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Abstract: Complete details of an asymmetric synthesis of apicularen (1) are described. The synthesis has
been accomplished using a highly diastereo- and enantioselective [4 + 2] annulation for the assembly of
the functionalized pyran core. An underdeveloped lactonization method involving an NaH promoted
transesterification of an advanced intermediate bearing an aryl cyanomethyl ester was used for the
macrolactonization step.

Introduction

Apicularen A, 1, was identified by Jansen and co-workers
during a screening of the myxobacterial genus for biologically
active metabolite$ During this process, it was determined that
nearly all strains from the gen@hondromycegroduced this
common highly cytotoxic metabolite. This compound is a
powerful inhibitor of human cancer cells, including the multi-
drug-resistant line KB-VEIn addition, the effects of apicularen
A on in vivo angiogenesis of bovine aortic endothelial cells
(BAECSs) were investigated by Kwon and co-workers. It was
found that apicularen A exhibited potent and inhibitory effect
on the growth of BAECs without any evidence of cytotoxicity
even when concentrations were increased to 10 ng/mL. This
agent also showed inhibition of basic fibroblast growth factor
(bFGF)-induced invasion and capillary tube formation of BAECs
at low concentration. Accordingly, apicularen A represents a
novel antiangiogenic compound with potent antitumor activity.
Structurally, this compound featuresrans-hydroxypyran with
a salicylic acid residue within a 10-membered lactone, which
bears a highly unsaturated enamide side chain. This natural
product is usually found with varying amounts of its glycocon-
jugate withN-acetyl glucose, known as apicularen B. Biosyn-
thetic studies showed that they are acetate-derived polyketides
containing a glycine residue as a precursor of an enamide side
chain. Herein we report a total synthesis of apicularen A using
an enantioselective [4 2] dihydropyran annulation to assemble
the core of the natural produtt.

OR
Apicularen A, 1, R=H;
Apicularen B, R = N-acetyl-B-glucosamine.

Figure 1.

nection of the macrolide revealed the hydroxy-esteiWe
reasoned this intermediate could be obtained from an asymmetric
allylation of aldehyde5.6 This material was derived from
dihydropyran6a, which was envisioned to result from a {4

2] annulation of the illustrated chiral allylsilan&a and
salicylate-aldehyd@&a.”

Synthesis of Dihydropyran through [4 + 2] Annulation.
When we initiated a study concerning [# 2] annulation
between chiral allylsilaneg and aldehydes, we chose pheny-
lacetaldehyde as one of the reaction partners because of its loose
structural resemblance to the salicylate moiety of apicularen A.
We soon learned that the organosilanes used in this study
exhibited a turnover in the stereochemical course of the annu-
lation from our earlier studies with related crotylsilanes; for
Instance, where ais-pyran was assembled fromsgn-crotyl-

silane 7d,’2 a cispyran resulted from an anti diastereomer of

(4) For previous total syntheses of apicularen A, see: (a) Bhattacharjee, A.;
Seguil, O. R.; De Brabander, J. Retrahedron Lett2001, 42, 1217. (b)
Nicolaou, K. C.; Kim, D. W.; Baati, RAngew. Chem., Int. E®002 41,
3701. For studies toward syntheses of apicularen A, see: (c) Bhattacharjee,
A.; De Brabander, J. KTetrahedron Lett200Q 41, 8069. (d) Lewis, A,;
Stefanuti, |.; Swain, S. A.; Smith, S. A.; Taylor, R. J. Retrahedron Lett.
2001, 42, 5549. (e) Kuhnert, S. M.; Maier, M. BDrg. Lett 2002 4, 643.

(f) Lewis, A.; Stefanuti, I.; Swain, S. A.; Smith, S. A,; Taylor, R. J. K
Org. Biomol. Chem2003 1, 104. (g) Graetz, B. R.; Rychnovsky, S. D.
Org. Lett 2003 5, 3357.

For preparation of amide side chaB,see: (a) Labrecque, D.; Charron,
S.; Rej, R.; Blais, C.; Lamothe, Setrahedron Lett2001, 42, 2645. (b)
Firstner, A.; Dierske, T.; Thiel, O.; Blanda, @hem—Eur. J. 20071, 7,

Results and Discussion

Retrosynthesis of Apicularen A. Scheme 1 outlines our
retrosynthetic strategy for apicularen A where the first bond
disconnection relied on a vinylic substitution between vinyl

iodide 2 and unsaturated amide side chaih Further discon- ®)

(1) Kunze, B.; Jansen, R.; Sasse, F/fleloG.; Reichenbach, Hl. Antibiot.

1998 51, 1075. (6)
(2) Jansen, R.; Kunze, B.; Reichenbach, H:fleldG. Eur. J. Org. Chem200Q

913. @)
(3) Kwon, J. H.; Kim, D. H.; Shim, J. S.; Ahn, J. W. Microbiol. Biotechnol.

2002 12, 702.

10.1021/ja037957x CCC: $27.50 © 2004 American Chemical Society

5286. (c) Snider, B. B.; Song, rg. Lett.200Q 2, 407.

Jadhav, P. K.; Bhat, K. S.; Perumal, P. T.; Brown, HJCOrg. Chem.
1986 51, 432.

For related annulations, see: (a) Huang, H.; Panek, J. 8m. Chem.
So0c.200Q 122, 9836. (b) Huang, H.; Panek, J.Grg. Lett 2003 5, 1991.
(c) Roush, W. R.; Dilley, G. JSynlett2001, SI, 955
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Scheme 1. Retrosynthesis of Apicularen A

Apicularen A, 1

OAc

OTMS
cose + Y
Me,SiPh OMe
CHO
8a (2S, 3S) - Silane 7a

Table 1. Synthesis of Dihydropyran via the [4 + 2] Annulation

OTMS
o TMSOTY, -50°C N
R)J\H + Z X
8 Me,SiPh 7 DCM R 05 X
entry Aldehyde Allyl silane major isomer? yield (%) dr (trans:cis)°
OTMS
OMe .
8b Me,SiPh 7a
oTMS
OAc .
2 54 1:3
@\/CHO /\I/I\/
8b Me,SiPh  7b
OTMS
8b MeZS|Ph (rac)-7c
OTMS
~CHO
4 \/Y Z COMe 85 1:12
8c MeSiPh (rac)-Tc
OTMS
87 <1:30

=
ot

CO,Me
8d Me,SiPh (rac)-7c

a Stereochemistry of the pyrans was assigned by NOE experinfeitsids were based on pure materials isolated by chromatography an SSiGe
product ratios were determined B NMR (400 MHz).

allylsilane 7b. In the course of the development of our annu- stereochemical outcome of the annulation between aldetyde
lation, Roush and co-workers reported the synthes@s2,6- and silanerb (X = CH,OACc, entry 2, Table 1) resulted in the
disubstituded dihydropyrans using allylsilanes derived from an formation of acis-pyran as the major isomer. Our mechanistic
asymmetricy-silyl allylboration of aldehydes. In that report, a interpretation for the reversal of the stereochemical course of
similar turnover in the diastereoselectivity was observed for the the annulation is illustrated in Scheme 2. To achieve an effective
annulation between aldehydes and allylsilanes that possessed—p orbital overlap for stabilization of the developipgcar-

an anti stereochemical relationsffpWe learned that the  bocation in the ring formation process, we have positioned the
stereochemical course of the annulation was determined bysilicon group in a pseudoaxial orientation in a twist boatlike
relative stereochemical arrangement (syn or anti) of the silicon transition state and an axial orientation in a chairlike transition
and adjacent silyl ether (OTMS) of the crotylsilafielhus, in state Formation of thetrans-dihydropyran from the reaction
our initial studies we investigated the reaction between phenyl- between silan&aand aldehyd&b may proceed through a twist
acetaldehyde andynallylsilane 7, the results of which are  boatlike transition state. It is possible that electrostatic attraction
summarized in Table 1. To our surprise, the diastereoselectivity between the nonbonding lone pair of electrons of methyl ether
of annulation was dependent on the type of the functional group and the positively charged oxocarbenium, which resides on the
X associated with the organosilanes (Table 1). We have carbon atom, stabilizes the twist boat conformer and accelerates
observed that the functional group X directly affected the sense the annulation as illustrated in eq 1 (Schemé Zhe compli-

and magnitude of diastereoselectivity. For instance, sime  mentarycis-dihydropyran derived from the reaction of silane
(X = CH,OMe, entry 1, Table 1) produced a pyran with an 7b and aldehyd@&b may proceed through a chairlike transition
excellent level of diastereoslectivity, and only a trans diastere-

omer was detected in the reaction crude mixture; whereas silane ggg k?/’;‘lg?fj;Jtuigfgfagegr_?rggr%%r‘f’ 2T tabaceo, . A Woerpel, K.
7c (X = COMe, entry 3, Table 1) was unselective. The A’ J. Am. Chem. So@003 125 15521 and references therein.
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Scheme 2. Possible Transition States for [4 + 2] Annulation

Ph H

\7\ R X
/ —

o —>Ph o OMe

® H H
OMe  sir, cis-6b,

not observed
o OTMS Ea. 1
q.
Me,SiPh fast Ph 2 OM
8b el = ol ©
trans-6b,
major diastereomer
TMSOTf =z X
DCM Me,SiPh AN Ph H N
=
X=CHO0Ac ¢ S L VEOjI\/OAC

® H H

OAc SRy cis-6¢
major diastereomer Eq. 2

\

Scheme 3. Synthesis of Allyl Silanes

=gy _HSMeP, THE, PUO) pryre, 6\ om
90% 9
Me Me
. /\/S'\o Sharpless A. E.
PO = PPt L S 05%, 66 = 87%
Mé Me

O
0 Me,S0O4, NaOH, A~
AN PhMe,Si” " “OH
PhMe,Si " OMe nBul, 91% 2 10
(1)Vinylmagnesium bromide, OTMS
Cul, Et,O/THF, 95% =
@ TT'\F""S:’C:’O%‘LZ"'”‘J' Me,SiPh OMe

7a
(74%, 5 steps)

state shown in eq 2. The electron density at the oxygen atom

may be decreased by the electron withdrawing acetate group

(Ac) in 7b that leads to a decrease of the electrostatic effect.
The chair conformer is favored under this circumstance con-
sidering the steric destabilizing interaction between X=)XCH,-
OACc) and bulky silyl group (SiMgPh) in twist boat conformer.
The turnover of the sense of diastereoselectivity resulting from
the subtle structural changes of silane reagefdasX = CH,-
OCH; — 7b, X = CH,0OACc) underscored the unique reactivity
and selectivity profile of these chiral organosilanes and is
currently under further investigation. In addition, when conju-
gated aldehydes were employed, only allylsild@iegéX = CO,-

Me) gave high levels of diastereoselectivity to producsisa

|

Ph B
— > ph At o OAc
H H

_ trans-6c,
minor diaseteromer

Q

oS

(Table 2). Importantly, the functionalized aldehygkeintended
for the apicularen synthesis also gave the desired pyran in high
yield and diastereoselectivity (entry 1, Table 2).

Synthesis of Allylsilane. To access useful quantities of
enantiomerically enriched allylsilar#&, an efficient synthesis
was developed using a modification of Chong’s protocol
(Scheme 3}° The allylic alcohol9 was obtained via a platinum
catalyzed regioselective hydrosilatith.This material was
subjected to a Sharpless epoxidation to produce highly enan-
tiomerically enriched epoxy alcohdlO (ee = 97%)12 After
protection of free alcohol as its methyl ether, the epoxide
underwent a regioselective ring opening with vinylmagnesium
bromide and a catalytic amount of Cul providing a chiral
allylsilane in an excellent yield and as a single regioisomer.
Not surprisingly, the protection of primary alcohol was crucial
to the success of this reaction as it shut down the undesired
Peterson elimination pathway (Peterson olefinatidnT.he
desired chiral allylsilan@a was obtained in quantitative yield
after silylation of the secondary alcohol. This silane was made
available in useful quantities>(L5 g) using an efficient five-
step sequence with an overall yield of 74%.

Synthesis of the Macrolide of Apicularen A.With a reliable
route to useful quantities of the required allylsilane in hand,
we began the synthesis of apicularen A with the annulation
between aldehyd8a and chiral organosilanga. Gratifyingly,
the first step of our route proceeded smoothly in the presence
of TMSOTT to afford desired dihydropyraain excellent yield
and as a single diastereoisomer (Scheme 4). Methanolysis of
the phenolic acetate followed by protection of the free phenol
as a silyl ether with TBDPSCI gave dihydropyrd2. The

pyrans (entries 4 and 5, Table 1). Once assured that allylsilane(1o) chauret, D. C.; Chong, J. M.; Ye, Qetrahedron: Asymmetr§999 10,

7aconsistently provided ttans-pyran, we evaluated the scope

of the reaction using a range of aldehydes. We have showed

that the annulation between allylsila@a and aliphatic alde-
hydes proceeded smoothly to producdrans-dihydropyran

3601.

(11) Beresis, R. T.; Solomon, J. S.; Yang, M.; Jain, N. F.; Panek, @r&.
Synth 1997, 75, 78.

(12) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masamune, H.;
Sharpless, K. BJ. Am. Chem. S0d.987, 109, 5765.

(13) Peterson, D. . Org. Chem1968 33, 780.
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Scheme 4
OAc
OTMS
COOMe
. /\HVOMe TMSOTf, -50°C_e0,c
S e Lo dr. > 30:1, 90%,
0 €251 AcO
8a 7a
OCOCH,CI
PPh;3, DIAD, CICH,COOH
MeO,C H OMe ~Toluene, 0°C - 25 °C, 70% MeO.C
TBDPSO 15 TBDPSO
Scheme 5
OCOCH,CI
(1)BBr3, Nal/15-crown-5, -30 °C, 88%
H (2) TBSOTH, 2,6-lutidine, -78 °C, 95%
MeOZC OMe (3) K20031 MeOH, 95%, M602C
TBDPSO 15 TBDPSO
OBn
<LIOH. MeOH/THF/H,0O
reflux,95%
MeO,C.
TBDPSO
Scheme 6

OBn OBn

(1) CICH,CN, EtsN,
(2) MOMCI, nBuyNI, CNCH,0,C
NaOH / H,0, 90%

NaH, THF,
reflux, 63 %

attempts to install an 11-hydroxy group by oxymercurdtion
or hydroboratio® gave a complex mixture of regio- and
diastereoisomers. Therefore, the dihydropytamas subjected

to m-CPBA epoxidation (CGJ| 0 °C), and a useful diastereo-
selectivity was achieveay( = 7.5:1)1® Regioselective epoxide
opening by DIBAL-H reduction was realized-a#78 °C without
involvement of the aryl ester to give hydroxy pyrdal’ The
configuration of the newly installed 11-hydroxy group turned
out to be opposite to the one of apicularen A indicating that

(14) Brown, H. C.; Geoghegan, P., Jt.Am. Chem. Sod.967, 89, 1522.

(15) Brown, H. C.; Zweifel, GJ. Am. Chem. S0d.959 81, 247.

(16) Huang, H.; Panek, J. ®rg. Lett 2001, 3, 1693.

(17) Hayakawa, H.; lida, K.; Miyazawa, M.; Miyashita, hem. Lett1999
601.
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1. K,CO3, MeOH
e

2. TBDPSCI, imidazole
85 %, 2steps

m-CPBA, CCl,
0°C,0:B=7.5:1,85%

RY

DIBAL-H, CH,Cl,

MeO,C
78°C, 74 %

OH OBn

NH
(1) TIOH, Bno~~c 1,90 %
2) HCI, MeOH, 95 %

(1) PCC, 4A Sieves, CH,Cl,
(2) (PPh3CH,OMe)Cl, LHDMS,
-78°C - 25 °C
then Hg(OAc),, THF/H,0,
84% for 2 steps
OBn

OBn

OH

(+) IpcoBallyl, Et,0,
X .78°C, dr. > 10:1, 71%

18

the epoxidation reaction gave the wrong diastereomer as the
major product. Accordingly, a Mitsunobu reaction was used to
invert the resulting secondary alcohol and install the correct
stereochemistri The primary methyl ethet5was selectively
cleaved with BBg/Nal/15-crown-5 at—35 °C (Scheme 5¥?
Protection of primary alcohol as a TBS silyl ether was followed
by methanolysis of the chloroacetate. The resulting secondary
alcohol was reprotected as a base-stable benzyl etBé?
Acidic cleavage of primary TBS ether afforded alcoHal,
which was subsequently oxidized to an aldehyde with PCC in
the presence of molecular sieves in £ The resulting
aldehyde was homologated using a phosphorus-based olefination
with methoxymethylene triphenylphosphiffe-ydrolysis of the

enol ether mediated by Hg(OAcprovided the homologated
aldehyde5 in high yield. This material was treated with
(+)-IpcoBallyl furnishing the desired advanced intermedibge

in 71% vyield (dr= 12:1)22 Hydrolysis of this material using
LiIOH in a solution of MeOH/THF/HO (1:4:1) at reflux
delivered hydroxy acid.9. Unfortunately, attempts to directly
lactonize the resulting hydroxy aci® failed. We reasoned that
the acidity of the free phenol could be problematic for
lactonization protocols employing carboxylate activation meth-

(18) (a) Saiah, M.; Bessodes, M.; Antonakis, Retrahedron Lett1992 33,

4317. (b) Mitsunobu, OSynthesid981, 1.

(19) Niwa, H.; Hida, T.; Yamada, KTetrahedron Lett1981, 22,4239.

(20) Iversen, T.; Bundle, K. Rl. Chem. Soc., Chem. Commd®81, 1240.

(21) Corey, E. J.; Suggs, J. Wetrahedron Lett1975 31, 2647.

(22) Maercker, AOrg. React1965 14, 270.

(23) Jadhav, P. K.; Bhat, K. S.; Perumal, P. T.; Brown, HJCOrg. Chem
1986 51, 432.
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Table 2. Construction of trans-Dihydropyran via [4 + 2] Annulation

(o) . TMSOT!, DCM Q\
. /U\H + Organosilanes oy

H H
entry Aldehyde silane major isomer? yield (%)°  dr (trans:cis)®
= OMe A0 OMe
7a H H
Me,SiPh
1 8a 7a trans, 6a 90 >30:1
2 PrCHO 7a trans, 6g 91 >30:1
3 c-HexCHO 7a trans, 6h 95 10:1
4 PhCH,CHO 7a trans, 6b 9 >30:1
\/\('\COZMe R0 coMme
Me,SiPh 7d
59 PrCHO 7d cis 86 1:9
64 c-HexCHO 7d cis 85 1:15

aThe stereochemistry of the pyran products was assigned by NOE measuréhyégiids were based on pure materials isolated by chromatography on
SiO,. ¢ The product ratio was determined By NMR (400 MHz).9 See ref 7a.

Scheme 7
OBn
(1) 0sO,, NMO,
Actone/H,0 IEI (o) ) CrCl, / ClzH, THF/Dioxane
(2) NalO,, THF/H,0 2 85% E:Z = 6:1
82%, 2 steps o~ (0]
MOMO'

= NH,
Aﬂ 3
CuTC, Rb,CO3
4 N\
=N N= 2
Apicularen A, 1 40%, E:Z = 8:1

ods. In that regard, we sought a viable solution that would introduction of the enamide side chain and completion of the
efficiently lead to the formation of the macrolide. Recently, synthesis. Two-step oxidative cleavage of terminal olefin
Porco, Shen, and Lin have used a salicylic cyanomethyl esterprovided an unstable aldehyd®l (Scheme 7). The crude
moiety for an efficient intermolecular transesterificatférin material was used without purification in the Takai iodoolefi-
the present case, this ester was selectively installed using thenation providinge-vinyl iodide 22 (E:Z = 6:1) in mixed solvents
chloroacetonitrile in the presence of;Htat 50 °C (Scheme of THF and dioxané&’” Complete deprotection of this advanced
6).25 Selective protection of the free phenol as a MOM ether intermediate was achieved using B@t —78 °C. In the final
was achieved using MOMCI in agueous NaOH soluéidfihe stage, the CuTC catalyzed substitution of vinyl iodRigvith
crucial lactonization of cyanomethyl esééivas accomplished  unsaturated amid@ proceeds to yield apicularen A,(E:Z =
using a NaH promoted transesterification in a dilute solution 8:1), in 40% yield at 58C under conditions described by Porco
of refluxing THF affording macrolid@0in good chemical yield. and Sherf® In our case, the diamine ligand and reaction
Completion of the Synthesis of Apicularen A.With the temperature were crucial to the success of the reaction and
apicularen macrolide cor20 in hand, we were positioned for  completing the synthesis of the natural product. No diamine
ligand resulted in no product and decomposition of vinyl iodide.

(24) For base-induced intermolecular transesterification reaction of cyano-
methyl ester, see: (a) Scherlock, M. H.ASrican Pat ZA 6802187, CAN
70, 106224. (b) Shen, R.; Lin, C. T.; Porco, J. A.,JrAm. Chem. Soc. (27) Takai, K.; Nitta, K.; Utimoto, KJ. Am. Chem. S0d.986 108 7408. For

2002 124, 5650. an optimization of the solvent system for Takai olefination reaction, see:
(25) Hugel, H. M.; Bhaskar, K. V.; Longmore, R. V8ynth. CommuriL992 Evans, D. A.; Black, W. CJ. Am. Chem. S0d.993 115, 4497.

22,693. (28) (a) Shen, R.; Porco, J. A., Drg. Lett.200Q 2, 1333. (b) Shen, R,; Lin,
(26) For selectively protecting phenol, see: Kelly, T. R.; Jagoe, C. T.; Li. Q. C.; Bowman, E.; Bowman, B. J.; Porco, J. A.,JrAm. Chem. So2003

Am. Chem. Sod989 111, 4522. 125, 7889.
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