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A (-)-quinic acid-derived enone, with the trans-1,2-diol protected as a 2,3-dimethoxybutanediyldioxy ketal, provides an excellent template for
further highly stereoselective elaboration as exemplified by its conversion into the core of scyphostatin, a potent inhibitor of neutral
sphingomyelinase.

The conformationally rigid cyclohexenodewith thetrans et al. then reported an efficient four-step synthesis of enone
1,2-diol protected as a 2,3-dimethoxybutanediyldioxy ketal, (4R,5R)-1starting from (—)-quinic acitj and it is this route
appears to be ideally suited to further stereoselective elaborato 1 that we have utilized in the present work.
tion and therefore should prove to be a useful synthetic | this paper, we describe a range of stereoselective
building block. Given our continued interest in the prepara- yeactions of enone RI5R)-1 and its corresponding trimeth-
tion of cyclohexane-based natural productswe have  yisjlyi enol ether. With both enone (4R,5R)ahd its enol
explored the use of enoriein synthesis. ether, there is very little steric bias on either face for
There are two published syntheses of en@inén 2000, qhling stereoselective reactions of theystems. Indeed,
we reported the synthesis of raceniic LDA-mediated 0 jnyoke subtle stereoelectronic effects to explain the highly
dlastgreoselect|ueregrrangement of chiral (but ra"e”_“c) stereoselective processes that are observed. Furthermore, to
epoxide3 (prepared in three steps from 1,4-cyclohexadiene) exemplify enone (B,5R)-1as a useful synthetic building

gj;)/:e alljlzlr']foiilggggrléﬁ(g:je% esrllngle Cﬂ';?grle)o:\nﬂzr)éozsd block, its use in the synthesis of the core of scyphostatin is
q dngs -vay also described. Scyphostdtins a cyclohexenone-based

_ naturally occurring inhibitor of neutral sphingomyelinase and
has attracted significant synthetic interest of Fate.

Scheme 1
Q PCC ?H LDA THF (1) de Sousa, S. E.; O'Brien, P.; Pilgram, C. Tetrahedron2002,58,
@ BB 89% O 4643. _

— — © (2) (a) Runcie, K.; Taylor, R. J. KOrg. Lett.2001, 3, 3237. (b) Alcaraz,

(o} (o} b L.; Macdonald, G.; Ragot, J. P.; Taylor, R. J. K.Org. Chem1998,63,

o \‘/Q)Me o W)\O'V'e c 3526.
(3) Kee, A.; O'Brien, P.; Pilgram, C. D.; Watson, S.@Chem. Commun.
OMe OMe OMe 2000, 1521.

2 3 (4) Barros, M. T.; Maycock, C. D.; Ventura, M. R. Chem. Soc., Perkin

Trans. 12001, 166.

10.1021/0l034521d CCC: $25.00  © 2003 American Chemical Society
Published on Web 05/08/2003



To start with, gram quantities of enone (4R,5R)ére
prepared from+{)-quinic acid using minor modifications to
the literature route reported by Maycock et é6cheme 2).
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In a one-step process (reported as unpublished work in a

review articl€), (—)-quinic acid was converted into bis-ketal
4 with concomitant methyl ester formation (99% yield). The
2,3-dimethoxybutanediyldioxy ketal group, introduced by
Ley and co-workers$ selectively protects thieans-1,2-diol
and provides a conformational lock in enone (4R,5R)-1.
Conversion of bis-ketad into ketone5 via ester reduction
and subsequent cleavage of the 1,2-diol following the

published procedure proved to be problematic in our hands.

Eventually, reproducible yields of 75% over the two steps
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alkylation of the lithium enolate dof with allyl halides under
a variety of conditions met with complete failure. Therefore,
our attention switched to reactions of silyl enol etléer

Two very useful transformations of silyl enol ettéwere
found: reaction withm-CBPA (Rubottom oxidatich fol-
lowed by treatment with TBAF gavé (92% yield), and
reaction with NBS gave8 (66% yield), both as single
diastereomers (Scheme 4). In both adduttand 8, the
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were obtained using a modified workup procedure after the relative stereochemistry was assigned on the basis of the

DIBAL-H step (see Supporting Information for full details).
Elimination of the hydroxyl group in ketong& proceeded
uneventfully to furnish enone (4R,5R)-1.

Initially, we envisaged exploring.-functionalization of
enone (4R,5R)-Via its enolate. To demonstrate that the
enolate could be formed without elimination of {hialkoxyl
group, enone R,5R)-1was deprotonated with LHMDS in
THF at—78 °C for 30 min and then reacted with N&CI.
After workup, analysis byH NMR spectroscopy indicated
quantitative formation of silyl enol ethed (62% isolated

small 3J coupling constant of 3:83.5 Hz between H-5
(known axial orientation due to the bis-ketal protecting
group) and H-6.

The exclusive axial attack on silyl enol ethérusing
m-CPBA and NBS as electrophiles is noteworthy. High levels
of stereoselectivity using these types of reactions are usually
governed by steric factors, and in previously reported
reactions of conformationally locked but sterically unbiased
silyl enol ethers withm-CPBA!® or NBS}! the sense and
degree of stereoselectivity is quite varied and not predictable.

yield after chromatography; Scheme 3). Satisfied that the The complete stereocontrol exhibited by electrophilic attack

enolate could be generated withglielimination, we inves-
tigated alkylation reactions of the lithium enolate. Direct
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on silyl enol ethe6 (which has no obvious steric bias) is a
consequence of the conformational rigidity imparted by the
trans-diequatorial-protected 1,2-danidthe stereoelectronic
preference for axial attack on the electron-rich C-6 (avoiding
a twist boat conformatid).

(9) Rubottom, G. M.; Gruber, J. M.; Juve, H. D.; Charleson, DO&g.
Synth.1986,64, 118.
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1997,53, 8927.
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A.; Wang, X.J. Org. Chem1994,59, 2052.
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We have already noted that Luche reduction (NaBH
CeCB) of enone (4R,5R)-1 occurs via axial attack of hydride
on the G=0 group to give the corresponding allylic alcoRol.

To further probe the stereoelectronic preferences in this

system, enone ®,5R)-1was subjected to a DietsAlder
reaction. Thus, enone R45R)-1was converted into a single
diastereomer of DietsAlder adduct9 on reaction with
cyclopentadiene in the presence obACl (82% isolated
yield; Scheme 5)°
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Adduct9 was identified as the expecteddcdiastereomer

by a 6.1% NOE between an alkene proton and H-5. F”rther(analogous t6

NOE analysis together with & coupling constant of 8.0
Hz between H-3 and H-4 allowed assignment of the C-3/
C-4 stereochemistry. This highly stereoselective Diéller

reaction also proceeds via a stereoelectronically preferred

axial attack on the electron-deficient C-3 carbon.

For our proposed scyphostatin studies (vide infra), we
wished to incorporate amc-allyl side chain onto enone
(4R,5R)-1, but as discussed, direct allylation of the lithium
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(N-SMASE). To date, no total synthesis of scyphostatin has
been reported, although several approaches to core structures
have appeared recenfly/®

Our strategy towardr-allyl scyphostatin model cor&2
is outlined in Scheme 7. Two key features are (i) stereose-
lective a-hydroxylation of a silyl enol ether derived from
o-allyl enone 10 or 11 in which axial attack at C-6
— 7, see Scheme 4) would establish the
requiredo-hydroxyl relative stereochemistry it2 and (ii)
use of the protectettans-1,2-diol functionality inlO or 11
as a masked epoxide in which subsequent regioselective
activation of the less sterically hindered C-4 hydroxyl group
would lead to the required epoxide stereochemistrfan
Furthermore, the absolute stereochemistry of the core of
scyphostatin can be derived from that presentif+uinic
acid via this approach. Katoh et al. have also utilized-(

enolate was not successful. Instead, we investigated Kequuinic acid as starting material in a different approach to

allylation'# of a-bromo enone8 using allyltributyltin and
AIBN. Additionally, this would provide a further test of the
preferential axial attack on the %parbona to the carbonyl

in enone (4R,5R)-1. Reaction ofbromo enone8 with
allyltributyltin at 80°C in toluene (with AIBN) gave a 74%
isolated yield of an inseparable 90:10 mixturexeéllylated
enoneslO and11, identified by analysis of th& coupling
constants between H-5 and H-6 (Scheme 6). Thus, &n sp
hybridized radical at C-6 undergoes preferential axial attack.
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To demonstrate the usefulness of these highly stereo-

selective reactions of enone R&R)-1in synthesis, we
identified the core of scyphostatin (Scheme 7) as a viable
target. Scyphostatin was isolated in 19%®dm a mycelial
extract ofDasyscyphus mollisimus, and it remains the most
potent inhibitor of the enzyme neutral sphingomyelinase
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scyphostatin core compounéfs

The details of the successful and highly stereoselective
synthesis of scyphostatin model cot@ are outlined in
Scheme 8. First of all, we discovered that it was not possible
to convert the majoa-allyl diastereomefQinto a silyl enol
ether (e.g..13) using either LHMDS/MgSICl or EEN/Rs-

SiX (R = Me or Et; X= Cl or OTf). Presumably, an axially
oriented proton at C-4 (equatorial allyl group aslih) is
required to facilitate silyl enol ether formation, and so
conditions for epimerizind0into 11 (equatorial allyl group)
were sought. Some epimerizationldfinto 11 was observed
using NaOMe in methanol, but it was accompanied by
decomposition (probably via elimination of thealkoxyl
group). More success was obtained using DBU in toluene
at 80°C, but after 16 h, epimerization was only partially
complete. Therefore, we attempted to directly form a

(12) (a) Matthews, R. S.; Girgenti, S. J.; Folkers, E.JAChem. Soc.,
Chem. CommuriL970, 708. (b) House, H. O.; Umen, M.J1.0rg. Chem.
1973,38, 1000. (c) Skaddan, M. B.; Wust; Katzenellenbogen, J. Rrg.
Chem.1999,64, 8108.
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L. O.; Cabal, M.-P.; Danishefsky, S. J.; Shulte, G.MOrg. Chem1991,

56, 387. (b) Millan, D. S.; Pham, T. T.; Lavers, J. A.; Fallis, A. G.
Tetrahedron Lett1997,38, 795.

(14) (a) Keck, G. E.; Yates, J. B. Am. Chem. S0d.982,104, 5829.
(b) Keck, G. E.; Enholm, E. J.; Yates, J. B.; Wiley, M. Retrahedron
1985,41, 4079. (c) Umehare, M.; Honnami, H.; Hishida, S.; Kawata, T.;
Ohba, S.; Zen, Bull. Chem. Soc. Jpri.993,66, 562. (d) Bamford, S. J,;
Luker, T.; Speckamp, W. N.; Hiemstra, @rg. Lett.2000,2, 1157.
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trimethylsilyl enol ether from the 90:10 mixture @D and

11 by reaction with DBU and MsSICl in toluene at 80C

for 18 h. To our surprise and delight, almost complete
epimerization was observed: we isolated a 93% yield of a
95:5 mixture ofll and10. Silyl enol ether formation was
never observed under these conditions.

The remainder of the synthesis of scyphostatin ctize
proceeded as anticipated. Thus, the 95:5 mixturélodind
10was converted into silyl enol eth&B (64% isolated yield)
using EtSIOTf/EN. Rubottom oxidation ofL3 using the
same conditions as fd& — 7 (see Scheme 4) furnished a
single diastereomer ad-hydroxy enonel4 (64% isolated
yield). The expected axial attack at C-6 was confirmed by a
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3.2% NOE between the hydroxyl proton and H-4 and by
NOEs between H-5 and protons on the allyl side chain. The
conversion ofa-hydroxy enonel4 into model core com-
pound12 was carried out via three steps without isolation
of any of the intermediates. Deprotection of the bis-ketal
protecting group using TFA—watewas followed by me-
sylation using 1 equiv of mesyl chloride. Finally, treatment
of the crude mesylate with 0.1 M aqueous NaOH (Katoh'’s
condition§®9 gave epoxy enong2 {[a]p +31.6 (c0.35 in
CHCI3)} as the only isolable diastereomeric product in 55%
yield over the three steps. TREl NMR spectrum of12 in
acetone-glwas identical to that reported for racendi2 22
thus confirming the epoxide stereochemistry and establishing
that regioselective mesylation of the least hindered C-4
hydroxyl group in15 must have occurred. Thus, a highly
stereoselective, 11-step synthesis of enantiomerically pure
scyphostatin coré?2 starting from )-quinic acid has been
achieved.

In summary, we report a selection of highly stereoselective
reactions of enone (48R)-1 (derived from (-)-quinic acid).
These includeg-hydroxylation,o-bromination, G=O reduc-
tion, Diels—Alder reaction with cyclopentadiene, and radical
o-allylation. In particular, enone R5R)-1 can be converted
in just eight steps into a scyphostatin model core compound
12 in enantiomerically pure form. On the basis of our
findings, it seems likely that enoneR%BR)-1 will be a useful
building block for future synthetic endeavors.
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