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A Model for the Nonenzymatic BCD
Cyclization of Squalene**

Sheng-Ze Zhou, Mario Sey, Pierre J. De Clercq,*
Marco Milanesio, and Davide Viterbo

The enzymatic polycyclization of squalene (1a) and 2,3-
oxidosqualene (epoxysqualene) is a fascinating biogenetic
process.l!l. Whereas oxidosqualene cyclases produce sterols
and plant triterpenes, the squalene cyclases (SC) of the
protozoan Tetrahymena pyriformis and of the thermoacido-
philic bacterium Alicyclobacillus acidocaldarius convert squa-
lene (1la) into tetrahymanol (2) and hop-22(29)-ene (3,
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diploptene), respectively.l> 3l Interestingly, a few years ago it
was reported that squalene —hopene cyclase converts non-
natural 2,3-dihydrosqualene (1b) in high yield into a mixture
of the tetracyclic triterpenes (20R)-dammar-13(17)-ene (5b)
and (20R)-dammar-12-ene (6b) (Scheme 1).1 More surpris-
ing even is the recent report about the isolation, next to the

[
Tetrahymena Alicyclobacillus
pyriformis acidocaldarius
a R =CH2CH=CMe>
b R =CH2CH2CHMey
squalene-hopene cyclase
r A N

,
Scheme 1. Triterpenoids originating from cyclization of squalene (1a) and
2,3-dihydrosqualene (1b) catalyzed by bacterial squalene cyclases.

classical hopanoids, of the tetracyclic derivatives 4a, 5a, 6a,
and 7a, each representing less than 2 % relative to 3, when the
natural substrate squalene (la) is treated with purified
squalene —hopene cyclase.’) This result raises the intriguing
possibility that this enzyme has been “prepared” for perform-
ing the seemingly more complex transformation that bears
analogy with the formation of lanosterol.’! In this evolu-
tionary context, however, one
fundamental question remains
unanswered: what is the nonen-
zymatic course of the poly-
(tetra, penta)cyclization of squa-
lene (and epoxysqualene)? Here
we report on the results of the
Lewis acid catalyzed cyclization
of aldehydes 8a—c that can pro-

. a X=H;R=CHyCH=CMe2
vide an answer to the above b X=H;R=CHyCHyCHMe;
question. ¢ X=D;R=CHCH2CHMe
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The enzymatic conversion of both squalene and epoxy-
squalene produces a variety of cyclization products depending
on the cyclase used. This diversity arises through different
folding patterns that are adopted by the polyene in either the
early (AB-ring formation) or the late (D- and E-ring
formation) stages of the process.”! On the other hand, all
tetra- and pentacyclizations have in common an anti-Mar-
kovnikov like closure of the six-membered C-ring. From the
mere chemical point of view this third ring closure constitutes
a formidable challenge. Not surprisingly, the (Lewis) acid-
catalyzed cyclizations of squalene and epoxysqualene afford
tricyclic products whose structures, and in particular the
resulting five-membered C-ring, are determined by Markov-
nikov’s rule.® 1 Considering the C-ring region as the crucial
one in the polycyclization, substrates 8% were designed to
1) initiate the cyclization at pro-C10, hence skipping the early
stage of the cyclization, and to 2) enforce the anti-Markovni-
kov six-membered C-ring formation through the incorpora-
tion of an extraneous cyclohexane ring at pro-C(11),C(12).['!
The role of the latter consists not only in inducing the prechair
geometry of the chain in the 11,12-region through the trans-
diequatorial substitution and in enforcing the proximity of C8
and Cl4, which should ease the entropic burden of the
polycyclization, but also and foremost in preventing the
Markovnikov five-membered C-ring formation; indeed, con-
certed cyclization should lead to a C-ring that is connected to
two six-membered rings by trans-fusions at 11,12 and at 8,9—a
situation that is better accomodated by a six- than by a smaller
five-membered ring.'"” Thus, surmounting the activation
energy that is involved with the C-ring formation should
enable us to take a view on the nonenzymatic course of the
polycyclization beyond the C-ring.

Treatment of aldehyde 8a under standard conditions (see
Scheme 2; saturated NaHCO; workup) led to an apolar
fraction (19%), to a second fraction (48 %) consisting of a
complex mixture of pentacyclic derivatives (as judged from
the absence of the characteristic resonances of the olefinic
protons of the polyene chain), and to the two tetracyclic
alcohols 9a (13%) and 12a (4%).["1 The structure of the
latter cyclization product was solved by X-ray diffraction,['¥
which revealed, next to a genuine BCD-skeleton containing
the two quaternary centers at C8 and C14, a most interesting
stereochemical pattern at C12, C13, C17, and C20. Indeed, the
latter pattern indicates that 12a is formed in two steps
(Scheme 2): a) the cyclization of 8 a involving a polyene chain
folding with least steric interactions, which affords the
dammarane-type cation 13, followed by b) a series of four
consecutive antiparallel 1,2-hydride migrations which led to
carbocation 17. The sequence is then terminated by proton
elimination. At this point it is evident that any of the
intermediate cations encountered en route to 17, such as 14—
16, could be subject to proton elimination leading to the
cyclization derivatives 9—11, whose isolation would further
confirm the above pathway. Indeed, the spectroscopic data of
the second isolated product were in full accord with structure
9a, in particular the '"H NMR (i.e., low-field resonance d =
3.06 for H20) and *C NMR/DEPT data.l'"¥! The full config-
urational assignment was established by X-ray diffraction on
the related compound 9¢ (vide infra).

2862 © WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2000

a X=H;R = CHyCH=CMe;
b X=H:R = CHyCHaCHMe)
¢ X=D;R = CHyCHyCHMe

Scheme 2. Stereochemical course of the Lewis acid catalyzed cyclization
of 8a—c. a) 0.03M in dichloromethane, 0.5 equiv tin(1v) chloride (A), room
temperature, 15 min.

In order to avoid the formation of the major pentacyclic
fraction, the cyclization of aldehydes 8b and 8¢, in which the
double bond at pro-C(24),C(25) is missing, was studied.
Furthermore, substrate 8¢ was provided with a deuterium
label at pro-C17 in order to ascertain that the cyclization
products possessing a stereocenter at C20 originate from a
direct 1,2-shift (and not from deprotonation-reprotonation
sequences). Treatment of aldehyde 8b under the standard
conditions afforded, next to a major apolar fraction (78 %),
two tetracyclic alcohols, the expected 9b (6 %) and a novel
cyclization product (7% ) to which structure 10b was tenta-
tively assigned. We assume that the apolar fraction originates
from the acid-catalyzed E1 elimination of the sterically
congested axial hydroxy group. By careful exclusion of traces
of water the formation of apolar derivatives could be reduced;
under these improved conditions the cyclization of 8¢ led to
an apolar fraction (39 %), and to the expected 9¢ (20 %) and
10¢ (17%).
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That 9a, 9b, and 9 ¢ belong to the same series was proven by
partial hydrogenation of 9a (Wilkinson’s catalyst, toluene)!"*!
to 9b (58 % yield next to starting material), and by compar-
ison of the relevant '"H NMR spectral data of 9b and 9 ¢ which
were identical except for the low-field resonance at 6 =3.03 of
H20 (absent in 9¢) and the doublet at 6 =0.93 of the protons
at C21 (singlet in 9¢). The final unambiguous identification of
the structures in the 9-series was established by the X-ray
diffraction analysis of crystalline 9¢.l"¥

Although full understanding of the process will necessitate
further experiments to minimize the apolar fraction, the
described cyclization of 8 is remarkable in that it constitutes a
rare example of a nonenzymatic polycyclization that leads to
anti-Markovnikov like cyclization products with a six-mem-
bered C-ring (9, 10 and 12). The reactions are furthermore
characterized by bond formation at vicinal quaternary cen-
ters.'> 191 The “natural” pathway, which is now believed to
involve a classical Markovnikov cyclization to a five-mem-
bered C-ring followed by ring expansion,’ is considered in
our case to be less likely,[? although this alternative cannot be
excluded at this stage.'” The observed 20R configuration
further confirms what one may have expected on the basis of
chemical intuition: 1) the chain folding in the D-region is one
that minimizes the steric interaction between C20 and the
methyl group at Cl14, and 2) the C17 to C20 hydride shift
which establishes the absolute configuration at C20 occurs
faster than rotation at the C17—C20 bond. The analogy
between structures Sb/6b and 9b/10b, respectively, is also
striking. It may indicate that the cyclohexane ring at the 11,12
bond operates as a mimic of a rather tight binding of the
central part of the natural substrate in the hydrophobic cleft of
the enzyme.['®!
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A Simple Model for the Origin of
Enantioselection and the Anti “Lock-and-Key”
Motif in Asymmetric Hydrogenation of
Enamides as Catalyzed by Chiral Diphosphine
Complexes of Rh(@®**

Clark R. Landis* and Steven Feldgus
The historical and commercial significance of catalytic,

enantiospecific enamide hydrogenation™ has generated
intense interest in the reaction mechanism [Eq. (1)].

+
e _
~N CF3SO.
SRH 5%  Me0,C
H Cp/ \L]E 0y ) H
| +H, 0.01% H \”/ M)
*P—P* = chiral diphosphane
o (atm) 25°C, methanol, 4 hours H o
Ph H Ph

100% chemical yield
> 99% enantioneric excess
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