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Amphidinolide E (1) is a unique 18-membered macrolide
isolated from the Y-5’ strain of the dinoflagellate Amphidi-
nium sp.[1] It exhibits cytotoxic activity against L1210 (IC50=

2.0 mgmL�1) and L5178Y (IC50= 4.8 mgmL�1) murine leuke-
mia cells in vitro. Owing to its unique structural features and
limited availability, amphidinolide E (1) has been the target
of intense synthetic studies.[2] We report herein the results of
our recent efforts towards the total synthesis of 1.

According to our retrosynthetic analysis, 1 could be
synthesized by lactonization of the seco acid A, which we
intended to prepare by the Julia coupling of fragments B and
C. In this way, potential problems arising from the intrinsic
lability at C2 of 1 would only be faced at the end of the
synthetic sequence. We also decided to introduce the triene
side chain relatively early in the synthesis, thus forestalling
difficulties which might arise from manipulations of the
unstable macrolide intermediates. Fragment B may be
obtained from the known tartrate acetonide precursors, and
fragment C may be prepared from fragment D. Fragment D
may in turn be obtained by radical cyclization of the b-alkoxy
acrylate derivative E, which should be accessible from
fragment F (Scheme 1).

For the synthesis of fragment B, methyl (S)-3-hydroxy-2-
methylpropanoate (2 ; commercially available) was converted
into the corresponding TBDPS ether, from which vinyl
boronic acid 3 was obtained through reduction, oxidation,
Corey–Fuchs homologation,[3] and hydroboration–hydroly-
sis.[4] Suzuki coupling[5] of 3 with the known vinyl iodide 4[6]

proceeded smoothly, and the resulting diene was transformed
into aldehyde 5 by removal of the TBS protecting group and
oxidation (Scheme 2).

The known diol 6[7] served as the starting material in the
synthesis of fragment C. DDQ oxidation of 6 provided the corresponding PMP cyclic acetal, which was converted into

aldehyde 7 by MOM protection of the remaining hydroxy
group and reduction with DIBAL. Roush crotylation[8] of 7 by
treatment with boronate 8 provided a product mixture that
contained mainly the desired homoallylic alcohol 9 (d.r. 16:1).
TIPS protection of 9 and oxidative deprotection of the acetal
with CAN produced diol 10. Selective tosylation of the
primary hydroxy group in 10, treatment with ethyl propiolate,
and substitution of the tosylate group with iodide led to the b-
alkoxy acrylate 11. Radical cyclization[9] of 11 proceeded
smoothly in the presence of tris(trimethylsilyl)silane and
triethylborane, and the oxolane product 12 was obtained in
high yield (Scheme 3).

Hydroboration–oxidation of alkene 12 produced the
corresponding primary alcohol, which was converted into
the corresponding aldehyde. At this point, a variety of
methods were tested to find an effective way to build up the

Scheme 1. Retrosynthetic analysis of 1.

Scheme 2. Preparation of fragment B : a) TBDPSCl, imidazole, CH2Cl2,
0 8C!RT; b) LiBH4, Et2O; c) SO3·pyridine, Et3N, DMSO/CH2Cl2 (1:1),
0 8C!RT; d) CBr4, Ph3P, Zn, CH2Cl2, 0 8C!RT; e) nBuLi, THF, �78 8C;
f) BHBr2·SMe2, CH2Cl2, 0 8C!RT; H2O/Et2O (1:3), 0 8C!RT; g) 3,
[Pd(PPh3)4] , TlOEt, THF/H2O (4:1); h) PPTS, EtOH; i) SO3·pyridine,
Et3N, DMSO/CH2Cl2 (1:1), 0 8C!RT. DMSO=dimethyl sulfoxide,
PPTS=pyridinium p-toluenesulfonate, TBDPS= tert-butyldiphenylsilyl,
TBS= tert-butyldimethylsilyl.
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side chain. For example, a Nozaki–Hiyama–Kishi reaction[10]

of the aldehyde with 1-iodo-4-methyl-1,4-pentadiene[11] pro-
ceeded efficiently to yield a mixture of allylic alcohols, which
was eventually converted into the desired triene 16 by
oxidation and Wittig olefination. Alternatively, the alkyne
14 was obtained from the aldehyde by treatment with
diazophosphonate 13.[12] Alkyne 14 was first treated with
ethylene in the presence of the second-generation Grubbs
catalyst,[13] and the crude product was treated with 2-methyl-
1,4-pentadiene (15 ; commercially available). In this way, the
desired triene 16 was obtained in 65% yield accompanied by
diene 17 in 19% yield. Subjection of the isolated sample of
diene 17 to the same reaction conditions provided an
additional amount of triene 16 (10%).

DIBAL reduction of 16 produced the corresponding
aldehyde, which was transformed into the homologous
aldehyde by Wittig methoxymethylidenation and hydrolysis.
Further reduction with NaBH4, Mitsunobu-type substitution
of the primary hydroxy group with thiol 18, and selective
oxidation led to sulfone 19. Conditions for the Kocienski–
Julia reaction[14] between sulfone 19 and aldehyde 5 were then
investigated; the best result was obtained when the lithio
derivative of sulfone 19 prepared in THF was treated with
aldehyde 5 in DMF/DMPU (3:1) at �78 8C. In this way, a
product mixture in which the major isomer was the desired
E alkene 20 was obtained in 74% yield (E/Z 10:1). The
selective removal of the TBDPS group in 20 was possible
under alkaline conditions, but the oxidative conversion of the
primary hydroxy group into a carboxylic acid group proved
painfully difficult; for example, Dess–Martin oxidation
resulted in a scrambling of the NMR spectroscopic signals
from the side-chain region. Eventually, it was found that
treatment of the primary alcohol with IBX[15] provided the
corresponding aldehyde cleanly. The aldehyde was then
converted into the hydroxy carboxylic acid 21 by oxidation
with sodium chlorite and removal of the TIPS protecting
group (Scheme 4).

Scheme 3. Preparation of fragment C : a) DDQ, 3-G MS, CH2Cl2, 0 8C;
b) MOMCl, DIPEA, DMAP, CH2Cl2, reflux; c) DIBAL, CH2Cl2, �78 8C;
d) 8, 4-G MS, toluene, �78 8C; e) TIPSOTf, collidine, CH2Cl2; f) CAN,
MeCN/H2O (9:1), 0 8C; g) TsCl, Et3N, CH2Cl2, 0 8C; h) CHCCO2Et,
NMM, CH2Cl2; i) NaI, acetone, reflux; j) (TMS)3SiH, Et3B, toluene,
�20 8C; k) (Sia)2BH, THF, 0 8C; NaBO3·4H2O, H2O; l) Dess–Martin
periodinane, pyridine, CH2Cl2, 0 8C!RT; m) 13, Cs2CO3, EtOH, 0 8C!
RT; n) CH2CH2, [(H2IMes2)RuCl2(P(c-Hex)3)], CH2Cl2; 15, sealed tube,
40 8C. CAN=ceric ammonium nitrate, DIBAL=diisobutylaluminum
hydride, DIPEA=N,N-diisopropylethylamine, DDQ=2,3-dichloro-5,6-
dicyano-1,4-benzoquinone, DMAP=4-dimethylaminopyridine, Mes=
mesityl, MOM=methoxymethyl, NMM=N-methylmorpholine,
PMB=p-methoxybenzyl, PMP=p-methoxyphenyl, Sia=siamyl,
TIPS= triisopropylsilyl, Tf= trifluoromethanesulfonyl, TMS= trimethyl-
silyl, Ts=p-toluenesulfonyl.

Scheme 4. Synthesis of amphidinolide E (1): a) DIBAL, THF, �78 8C;
b) (Ph3P

+CH2OMe)Cl
� , tBuOK, THF, 0 8C!RT; Hg(OAc)2, THF/H2O

(10:1), 0 8C; c) NaBH4, MeOH; d) 18, PPh3, DIAD, THF; H2O2,
(NH4)6[Mo7O24]·4H2O, EtOH; e) LiHMDS, THF, �78!�40 8C; 5,
DMF/DMPU (3:1), �78 8C!RT; f) 15% NaOH/DMPU (1:10); g) IBX,
DMSO/THF (1:1); h) NaClO2, NaH2PO4, tBuOH/2-methyl-2-butene/
H2O (1:1:1); i) TBAF, THF; j) EtOCCH, [{RuCl2(p-cymene)}2], toluene,
0 8C!RT; CSA, RT!50 8C; k) 4n HCl, MeOH. CSA=camphorsulfonic
acid, DIAD=diisopropylazodicarboxylate, DMF=N,N-dimethylform-
amide, DMPU=1,3-dimethyl-3,4,5,6-tetrahydro-2(1H)-pyrimidinone,
HMDS=hexamethyldisilazide, IBX=2-iodoxybenzoic acid,
TBAF= tetrabutylammonium fluoride.
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For the lactonization of 21, the protocol of Kita et al.[16]

gave the best result; thus, macrolide 22 was produced in 44%
yield. It was not possible to obtain 22 in reasonable yield
under Yamaguchi lactonization conditions. Finally, removal
of the MOM protecting group and cleavage of the acetonide
under acidic conditions produced amphidinolide E (1) in
77% yield.[17]

In summary, a radical cyclization reaction of a b-alkoxy
acrylate was employed for the stereoselective construction of
the oxolane unit in our synthesis of amphidinolide E (1). The
general fragility of 1, particularly at C2 and C24, necessitated
careful analysis and the judicious choice of reaction con-
ditions for the successful culmination of the total synthesis.

Experimental Section
Macrolide 22 : Ethoxyacetylene (40% in hexanes, 0.030 mL,
0.13 mmol) was added to a solution of the seco acid 21 (52.6 mg,
0.0873 mmol) and [{RuCl2(p-cymene)}2] (1.0 mg, 0.0016 mmol) in
toluene (8 mL) at 0 8C. The resulting mixture was warmed to room
temperature and stirred for a further 30 min. The dark red solution
was then filtered through a pad of silica gel, and the silica gel was
washed with dry Et2O (50 mL) under a nitrogen atmosphere. The
filtrate was concentrated under reduced pressure. The crude ethox-
yvinyl ester was dissolved in toluene (3 mL) and added to a solution
of CSA (2.0 mg, 0.0087 mmol) in toluene (14 mL). The reaction
mixture was heated to 50 8C and stirred at this temperature for 2 h,
then filtered through a pad of silica gel and concentrated. The residue
was purified by flash column chromatography (hexanes/EtOAc, 10:1)
to afford lactone 22 (22.5 mg, 44%).

Rf= 0.45 (hexanes/EtOAc, 4:1); 1H NMR (500 MHz, CDCl3): d=
6.30 (dd, J= 14.9, 10.8 Hz, 1H), 6.19 (dd, J= 14.9, 10.8 Hz, 1H), 6.04
(d, J= 15.7 Hz, 1H), 5.68–5.76 (m, 2H), 5.55 (dd, J= 14.7, 9.3 Hz,
2H), 5.31 (ddd, J= 15.2, 8.6, 1.5 Hz, 1H), 5.12 (d, J= 7.1 Hz, 1H),
4.98 (s, 1H), 4.87 (s, 1H), 4.73 (s, 1H), 4.70 (s, 1H), 4.67 (d, J= 6.8 Hz,
1H), 4.64 (dd, J= 10.3, 1.2 Hz, 1H), 4.02 (t, J= 8.5 Hz, 1H), 3.98 (t,
J= 8.5 Hz, 1H), 3.72 (dd, J= 8.9, 1.3 Hz, 1H), 3.52 (td, J= 9.3, 6.4 Hz,
1H), 3.36 (s, 3H), 3.24–3.32 (m, 2H), 2.77 (d, J= 7.1 Hz, 2H), 2.30–
2.39 (m, 3H), 1.86–1.98 (m, 2H), 1.82 (dd, J= 14.3, 11.9 Hz, 1H), 1.71
(s, 3H), 1.62–1.70 (m, 1H), 1.46–1.54 (m, 2H), 1.43 (s, 3H), 1.43 (s,
3H), 1.26–1.32 (m, 1H), 1.24 (d, J= 6.6 Hz, 3H), 1.11–1.19 (m, 1H),
0.91 ppm (d, J= 6.6 Hz, 3H); 13C NMR (75 MHz, CDCl3): d= 174.5,
144.5, 144.1, 138.5, 135.8, 135.4, 133.3, 131.3, 127.9, 127.7, 125.4, 115.7,
110.8, 109.0, 97.2, 83.0, 82.3, 80.7, 79.2, 78.0, 77.7, 77.2, 56.3, 44.0, 41.3,
35.8, 32.1, 31.6, 28.8, 27.7, 27.1, 27.1, 22.5, 17.1, 14.7 ppm. IR (neat):
ñmax= 3443, 3063, 3078, 2981, 2929, 1732, 1653, 1604, 1454, 1377, 1238,
1171, 1090, 1030, 991, 885, 758, 580 cm�1; MALDI-TOF MS: m/z 607
[M+Na]+; HRMS (FAB): m/z calcd for C35H52O7Na [M+Na]+:
607.3611, found: 607.3627; [a]25D =�178.7 (c= 0.46, CHCl3).
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