at theHF/6–31G(d)and
B3LYP/6–31G(d)levelsof theoryusingtheGaussian94
program suite.9 B3LYP/6–31G(d)-optimized structures
andselectedgeometricparametersfor carbocations5 and
7 areshownin Fig. 3. Frequencycalculationsfor 5A, 5B
and 7 at the samelevel give no imaginary frequencies
(NImag= 0), confirming that these structuresare local
minimaon theenergysurface.Thecarbocationstructure
5B was found to be 1.5kcalmolÿ1 [B3LYP/6–31G(d)]
morestablethen5A. This confirmsthe interpretationof
the experimental results that the positive charge is
favoredon the endocycliccarbon.Four local minimum
structures7a–d, whicharestereochemicallydistinctchair
conformations,were found for the 1,2-dimethylcyclo-
hexyl cation7. Thesestructuresareanalogousto thetwo
isomericchairstructuresfoundfor thelowerhomologous
1-methyl-1-cyclohexyl cation.10 The carbocationstruc-
tures7a andb both have‘axially’ orientedcarbocation
p-orbitals. In 7a the methyl group at C-2 is in an
equatorialpositionandin 7b themethylgroupatC-2is in
anaxialposition.Thetwo otherstructures,7candd, both
havean ‘equatorially’ orientedcarbocationp-orbital,7c
hasthemethylat C-2 in anequatorialpositionand7d in

Scheme 1

Figure 1. 13C NMR spectrum showing the rearrangement of
carbocation 5A/5B to 7 in SbF5±SO2C1F±SO2F2 solution
after 30 min at ÿ99°C
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an axial position.The moststablestructureis 7c, which
is 2.5kcalmolÿ1 [B3LYP/6–31G(d)] more stable than
the leaststableconformer7a (Table 1). The conforma-
tions 7a–d of the 2-dimethylcyclohexyl cation are
0.7–4.7kcalmolÿ1 more stablethan calculatedfor the
carbocation structures 5A and 5B (Table 1). The
secondary2-dimethylcyclohexyl cation 6 was located
as a local minimum at the HF/6–31G(d) level,
8.8kcalmolÿ1 less stable than 5A. However, on
geometry optimization at the B3LYP/6–31G(d) level,
this structure converged to the tertiary carbocation
structure7, hencethe HF optimized structureof 6 is
not a local minimum at theDFT level of theory.

It appearsthat the mechanismof the five- to six-
memberedring expansionin the enzymaticbiosynthesis
of steroidsand in the biomimetic model reaction are
comparable.Thestructureof themodelcation6 is closely
related to the secondarycation 2 and the baccharenyl
cation 4, which arise under enzymatic conditions
(Scheme1). Unlike the model cation 6, the secondary
cations 2 and 4 enjoy additional stabilization of the
positive charge,either by internal interactionwith the

Scheme 2

Figure 2. Time-dependent 1H NMR spectra of the rearran-
gement of 5A/5B to 7 atÿ99°C showing the disappearance
of the methyl group signal in 5A/5B and the appearance of
the methyl group signal in 7

Figure 3. B3LYP/6±31G(d)-optimized geometries for carbocations 5A, 5B and 7a±d. CÐC bonds elongated from
hyperconjugative interaction with the carbocation p-orbital are shown with thick lines

Table 1. Relative energies for carbocations 5A, 5B, 6 and
7a±d

DE/(kcal/molÿ1)

Carbocation HF/6–31G(d) B3LYP/6–31G(d)

5A 4.9 3.2
5B 1.6 4.7
6 13.7 —
7a 0.8 2.5
7b 0.1 1.9
7c 0 0
7d 1.3 1.4
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p-electrons of the remoted double bond11,12 or by
externalinteractionswith p-electronsof aromaticamino
acid residuesof theenzyme.13

EPOC material

Coordinatesin xyzformatfor theoptimizedgeometriesof
structures5A, 5B and 7a–d [B3LYP/6–31G(d)] are
availableas supplementarydataat the epocwebsiteat
http://www.wiley.com/epoc/.
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69: 563–568.
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