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The formal total synthesis of the myxobacteria metabolite (—)-apicularen A (1) is described. The key step involved a novel acid-mediated
transannular conjugate addition of the C13 hydroxyl into the o, f-unsaturated ketone in either of the macrolactones 5a or 5b to provide the
same trans-pyranone 4. Conversion of 4 into the known apicularen intermediate diol 3 completed the formal synthesis.

The cytotoxin apicularen A (1) was isolated from extracts ngmL™), lung (IGo 0.1 ngmL?), and prostate (I§ 0.5

of the myxobacteriun€hondromyces robustiry Hofle and ngmL™1) carcinomas?

co-workerst Along with this compound, another less cyto- The novel structure and biological activity df have
toxic metabolite was found and identified as tNeacetyl- attracted the attention of several synthetic research groups,
B-b-glucosamine glycoside df named apicularen B. Inter-  which has resulted in two total synthegand several formal
estingly, apicularen A1) bears a striking resemblance to synthese$® A number of synthetic approaches to the
salicylihalamide A (2, a novel metabolite isolated from a apicularen ring system have also been repot{€dA
Western Australian marine spongedeed, it is possible that  retrosynthetic analysis of compoufids depicted in Scheme
the pyran ring in the apicularens may form by some type of 1. Apicularen A (1) has been previously synthesized by De

tr.ansannma.r cy.cllzatlo'n ofa Sahcyl.lhalamlde type Precursor' (1) (@) Kunze, B.; Jansen, R.; Sasse, F.; Hofle, G.; Reichenbach, H.
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f . i . . a) Erickson, K. L.; Beutler, J. A.; Cardellina, J. H., Il; Boyd, M. R.
for the bIOl_Oglcal aCt!Vlt§7 a_nd also is found in cher J. Org. Chem1997,62, 8188. (b) Correction: Erickson, K. L.; Beutler, J.
myxobacteria metabolite’sApicularen A (1) shows highly A Cardeliina, J. H., II; Boyd, M. RJ. Org. Chem2001,66, 1532.

i inhibhiti i (3) Wu, Y.; Seguil, O. R.; De Brabander, J. ®rg. Lett.2000,2, 4241.
effeptwg growth Inhlb.ltlon of several ﬁ?ma.'n tumor cell lines (4) (a) Kunze, B.; Jansen, R.; Héfle, G.; Reichennach,JHAntibiot.
originating from cervix (IGo 0.4 ngmL™), kidney (1Gs 0.3 1994,47, 881. (b) Jansen, R.; Washausen, P.; Kunze, B.; Reichenbach, H.;

Hofle, G. Eur. J. Org. Chem1999, 1085.
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Brabander and co-workéfsfrom the intermediate dio8,
which in turn could be produced by reduction and demethy-
lation of key intermediate keton& We envisaged that the
pyran ring in4 could be formed via a possible biomimetic
transannular conjugate addition from the salicylihalamide-
type precursob as shown. Intermediatecould be obtained
by Stille coupling! between the benzyl bromidiand either
stannan€ or 8 followed by a novel anion induced macro-
lactonization protocoi? This method for the formation of
the salicylihalamide-type ring system was utilized by us for
a formal total synthesis of salicylihalamide A &).

The pivotal pyranone formation reaction involves an
intramolecular conjugate addition of the C13 oxygen into
the C9—10a,-unsaturated ketone in precurgahat could
produce the pyranoni with stereocontrol resulting from
strain due to the preformed benzlactone (Scheme 2). MM2
calculations conducted on truncated apicularen-type ring
system& shown indicated that out of the four possible
diastereoisomers that can be formed the 9r&8s-13,15-
syn-pyranone (twist-boat conform¥&r)js more stable than
the others by more than 10 kJ mél Therefore, if a
thermodynamic equilibrium could be established under acidic
conditionst® formation of the 9,13rans-13,15-syn-isomer

Il should be strongly favored. This means that the stereo-

chemistry at C13 is not relevant and if opposite to that found
in 1 [i.e., same as that found in salicylihalamide 2)]( it
would epimerize since an equilibrium can involve an
intermediate C13—C12x,3-unsaturated ketone. In other

(11) (a) Milstein, D.; Stille, J. KJ. Am. Chem. S0d.979,101, 4992.
(b) Farina, V.; Krishnamurthy V.; Scott W. J. I@rganic Reactions;
Paquette, L. A., Ed.; J. Wiley and Sons: New York, 1997; pi632.

(12) Holloway, G.; Hugel, H.; Rizzacasa, M. A. Org. Chem.2003,
68, 2200.

(13) PC MODEL.

(14) The X-ray structure of apicularen A revealed the tetrahydropyran
was in a chair conformation; however, NMR studies indicated that the pyran
is in a twist-boat conformation in solution. See ref 1b.

1290

words, a conjugate addition/elimination equilibrium would
scramble the C9 and C13 stereocenters to result in stereo-
isomerll as the major product with all stereocontrol resulting
from only the C15 center. Previous work on a model system
has demonstrated this mode of cyclization forms the desired
trans-pyranone almost exclusively.

Scheme 2
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Our approach to diol3 began with the asymmetric
synthesis of the cyclization precursba (Scheme 3). The
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known racemic propargylic alcohet9*® was silylated, and
deprotection of the primary TBS group followed by oxida-
tion!® provided aldehydet10. RacemiclO was subjected

to a Brown asymmetric allylatidf reaction to install the
C15 stereocenter, and subsequent alkyne deprotection pro-
vided the optically active diastereoisoméfsand12, which

were easily separated by flash chromatography. Each of these
compounds was obtained m95 ee as indicated by NMR
analysis of their derived Mosher estéfalladium-catalyzed

(15) Dess, D. B.; Martin, J. Cl. Am. Chem. S0d 991,113, 7277.
(16) Brown, H. C.; Bhat, K. S.; Randad, R. $.0rg. Chem1989,54,
1570.
(17) Sullivan, G. R.; Dale, J. A.; Mosher, H. $.0rg. Chem1973,38,
143.
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hydrostannatiol¥ of alkynes11 and 12 gave stannaneg

and 8, respectively. On the basis of the above hypothesis,

either7 or 8 can be used to synthesize pyran@he c1e
A Stille coupling* between the known bromidg*? and

stannaner produced the cyclization precurstB in good

yield (Scheme 4). Treatment of a dilute solutionl&fwith

Scheme 4

WL Pdg(dba)s
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85%

X-ray structure of 4

Figure 1. X-ray structure of4.

The enantiomer of pyranonetj-4 has been prepared
previously by a different route as described by Taylor and

NaH
co-workers’ The data for our compouneH)-4 matched that
THF : : ; ;
then Mel guoted in the literature except for the sign of the optical

60% rotation [[o]p +138 (€ 0.53, CHCY) (lit. " [o]p —140 (€ 0.60,
CHCIl))]. This result clearly shows the facile transannular
cyclization results in the apicularen ring system in an efficient
manner.

What remained was to demonstrate that the C13 epimer
of 5a, namely5b (13R), could be induced to cyclize to the
same pyranone4. The route to the second cyclization

precursor enoné&b (13R) is shown in Scheme 5. Stille

=

Amberlyst-15
CDCls, reflux
18h

90%
o S selectivity >10:1

NaHpa12resulted in smooth lactone formation with concomi- Scheme 5

tant loss of acetone, and methylation of the resultant
phenoxide in situ gave lacton®4. It was found that the O\F Pdy(dba)s
relative 11,13-anti-stereochemistry gave the best yields in o TEP NMP, 60°C
the macrolactonization reaction. Interestingly, the C11 epimer

of 13 failed to cyclize, and a TBS ether at C11 proved too Br g 81%
labile. In addition, a free phenol at C3 interfered with the

subsequent transformations so this was protected as a robust

methyl ether. Global desilylation followed by selective allylic NaH
oxidation afforded enonga. When5awas heated in CDGI THF

in the presence of Amberlyst-1258, smooth cyclization the;;","[e'
occurred to afford the desirechns-pyranonet as the major 0
product (>10:1 selectivity) in excellent yieldH NMR

analysis of the progress of this reaction revealed two OMe
compounds are formed initially (9,1tBans-pyranonel and
the correspondingis-isomer) which eventually coalesce to

Stannane 8

Amberlyst-15

one major compound after 18 h. Compound exhibited CDCly, reflux

NOE interactions similar to those observed for apicularen 23h

A (1) itself (Figure 1). Furthermore} was crystalline, and O sb Se,ecﬁfgt;’/;)w:,

a single-crystal X-ray structut® confirmed the relative

9,13-trans-13,15-syn-stereochemistry (Figure 1). It is note- 5a:5b  Amberlyst-15 4

worthy that the X-ray structure dfshows the pyranone ring 4060 MXWIS ooy reflux  67%

in a twist boat conformation which is opposite to that 23h

observed forl™ but compares to that observed for bdth

and4 in solution. coupling! between bromides and stannane3 provided
(18) Zhang, H. X.: Guibé, F.: Balavoine, G. Org. Chem.1990, 55, alkene 15 in high yield, and base-induced cyclization/

1857. methylation as described above afforded macrolacfidhe

(19) The X-ray structure of was determined on the racemate. Crystal- . . e
lographic data have been deposited with the Cambridge Crystallographic DeS|IyIat|on and oxidation afforded the precur§brready

Centre as supplementary publication no. CCDC-233325. for cyclization. To our delight, exposure Bb to acidic ion-
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exchange resin in boiling CD&lesulted in the formation
of exactly the same pyranodeas that obtained by cycliza-

in high yield albeit without any selectivity. The alcohdls
and 18 were separated by silica gel chromatography, and

tion of 5a. Thus, inversion at C13 had occurred to form the the undesired isomdf7 was easily converted into the correct
apicularen ring system in reasonable yield. This process wascompound18 via a modified Mitsunobu protocdf. De-

slightly less efficient than that described above fia.
Examination of théH NMR spectrum during the cyclization
equilibrium initially revealed a complex mixture. Again,

methylation of18 was effected by exposure to 9-1-9-BBN
according to the procedure described by Ta¥ltw afford
diol 3in high yield. The physical data f& was identical to

these all eventually were converted into one major compoundthe that reported in the literaturé® [[o]p +5.6 (c 0.41,

4. In a separate experiment, a mixture5& and 5b also
cyclized under the same conditions to provide pyrandéne
as the major product (Scheme 5).

The final steps to diol3 are detailed in Scheme 6.
Stereoselective reduction df proved difficult to achieve,
so we resorted to reduction with NaBHvhich proceeded

NaBH,
-78°C
99%

ratio 1:1 Ri -
p-NOCgH4COoH —17R! = H; R2=0OH
DIAD, PhsP [
then KoCO3/MeOHL, g R' = OH: R2 = H

93%

9-1-9-BBN
CH20|2
0°C
87%
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MeOH) (lit.5 [o]p +6.8 (c0.16, MeOH); lité [a]p +5 (C
0.03, MeOH); lit. (enantiomef)[a]p —4.5 (€ 0.15, MeOH)].
This completes a formal total synthesis of (—)-apicularen A
).

In conclusion, we have achieved a formal total synthesis
(—)-apicularen A 1)?> which utilizes an efficient transannular
conjugate addition to form the pyran ring whereby stereo-
chemical outcome is under thermodynamic control. While
these results do not confirm this mode of cyclization as
biomimetic, the facile cyclization ddaand5b lends support
to this proposat?
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