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Abstract: An original convergent total synthesis of Solamin
(type A annonaceous acetogenin) was achieved. The central
THF core was obtained by means of a ring-closing metath-
esis (RCM) reaction using a ruthenium imidazolylidene
complex. The RCM substrate was prepared from a vinyl-
substituted epoxide by reaction with an allyl alcohol, both
synthesized from propargylic alcohol. The flexibility of the
strategy should be useful in preparing various natural and
unnatural annonaceous acetogenins.

Annonaceous acetogenins are a class of plant metabo-
lites isolated from a worldwide family of tropical plants
called Annonaceae.! Since uvaricin,? the first acetogenin
identified from the roots of Uvaria accuminata, more
than 350 members of this family have been isolated from
37 different species and have attracted attention due to
their excellent antitumor, antimalarial, pesticidal, and
immunosuppressive properties.t® Inhibition of mitochon-
drial complex I (NADH-ubiquinone oxidoreductase) is
considered to be one mode of action for acetogenins,
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leading to a lack of ATP in the tumor cell and subsequent
apoptosis.* More recently some acetogenins have been
shown to inhibit multidrug-resistant cancer cells with an
ATP-driven transporter system.3a>

Most of the annonaceous acetogenins are characterized
by the presence of one to three tetrahydrofuran (THF)
ring(s) with various stereochemistries in the center of a
long hydrocarbon chain bearing a terminal o,-unsatur-
ated y-lactone moiety (Figure 1).

R1** **Rz\/g\o
S

HO OH 0

FIGURE 1. Representative general structure of annonaceous
acetogenins (n = 1-3, R, R? = hydrocarbon chain with or
without hydroxylated moieties and/or double bonds).

Numerous total syntheses have been reported using
several key reactions for the central THF ring(s) con-
struction. Type A acetogenins (one THF ring) have been
prepared via a multiple-step sequence from glutamic
acid,® tartaric acid,® carbohydrates,” or a synthetic chiral
intermediate.® Other approaches using aldolization and
Baeyer—Villiger oxidation,® oxidative cyclization reaction
of 1,5-diene,’® Ramberg—Backlund olefination,'* asym-
metric alkynylation,'? or anomeric oxygen-to-carbon rear-
rangement!® have been reported. Very recently, a fluorous
mixture synthesis method was employed to synthesize a
library of 16 diastereoisomers of Murisolin, a mono-
tetrahydrofuran acetogenin.** Oligo-tetrahydrofuran units
(type B, C, or D acetogenins) have been prepared by
addition of a THF ring to a preexisting THF core®® by
epoxide opening or cyclization cascade,® intramolecular
Williamson etherification reactions,'” oxidative poly-
cyclizations,'® or C-glycosylation.'® The synthesis of other

(4) Wolvetang, E. J.; Johnson, K. L.; Krauer, K.; Ralph, S. J.;
Linnane, A. W. FEBS Lett. 1994, 339, 40—44.

(5) (a) Figadere, B.; Harmange, J.-C.; Xiao Hai, L.; Cavé, A.
Tetrahedron Lett. 1992, 33, 5189—5192. (b) Harmange, J.-C.; Figadére,
B.; Caveé, A. Tetrahedron Lett. 1992, 33, 5749—5752.

(6) Yao, Z.-J.; Wu, Y.-L. J. Org. Chem. 1995, 60, 1170—1176.

(7) (a) Bertrand, P.; Gesson, J.-P. Tetrahedron Lett. 1992, 33, 5177—
5180. (b) Gesson, J.-P.; Renoux, I.; Tranoy, I. Tetrahedron 1998, 54,
6739—6750. (c) Hu, T.-S.; Yu, Q.; Lin, Q.; Wu, Y.-L.; Wu, Y. Org. Lett.
1999, 1, 399—-401. (d) Yu, Q.; Wu, Y.; Ding, H.; Wu, Y.-L. J. Chem.
Soc., Perkin Trans. 1 1999, 1183—1188. (e) Yu, Q.; Yao, Z.-J.; Chen,
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N.; Kojima, N.; Sakamoto, A.; Tominaga, H.; Iwata, C.; Tanaka, T.;
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types of annonaceous acetogenins possessing tetrahydro-
pyran (THP)?° and nonadjacent bis-THF?' have been
reported recently.

Very few syntheses of annonaceous acetogenins? have
used a ring-closing metathesis reaction (RCM)? to form
the THF central core, despite the proven usefulness of
RCM for generation of such cyclic ether moieties.?* To
the best of our knowledge, a ruthenium-based RCM
strategy has not been reported for the construction of the
central THF core of type A acetogenin. Only the synthesis
of Muconin, a THF—THP acetogenin prepared by RCM
with molybdenum catalyst is known.??2

In this note, we report the first application of RCM
using ruthenium catalyst for the total synthesis of
Solamin 1?5 demonstrating the efficiency of this reaction
for constructing type A acetogenins.

Our synthetic plans are centered on the assembly of
the THF core via a RCM reaction of the corresponding
suitably elaborated open diene 2. The RCM substrate 2
was obtained by assembly of two simple building blocks,

(16) (a) Hoye, T. R.; Hanson, P. R.; Kovelesky, A. C.; Ocain, T. D;
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Int. Ed. 1997, 36, 2632—2635. (d) Marshall, J. A.; Hinkle, K. W. J.
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Marzocchi L.; Acquotti D.; Casiraghi, G. J. Org. Chem. 2000, 65, 2048—
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A.; Nakata, T. Tetrahedron 2003, 59, 1627—1638.
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7066—7071.
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T.; Van Den Heuvel, H.; Claeys, M. Tetrahedron 1993, 49, 6913—6920.
Syntheses of Solamin: (c) Shina, S. C.; Keinan, E. 3. Am. Chem. Soc.
1993, 115, 4891—4892. (d) Trost, B. M.; Shi, Z. 3. Am. Chem. Soc. 1994,
116, 7459—7460. (e) Makabe, H.; Tanaka, A.; Oritani, T. J. Chem. Soc.,
Perkin Trans. 1 1994, 1975—1981. (f) Kuriyama, W.; Ishigami, K;
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SCHEME 1. Retrosynthetic Approach for the
Synthesis of Solamin 1

Hé 6H 1: Solamin o)
ﬂ RCM
A =
C12H25J\O\n</\/\/\/\/\/v08n
BnO OH ﬂ 2
N o]
CioH J\ N
1225 oy e 4 C12H240R
RO 3 Asymmetric
epoxidation
T oH
SCHEME 2. Synthesis of Allyl Alcohol 32

3 steps

o OH C12H2 /?\/ C12H25/L\/

X
9, BnO)_(: D, CioHps OH

Ci2Hzs 7 ODMPM  CioHps™ g ODMPM Bnd 3

HQ =

2 Reaction conditions: (a) (i) SOs-pyridine, NEtz, DMSO/CH,Cly;
(i) PhsPCH3Br, NaHMDS, THF, 0 °C, 77% (two steps). (b)
BF3-Et,0, DMPMOH, CHCl;, 75%. (c) NaH, BnBr, DMF, 95%.
(d) DDQ, CH2Cl»/H20, 95%.

an allyl alcohol 3 and a vinyl-substituted epoxide 4, using
our regio- and stereospecific ring-opening methodology.?®
This synthesis is therefore convergent and only required
the preparation of chiral building blocks, both of which
were obtained from propargyl alcohol (Scheme 1).

As both allyl alcohol 3 and vinyl-substituted epoxide
4 were synthesized via alkyne reduction yielding (E)- or
(2)-allylic alcohol followed by Sharpless asymmetric
epoxidation using (+)- or (—)-DET, this synthesis is quite
flexible and all sterecisomers of the central THF core of
Solamin should be easily obtained.

The synthesis of substrate 3 is outlined in Scheme 2.
The precursor (2S,3R)-2,3-epoxypentadecanol 5 was syn-
thesized from propargyl alcohol in three steps following
a known procedure.?” Parikh—Doering oxidation?® of 5
with sulfur trioxide pyridine complex, followed by Wittig
olefination, gave vinyl-substituted epoxide 6 in 77% yield
(two steps). Ring opening of 6 with 3,4-dimethoxybenzyl
alcohol (DMPMOH) and BF;-Et,0 catalysis yielded al-
cohol 7 (75% yield).2¢ Standard benzylation conditions of
7 gave benzyl ether 8 (95% yield). Removal of the 3,4-
dimethoxybenzyl protecting group using DDQ afforded
the allyl alcohol 3 in 95% yield.?®

(26) (a) Prestat, G.; Baylon, C.; Heck, M.-P.; Mioskowski C. Tetra-
hedron Lett. 2000, 41, 3829—3831. (b) Baylon, C.; Prestat, G.; Heck,
M.-P.; Mioskowski C. Tetrahedron Lett. 2000, 41, 3833—3835.

(27) Makabe, H.; Tanaka, A.; Oritani, T. Biosci. Biotech. Biochem.
1993, 57, 1028—1029. (2S,3R)-2,3-epoxypentadecanol 5 was recrystal-
lized from hexane/CH,Cl; (4/1). *°F NMR of Mosher’s esters of 5 showed
ee's > 98%, mp = 69—71 °C, [a]?p = —3.5 (¢ = 1.1, CHCly).

(28) Parikh, J. R.; Doering, W. v. E. 3. Am. Chem. Soc. 1967, 89,
5505—5507.

(29) We note that isomers of 3 can easily be obtained from precursors
of epoxides 5 or 6 using other reducing and/or asymmetric epoxidation
reagents.

J. Org. Chem, Vol. 69, No. 17, 2004 5771



JOCNote

SCHEME 3. Synthesis of 42
— 2 = g, 2 HO_ ™\
— =R
HO HO 9 10 R
R1=C12H24OBn
c) 0 d) 0
Ho_ 2 o

~ 11 /C12H24OBn \\\\ 4 ’/C12H24OBH

a Reaction conditions: (a) (i) Li, NH3, —45 °C; (ii) BnOC12H24Br,
THF, —45 °C — rt, 85%. (b) Hz, P-2 Ni = Ni(OAc),, NaBHj,
NH,(CH2)2NH2, MeOH; 82%. (c) (+)-DET, Ti(OiPr)s;, tBuOOH,
CH2Clz, —25 °C, 82%. (d) (i) SOs-pyridine, NEts, DMSO/CH,Cla,
0 °C; (ii) PhsPCH3Br, NaHMDS, THF, 0 °C, 71% (two steps).

SCHEME 4. Coupling Reaction and RCM?2

X =
a) b)
3 + 4 —— CypHys o - C12H240Bn ——=
BnC:)

2 64
YN & —
C1ZH25_J\O\\<_/C12H24OBn o C12Hz5\;/gkz/C1ZH24OBn
BnO 2518pMs - BnO 13 OTBDMS

a Reaction conditions: (a) Cu(OTf),, CHxCl,, 35%. (b) TBDM-
SOTHf, 2,6-lutidine, CH,Cl,, 95%. (c) Catalyst B, CH,Cl,, 35%, or
catalyst C refluxed CH,Cl;, 80%.

The preparation of epoxide precursor 4 is illustrated
in Scheme 3 and used the same strategy used to prepare
epoxide 5. Alkylation of commercially available propargyl
alcohol with benzyl-12-bromododecyl ether3® employing
lithium amide in liquid ammonia afforded hydroxy
alkyne 9 in 85% yield. Catalytic hydrogenation of 9 over
“P-2 Ni” catalyst® (Ni(OAc),, NaBH,, ethylenediamine)
gave (Z)-allyl alcohol 10 (82% yield). Sharpless asym-
metric epoxidation3? of 10 with (+)-diethyl tartrate
afforded (2S,3R)-epoxy alcohol 11 (82% yield, ee = 86%).33
SOs-pyridine oxidation of alcohol 11 to the corresponding
epoxy aldehyde and direct Wittig reaction using meth-
yltriphenylphosphonium bromide afforded vinyl-substi-
tuted epoxide 4 in an overall yield of 71% for the two
steps.®*

The allyl alcohol 3 and the vinyl epoxide 4 precursors
to the Solamin skeleton were then ready to be coupled
and further elaborated toward the target molecule.
Scheme 4 depicts the chemistry leading to RCM substrate
2 and RCM product 13. Allyl alcohol 3 was first reacted
with vinyl epoxide 4 in the standard epoxide ring-opening
conditions using BFs-Et,O catalysis.?®2 Diene 2 was
isolated in 30% yield. Ring-opening reaction of 4 with
alcohol 3 using Cu(OTf), catalyst gave the best results,
affording diene 2 in 35% yield and unreacted recovered
alcohol 3 (46%).%° Then, the RCM reaction was applied

(30) For the preparation of benzyl-12-bromododecyl ether, see: (a)
Tember, A.; Gerlach, H. Liebigs Ann. Chem. 1993, 161—165. (b) Garcia,
J.; Lopéz, M.; Romen, J. Tetrahedron: Asymmetry 1999, 10, 2617—
2626.

(31) Brown, C. A.; Ahuja, V. K. J. Chem. Soc., Chem. Commun. 1973,
553—-554.

(32) Gao, Y.; Hanson, R. M.; Klunder, J. M.; Ko, S. Y.; Masmune,
H.; Sharpless, K. B. J. Am. Chem. Soc. 1987, 109, 5765—5780.

(33) 1F NMR of Mosher’s esters of 11 showed ee's = 86%. Epoxide
11 was isolated as an oil.

(34) We note that trans isomers of epoxide 4 can be easily obtained
using other reducing and other asymmetric epoxidation reagents.

(35) Modest yield of this coupling reaction was presumably due to
decomposition and/or polymerization of vinyl epoxide 4.
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FIGURE 2. Metathesis catalysts.

to diene 2. Subjecting 2 to Schrock’s catalyst®® (Figure 2,
cat A) or to the Grubbs complex® (Figure 2, cat B) did
not afford the RCM product but only led to recovery of
starting material 2. The lack of success in this RCM
reaction was maybe due to the presence of a free
secondary alcohol in 2. Compound 2 was then protected
to furnish the silyl ether 12 in 95% yield. The protected
diene 12 was submitted to RCM conditions using several
metathesis catalysts. The reactivity of 12 was investi-
gated with Schrock’s catalyst (Figure 2, cat A), a sensitive
catalyst showing a greater reactivity with hindered
substrates. Despite prolonged reaction time, no reaction
occurred with catalyst A and only the starting diene 12
was recovered.®® With Grubbs catalyst B,3” RCM reaction
appeared to be very slow and afforded cyclic substrate
13 in a moderate 35% yield after 12 h in CH,ClI,. Use of
a prolonged reaction time (1 week) and further catalyst
additions (30% mol) afforded dihydrofuran 16, isolated
in 50% yield. In view of the increased thermal stability
and higher reactivity displayed by 1,3-dimesitylimidazol-
2-ylidene ruthenium benzylidene catalyst (RuCly(=C(H)-
Ph)(PCys)(IMes))%* (Figure 2, cat C), it was employed in
the RCM reaction of 12. Cyclic adduct 13 was obtained
in very good yield (80%) after 12 h in refluxing CH,Cl,
with only 5% mol catalyst.

With the cyclic compound 13 in hand, the final se-
guence of the Solamin synthesis was performed as shown
in Scheme 5. Hydrogenation of the double bond of
dihydrofuran 13 using Pd/C catalyst afforded saturated
THF with concomitant removal of the benzyl ether
protecting groups, yielding quantitatively THF-diol 14.
Compound 14 was submitted to silylation to give per-
silylated THF 15 (95% yield), which was then selectively
desilylated at the primary position by exposure to CSA
to furnish bis-silylated product 16 in 95% vyield.

lodination of the primary alcohol in 16 using triphen-
ylphosphine-iodine gave 17 (73% yield), which was then
submitted to alkylation with the sodium enolate of
lactone 184 to afford 19 in 79% yield. Oxidation of the
sulfide 19 followed by thermal elimination and finally
removal of the two silyl protective groups gave Solamin

(36) Schrock, R. R.; Murdzek, J. S.; Bazan, G. C.; Robbins, J.;
DiMare, M.; O'Regan, M. J. Am. Chem. Soc. 1990, 112, 3875—3886.

(37) (a) Schwab, P.; France, M. B.; Ziller, J. W.; Grubbs, R. H. Angew.
Chem., Int. Ed. Engl. 1995, 34, 2039—2041. (b) Schwab, P.; Grubbs,
R. H.; Ziller, J. W. J. Am. Chem. Soc. 1996, 118, 100—110.

(38) This lack of reactivity could be due to the substrate structure
or to the molybdenum catalyst, which was previously reported to be
extremely sensitive to air and moisture as well as decomposition upon
storage; see: Scholl, M.; Ding, S.; Lee, W. W.; Grubbs, R. H. Org. Lett.
1999, 1, 953—953.

(39) (a) Huang, J.; Stevens, E. D.; Nolan, S. P.; Peterson, J. L. J.
Am. Chem. Soc. 1999, 121, 2674—2678. (b) Scholl, M.; Trnka, T. M.;
Morgan, J. P.; Grubbs, R. H. Tetrahedron Lett. 1999, 40, 2247—2250.

(40) Lactone 18 was prepared in quantitative yield from phenyl-
thioacetic acid and (S)-propylene oxide using White’s method: White,
J. D.; Somers, T. C.; Reddy, G. N. J. Org. Chem. 1992, 57, 4991—4998.



SCHEME 5. Synthesis of Solamin 12
a)
C12H25\./g\/012H24OBn C12H25\/QK/C1ZH24OH
BnO 13 OTBDMS HO 14 OTBDMS
b, C12H25\/5K/C1QH24OTBDMS 9,
TBDMSO 15 OTBDMS
d)
C12H25\/gk_/012H240H C12H25\/gk/012"|24|
TBDMSO 16 OTBDMS TBDMSO 17 OTBDMS
e) N
Phs N ©
io, C12H25\/g\/012"|24ﬁ§\0 i, Solamin 1
TBDMSO 19 OTBDMS SPhO

a Reaction conditions: (a) Hz, Pd/C, EtOH, 99%. (b) TBDMSOTH,
2,6-lutidine, CH2Cl,, 95%. (c) CSA, MeOH/CH,Cl,, 95%. (d) I,
PPhs, imidazole, CHCl;, 95%. (e) 18, NaHMDS, THF, 0 °C, 75%.
(f) (i) mCPBA, CHCly; (ii) refluxed toluene; (iii) CH3COCI, MeOH,
85% (three steps).

141 in 85% vyield for the three steps. Synthetic Solamin 1
exhibited spectroscopic features identical to those re-
ported for the natural material 25>

(41) Solamin 1 was recrystallized from hexane. 'H and *C NMR,
IR, and MS spectral data and optical rotation (see Supporting Informa-
tion) are in agreement with those previously reported.25ab

JOCNote

In conclusion, this total synthesis of Solamin 1 dem-
onstrates the power of recently developed synthetic
methodology for the construction of cyclic ethers. Specif-
ically, the central THF core of Solamin was efficiently
prepared by a RCM reaction using a ruthenium-based
imidazolylidene complex C, and the ring-opening method
of vinyl-substituted epoxide yielding regio- and stereo-
selective alcohol was applied with success to yield to the
RCM substrate. The two chiral buiding blocks (allyl
alcohol 3 and vinyl-substituted epoxide 4) were both
prepared from commercially available propargyl alcohol.
All the stereoisomers of Solamin 1 can be easily obtained
employing this strategy and using (E)- or (2)-allyl alcohol
and (+)- or (—)-DET for the asymmetric epoxidations.
With this method for constructing such a THF core and
its flexibility in the preparation of the key substrates,
the road toward total synthesis of natural and unnatural
annonaceous acetogenin is now open.
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is available free of charge via the Internet at http://pubs.acs.org.

JO0495050

J. Org. Chem, Vol. 69, No. 17, 2004 5773





