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Abstract—A convergent stereoselective synthesis of (4R,15R,16R,21S)- and (4R,15S,16S,21S)-rollicosin and squamostolide was
accomplished via a Pd-catalyzed cross-coupling reaction. The inhibitory activity of these compounds was examined with bovine
heart mitochondrial NADH-ubiquinone oxidoreductase. These compounds showed a remarkably weak inhibitory activity com-
pared to ordinary acetogenins such as bullatacin. Our results indicate that to maintain potent inhibitory effect, the hydroxylated
lactone cannot substitute for the hydroxylated mono- or bis-THF rings with a long alkyl chain that can be seen in ordinary
acetogenins.
� 2005 Elsevier Ltd. All rights reserved.
1. Introduction

Annonaceous acetogenins, that have been isolated from
a number of tropical or subtropical plants of the Annon-
aceae, have attracted much attention due to a wide
variety of biological activities, for example, cytotoxic,
antitumoral, antimalarial, antibiotic, antiparastic, and
antifeedant. More than 400 compounds have been
isolated in the past two decades.1 Most of them possess
one or more tetrahydrofuran (THF) rings, together with
an a,b-unsaturated c-lactone part on a C-35 or C-37 car-
bon chain. Rollicosin (1) was isolated from Rollinia
mucosa by Wu and co-workers.2 Squamostolide (3)
was isolated from Annona squamosa by Wei and co-
workers.3 These compounds possess a partial skeleton
of ordinary annonaceous acetogenins containing two
c-lactone moieties on both sides of an aliphatic chain.
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Rollicosin may be generated from oxidative degradation
of ordinary acetogenins such as murisolin (4)4 and/or
cis-murisolin (5)5 and squamostolide from solamin (6)6

and/or cis-solamin (7).7 Moreover, these compounds
may help to investigate the role of the terminal hydrox-
ylated lactone moiety for its bioactivity instead of the
hydroxylated THF moiety with long aliphatic chain that
can be seen in the classical ordinary acetogenins. The
absolute stereochemistry of rollicosin was reported to
be (4R,15R,16R,21S). The absolute chemistry at C-4
and C-21 position was assigned in the R and S by the
CD spectrum and the configurations of the C-15 and
C-16 position of rollicosin were determined by compar-
ison of optical rotation between rollicosin and (�)-
muricatacin (8).8 The absolute stereochemistry of
squamostolide was also determined to be (15R,16R,
21S) (Fig. 1).3 Recently, synthesis of 1 was reported by
Quinn and co-workers, and us, independently.9a,b The
synthesis of the both of the enantiomers of 3 was also
reported by Wu and co-workers.10a,b In this paper, we
wish to report the synthesis of (4R,15R,16R,21S)-rollic-
osin (1), (4R,15S,16S,21S)-rollicosin (2), squamostolide
(3), and their inhibitory activity with bovine heart
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Figure 1. The structure of rollicosin and squamostolide.
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mitochondrial NADH-ubiquinone oxidoreductase
(complex I).
2. Results and discussion

2.1. Synthesis

Scheme 1 outlines our synthetic strategy. The target
compounds 1, 2, and 3 could be derived from hydroxy
lactone 9a and the a,b-unsaturated lactone 10 or 11.
The hydroxy lactone 9a could be synthesized from 4-
pentyn-1-ol by application of Wu and co-workers.10a

Synthesis of 10 and 11 could be accomplished by use
of 5-hexen-1-ol and/or 1,6-hexanediol, respectively.
The known c-lactone 12 could be prepared by J. D.
White’s method (Scheme 1).11

As shown in Scheme 2, the hydroxy lactone 9a was
constructed via a six-step process using M.-J. Wu’s
method with modification.10a The synthesis was started
from 4-pentyn-1-ol, which was treated with trimethylsi-
lyl chloride to afford alcohol 13. Compound 13 was
oxidized with SO3Æpyridine to give aldehyde 14, which
was reacted with vinylmagnesium chloride to afford
allylic alcohol 15. Johnson–Claisen rearrangement of
15 with triethyl orthoacetate and a catalytic amount of
propionic acid gave 16, followed by Sharpless asymmet-
ric dihydroxylation using AD mix b12 to furnish lactone
17, which showed a 98% ee by a 1H NMR analysis of the
corresponding Mosher ester derivative. Removal of
TMS group of 17 with TBAF gave the hydroxy lactone
9a (Scheme 2).

The a,b-unsaturated lactone 10 was prepared as shown
in Scheme 3. 5-Hexen-1-ol was treated with TBSCl
and imidazole in DMF afforded the silyl ether 18.
Sharpless asymmetric dihydroxylation of 18 using
(DHQD)2AQN as a ligand13 gave diol 19, which showed
93% ee based on a 1H NMR analysis of the correspond-
ing Mosher ester derivative. The 1,2-diol of 19 was
protected as an acetonide with dimethoxypropane in
the presence of p-TsOH to furnish 20. Deprotection of
the TBS group with TBAF gave 21.14 Compound 21
was transformed into iodide 22 via mesylation followed
by iodination.14 Alkylation of 22 with lithium acetylide
ethylenediamine complex gave terminal acetylene 23.
Compound 23 was treated with n-Bu3SnH and subse-
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quently iodine to afford an EZ mixture (E/Z = 3/1) of vi-
nyl iodide 24. Deprotection of the acetonide group of 24
with methanolic HCl gave diol 25. Selective sulfonyla-
tion of the primary hydroxyl group in 25 with tri-
isopropylbenzenesulfonyl chloride in pyridine afforded
the sulfonate 26, which was then treated with NaH in
THF to give epoxide 27. Iodination of 27 with LiI gave
hydroxyl iodide 28, protection of the alcohol with
TBSCl gave 29.15 The lactone 30 was obtained in 16%
yield by alkylation of the enolate prepared by mixing
1211 and LDA with 29. Unreacted 12 and 29 were recov-
ered in 70% and 71% yield, respectively. These com-
pounds could be used for the same reaction again. The
a,b-unsaturated lactone 10 was obtained after oxidation
of 30 with mCPBA followed by thermal elimination of
sulfoxide under reflux in toluene (Scheme 3).

The segments 9a and 10 were coupled by the Sonogash-
ira cross-coupling reaction16 to furnish cross-coupled
product 31a in 64% yield. Diimide reduction with
p-TsNHNH2 and NaOAc in ethylene glycol diethyl ether
under reflux afforded saturated product 32a.17 Finally,
deprotection of TBS ethers with HF and recrystallization
from hexane afforded optically pure 1 (Scheme 4).

The 1H NMR and 13C NMR spectra of the synthetic
1 were in good agreement with those of natural rollic-
osin kindly provided by Prof. Y.-C. Wu.18 The specific
rotation of synthetic 1 showed different value com-
pared to that of reported (½a�24

D +2.5, c 0.29, (CHCl3)).
The ½a�24

D value of natural rollicosin was reported to be
�26.0 (c 0.05, CHCl3).19 Therefore, we also prepared
(4R,15S,16S,21S)-rollicosin (2), which has 15,16-threo
relative stereochemistry like 1,20 starting from 9b
using the same procedure as that employed for 1
(Scheme 5).

The specific rotation of 2 showed sharp contrast (½a�20

D

+24, c 0.43, (CHCl3)) compared to natural rollicosin.
Taking into account that the optical rotation of natural
product was measured at low concentration, the differ-
ence may be due to experimental error. To clarify this,
a direct comparison of our synthetic sample with the
authentic natural product would be necessary. There-
fore, we prepared the corresponding MTPA esters from
synthetic 1 and 2 (Fig. 2).

The 1H NMR chemical shifts of H-15 position of
(R)-MTPA-1 and (R)-MTPA-2 showed clear difference
(Table 1).

This indicates that if the bis-(R)-MTPA ester of natural
1 would be available, the absolute configuration of
rollicosin (1) would be determined very clearly.
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As to the synthesis of 3, the hydroxyl lactone part 9a
was synthesized as described in Scheme 2. The a,b-un-
saturated lactone 11 was prepared as shown in Scheme
6. 1,6-Hexanediol treated with 1.5 equiv of dihydropyra-
ne in the presence of catalytic amount of p-TsOH affor-
ded mono-THP alcohol 33. Sulfonylation of the primary
hydroxyl group in 33 with mesyl chloride afforded the
sulfonate, which was then treated with NaI in the pres-
ence of sodium bicarbonate to give iodide 34. Alkylation
of 34 with lithium acetylide ethylenediamine complex
gave terminal acetylene 35. Compound 35 was treated
with the Schwartz reagent21 and subsequently iodine
to afford an E vinyl iodide 36. During the hydrozircona-
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Table 1. 1H NMR chemical shifts of the bis-(R)-MTPA esters of

1 and 2

MTPA ester 15-H 16-H

(R)-MTPA-1 5.17 4.60

(R)-MTPA-2 5.08 4.60

Table 2. Inhibition activity of mitochondrial complex I

Sample IC50 (nM)

1 660 ± 30

2 680 ± 30

3 120 ± 21

7 2.6 ± 0.2

Bullatacin 0.83 ± 0.06

H. Makabe et al. / Bioorg. Med. Chem. 14 (2006) 3119–3130 3123
tion, partial deprotection of the THP group occurred to
afford 36. Complete deprotection of the THP ether was
performed using methanolic HCl to give 36. Sulfonyla-
tion of the primary hydroxyl group of 36 with p-TsCl
in pyridine afforded the sulfonate, which was then treat-
ed with NaI to give diiodide 37. The lactone 38 was ob-
tained in 50% yield by alkylation of the enolate prepared
by mixing 1211 and NaHMDS with 37. The a,b-unsatu-
rated lactone 11 was obtained after oxidation of 38 with
mCPBA followed by thermal elimination of sulfoxide
under reflux in toluene (Scheme 6).

The segments 9a and 11 were coupled by the Sonogash-
ira cross-coupling reaction16 to furnish cross-coupled
product 39 in 58% yield. Diimide reduction with p-
TsNHNH2 and NaOAc in ethylene glycol diethyl ether
under reflux afforded squamostolide 3 (Scheme 7).17

The optical rotation, melting point, 1H NMR, and 13C
NMR spectra of the synthetic 3 were in good agreement
with those of the reported values.
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2.2. Inhibitory action with bovine heart mitochondrial
complex I

Inhibitory effects of compounds 1, 2, and 3 on bovine
heart mitochondrial complex I were examined according
to the previous method (Table 2).22 The IC50 values of
1, 2, and 3 were 660, 680, and 120 nM, respectively
(Table 2).

Compounds 1 and 2 exhibited almost the same inhibito-
ry potency, indicating that the stereochemistry around
the hydroxylated lactone moiety does not affect the
inhibitory action. It is noteworthy that compared to
OTHP

O
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(a) dihydropyrane, p-TsOH (67%); (b) i—p-TsCl, pyridine; ii—NaI,

SO (83%); (d) i—Cp2ZrHCl, THF; ii—I2, THF, 0 �C; iii—concd HCl,

NaHMDS, THF-HMPA (45%); (g) i—mCPBA, CH2Cl2; ii—toluene
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potent natural acetogenins such as bullatacin (IC50 =
0.83 nM)23 and cis-solamin (7) (IC50 = 2.6 nM),24 1
and 2 are much weaker inhibitors of the enzyme. Rollic-
osin and squamostolide do not have long hydrophobic
alkyl tail which is one of the common structural features
of a large number of natural acetogenins. However, this
may not be a reason for the weak inhibitory activity
since the long alkyl tail is not a crucial structural factor
for the potent inhibition.25 It is therefore clear that to
maintain potent inhibitory effect, the hydroxylated
lactone cannot substitute for the hydroxylated mono-
or bis-THF with long alkyl tail that can be seen in
ordinary acetogenins. From the comparison between
rollicosin and squamostolide, it is indicated that the
presence of a hydrophilic hydroxy group at the 4-posi-
tion is unfavorable for the inhibitory action of this type
of acetogenin, though it does not affect the activity in the
case of ordinary acetogenins which inherently have a
great hydrophobic nature.22,23
3. Conclusion

In conclusion, we have achieved total synthesis of
(4R,15R,16R,21S)-rollicosin (1), (4R,15S, 16S,21S)-rol-
licosin (2), and squamostolide (3), and examined their
inhibitory actions with bovine heart mitochondrial com-
plex I. These compounds elicited much weaker activity
compared to ordinary annonaceous acetogenins.
4. Experimental

4.1. General

All melting points are uncorrected. 1H and 13C NMR
spectra were measured with a Bruker DRX 500 FT-
NMR spectrometer in CDCl3 at 500 and 125 MHz,
respectively. Chemical shifts were relative to tetrameth-
ylsilane as an internal standard. The coupling constants
were given in Hz. Mass spectra were obtained on JEOL
JMS-HX211A and JMS-HX110A mass spectrometers.
IR spectra were recorded with a JASCO FT-IR 480 Plus
infrared spectrometer. Optical rotations were deter-
mined with a JASCO DIP-1000 polarimeter.

4.1.1. 7-Trimethylsilylhept-1-en-6-yn-3-ol (15). To a solu-
tion of vinylmagnesium chloride (1.6 M solution in
THF, 50 ml, 80 mmol) was added aldehyde 14 (6.15 g,
40 mmol) at 0 �C. After stirring for 15 min, the reaction
was quenched with saturated NH4Cl (100 mL). The mix-
ture was extracted with ether (4· 50 mL) and the extract
was washed with brine. Drying over MgSO4 and the
evaporation of the solvent gave an oil, which was chro-
matographed over silica gel (diethyl ether/pentane = 1:5)
to give 15 (7.13 g, 98%) as a colorless oil. IR (film) mmax

cm�1: 3357, 3082, 2958, 2175, 1644, 1427, 1250, 1054,
989, 843, 803. 1H NMR (500 MHz, CDCl3) d: 0.15
(9H, s), 1.79 (1H, d, J = 4.4 Hz, –OH), 2.35 (2H, m),
4.27 (1H, m), 5.14 (1H, d, J = 10.7 Hz), 5.27 (1H, d,
J = 17.0 Hz), 5.87 (1H, ddd, J = 17.0, 10.7, 6.3 Hz).
13C NMR (125 MHz, CDCl3) d: 0.10, 16.18, 35.49,
72.15, 85.43, 106.72, 115.01, 140.39.
4.1.2. Ethyl (4E)-9-trimethylsilylnon-4-en-8-ynate (16).
To a solution of 1, 1, 1-triethoxyethane (20 mL) were
added alcohol 15 (2.99 g, 1.7 mmol) and two drops of
propionic acid. After stirring for 9 h at 120 �C, the
resulting mixture was cooled to room temperature and
saturated NaHCO3 (20 mL) was added to the mixture.
The mixture was extracted with ether (4· 50 mL) and
the extract was washed with brine. Drying over MgSO4

and the evaporation of the solvent gave an oil, which
was chromatographed over silica gel (hexane/
EtOAc = 10:1) to give 16 (2.49 g, 64%) as a colorless
oil. IR (film) mmax cm�1: 2959, 2175, 1738, 1250, 1179,
1038, 970, 843, 760. 1H NMR (500 MHz, CDCl3) d:
0.14 (9H, s), 1.25 (3H, t, J = 7.1 Hz), 2.19–2.37 (4H,
m), 4.13 (2H, q, J = 7.1 Hz), 5.49 (2H, m). 13C NMR
(125 MHz, CDCl3) d: 0.08, 14.27, 20.23, 27.88, 31.73,
34.27, 60.27, 84.81, 106.86, 129.54, 129.60, 173.15.

4.1.3. (1 0R,5R)-5-(5 0-Trimethylsilyl-1 0-hydroxypent-4 0-
ynyl)tetrahydrofuran-2-one (17a). To a suspension of
AD mix b (2.74 g) in t-BuOH/H2O (1:1, 20 mL) were
added ester 16 (476 mg, 2.0 mmol) and methanesulfona-
mide (190 mg, 2.0 mmol). After stirring for 7 h at 0 �C,
the reaction was quenched with half-saturated aqueous
Na2SO3 solution (20 mL) and the mixture was extracted
with EtOAc (2· 30 mL) and the extract was washed with
brine. Drying over MgSO4 and the evaporation of the
solvent gave an oil, which was chromatographed over
silica gel (hexane/EtOAc = 3:1) to give 17a (453 mg,
94%) as a colorless oil. This compound showed a 98%
ee by a 1H NMR analysis of the corresponding Mosher
ester derivative. ½a�25

D �1.87 (c 1.00, CHCl3). IR (film)
mmax cm�1: 3437, 2958, 2173, 1769, 1418, 1339, 1250,
1091, 1099, 1033, 984, 901, 843, 760. 1H NMR
(500 MHz, CDCl3) d: 0.15 (9H, s), 1.75 (2H, m), 2.14–
2.18 (3H, m), 2.28 (1H, m), 2.44 (2H, m), 2.52–2.63
(2H, m), 3.76 (1H, m), 4.45 (1H, m). 13C NMR
(125 MHz, CDCl3) d: 0.07, 16.26, 24.05, 28.61, 31.64,
72.70, 72.36, 82.66, 85.95, 106.04, 176.93. FABHRMS
calcd for C12H21O3Si [(M+H)+], 241.1260, found,
241.1257.

4.1.4. (1 0S,5S)-5-(5 0-Trimethylsilyl-1 0-hydroxypent-4 0-
ynyl)tetrahydrofuran-2-one (17b). This compound was
prepared as just described above except for using AD
mix a instead of AD mix b in 92% yield. This compound
showed a 97% ee by a 1H NMR analysis of the corre-
sponding Mosher ester derivative. ½a�25

D +1.86 (c 1.43,
CHCl3). The IR, 1H NMR, 13C NMR, and MS spectra
were identical with those of synthetic 17a.

4.1.5. (1 0R,5R)-5-(1 0-Hydroxypent-4 0-ynyl)tetrahydrofu-
ran-2-one (9a). To a solution of lactone 17a (453 mg,
1.89 mmol) in THF (10 mL) was added TBAF (1.0 M
solution in THF, 3.8 ml, 3.8 mmol) at 0 �C. After stir-
ring for 1 h at room temperature, the reaction was
quenched with saturated aqueous NH4Cl (10 mL) and
the mixture was extracted with ether (2· 20 mL) and
the extract was washed with brine. Drying over MgSO4

and the evaporation of the solvent gave an oil, which
was chromatographed over silica gel (EtOAc) to give
9a (301 mg, 95%) as a colorless oil. ½a�20

D �7.07 (c 1.23,
CHCl3). IR (film) mmax cm�1: 3421, 3286, 2934, 2173,
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1760, 1418, 1347, 1187, 1099, 1086, 1055, 921, 645. 1H
NMR (500 MHz, CDCl3) d: 1.75 (2H, m), 1.99 (1H, t,
J = 2.6 Hz), 2.04 (1H, d, J = 11.4 Hz), 2.16 (1H, m),
2.29 (1H, m), 2.41 (2H, m), 2.55–2.65 (2H, m), 3.79
(1H, m), 4.45 (1H, m). 13C NMR (125 MHz, CDCl3)
d: 14.78, 24.04, 28.61, 31.56, 69.34, 72.36, 82.71, 83.35,
176.86. CIHRMS calcd for C9H13O3 [(M+H)+],
169.0864, found, 169.0870.

4.1.6. (1 0S,5S)-5-(1 0-Hydroxypent-4 0-ynyl)tetrahydrofu-
ran-2-one (9b). This compound was prepared as just de-
scribed above in 95% yield. ½a�20

D +7.27 (c 1.43, CHCl3).
The IR, 1H NMR, 13C NMR, and MS spectra were
identical with those of synthetic 9a.

4.1.7. (2R)-6-tert-Butyldimethylsilyloxyhexane-1,2-diol
(19). To a suspension of (DHQD)2AQN (360 mg,
0.42 mmol), K2OsO4Æ2H2O (51 mg, 0.17 mmol),
K3Fe(CN)6 (42 g, 126 mmol), K2CO3 (17.4 g,
126 mmol), and methanesulfonamide (4.0 g, 42 mmol)
in t-BuOH/H2O (1:1, 120 mL) was added 18 (9.0 g,
42 mmol) in t-BuOH/H2O (1:1, 50 mL) at 0 �C. After
stirring for 26 h at 0 �C, the reaction was quenched with
half-saturated aqueous Na2SO3 solution (20 mL) and
the mixture was extracted with EtOAc (2· 30 mL) and
the extract was washed with brine. Drying over MgSO4

and the evaporation of the solvent gave an oil, which
was chromatographed over silica gel (hexane/
EtOAc = 3:1) to give 19 (9.86 g, 95%, 93% ee by a 1H
NMR analysis of the ester derived from (S)-(+)-MTPA
chloride of 19) as a colorless oil. ½a�27

D �0.02 (c 1.13,
CHCl3). IR (film) mmax cm�1: 3375, 2930, 2859, 1472,
1463, 1255, 1100, 837, 775. 1H NMR (500 MHz, CDCl3)
d: 0.05 (6H, s), 0.89 (9H, s), 1.42 (2H, m), 1.49–1.57 (4H,
m), 2.17 (1H, br, –OH), 2.37 (1H, br, –OH), 3.43 (1H,
m), 3.61–3.72 (4H, m). 13C NMR (125 MHz, CDCl3)
d: �5.27, 14.12, 21.89, 25.99, 32.61, 32.89, 63.06,
66.83, 72.24.

4.1.8. (2R)-1,2-(1 0,2 0-O-Isopropylidene)dioxy-6-tert-
butyldimethylsilyloxyhexane (20). To a solution of diol
19 (9.86 g, 40 mmol) in dimethoxypropane (150 mL)
was added p-TsOH (10 mg). After stirring for 30 min,
the reaction was quenched with saturated aqueous
NaHCO3 solution (50 mL) and the mixture was extract-
ed with ether (2· 100 mL) and the extract was washed
with brine. Drying over MgSO4 and the evaporation
of the solvent gave an oil, which was chromatographed
over silica gel (hexane/EtOAc = 10:1) to give 20 (10.7 g,
93%) as a colorless oil. ½a�27

D �8.75 (c 1.06, CHCl3). IR
(film) mmax cm�1: 2985, 2934, 2859, 1472, 1461, 1378,
1369, 1254, 1100, 1063, 837, 775. 1H NMR (500 MHz,
CDCl3) d: 0.04 (6H, s), 0.89 (9H, s), 1.35 (3H, s), 1.40
(3H, s), 1.45–1.65 (6H, m), 1.49–1.57 (4H, m), 3.50
(1H, m), 3.61 (2H, t, J = 6.5 Hz), 4.01–4.09 (2H, m).
13C NMR (125 MHz, CDCl3) d: �5.27, 18.36, 22.05,
25.78, 25.98, 26.70, 32.80, 33.36, 62.93, 69.50, 76.11
108.64.

4.1.9. (2R)-1,2-(1 0,2 0-O-Isopropylidene)dioxyhexan-6-ol
(21). To a solution of 20 (10.7 g, 37.2 mmol) in THF
(100 mL) was added TBAF (27.2 mL, 75 wt %,
74.4 mmol) at 0 �C. After stirring for 19 h at room tem-
perature, the reaction was quenched with saturated
aqueous NH4Cl (100 mL) and the mixture was extracted
with ether (2· 100 mL) and the extract was washed with
brine. Drying over MgSO4 and the evaporation of the
solvent gave an oil, which was chromatographed over
silica gel (hexane/EtOAc = 3:1) to give 21 (6.1 g, 94%)
as a colorless oil. ½a�20

D �13.1 (c 1.08, CHCl3). IR (film)
mmax cm�1: 3420, 3285, 2937, 2868, 1457, 1375, 1371,
1249, 1216, 1157, 1057, 855. 1H NMR (500 MHz,
CDCl3) d: 1.35 (3H, s), 1.41 (3H, s), 1.51–1.68 (6H,
m), 3.51 (1H, m), 3.66 (2H, t, J = 6.5 Hz), 4.02–4.12
(2H, m). 13C NMR (125 MHz, CDCl3) d: 22.08, 25.75,
26.70, 32.65, 33.30, 62.74, 69.47, 76.04, 108.73.

4.1.10. (5R)-1-Iodo-5,6-(1 0,2 0-O-isopropylidene)dioxy-
hexane (22). To a solution of alcohol 21 (3.67 g,
21 mmol) and Et3N (3.0 ml, 42 mmol) in CH2Cl2
(50 mL) was added MsCl (1.95 mL, 25 mmol) at
�5 �C. After stirring for 10 min at this temperature,
the reaction was quenched with saturated aqueous
NH4Cl (100 mL) and the mixture was extracted with
ether (2· 50 mL) and the extract was washed with brine.
Drying over MgSO4 and the evaporation of the solvent
gave an oil, which was dissolved in acetone (100 mL).
To this solution, NaHCO3(5.3 g, 63 mmol) and NaI
(7.9 g, 53 mmol) were added at room temperature. After
stirring for 18 h at room temperature, the reaction was
quenched with H2O (100 mL) and the mixture was
extracted with ether (2· 100 mL) and the extract was
washed with brine. Drying over MgSO4 and the evapo-
ration of the solvent gave an oil, which was chromato-
graphed over silica gel (hexane/EtOAc = 10:1) to give
22 (5.07 g, 85%) as a colorless oil. This compound was
used for the next step without further purification.
½a�20

D �5.49 (c 0.85, CHCl3). IR (film) mmax cm�1: 2984,
2935, 2866, 1456, 1378, 1369, 1249, 1213, 1170, 1061,
856. 1H NMR (500 MHz, CDCl3) d: 1.35 (3H, s), 1.41
(3H, s), 1.52–1.65 (4H, m), 1.85 (2H, m), 3.19 (2H, t,
J = 7.0 Hz), 3.53 (1H, m), 4.03–4.11 (2H, m). 13C
NMR (125 MHz, CDCl3) d: 6.44, 25.72, 26.78, 26.97,
32.53, 33.39, 69.41, 75.78, 108.82.

4.1.11. (2R)-1,2-(1 0,2 0-O-Isopropylidene)dioxyoct-7-yne
(23). To a suspension of lithium acetylide, ethylenedi-
amine complex (5.48 g, 54 mmol) in DMSO (150 mL)
was added 22 (5.07 g, 17.9 mmol) in DMSO (20 mL)
at 5 �C. After stirring for 18 h at room temperature,
the reaction was quenched with saturated aqueous
NH4Cl (50 mL) and the mixture was extracted with
ether (2· 100 mL) and the extract was washed with
water and brine. Drying over MgSO4 and the evapora-
tion of the solvent gave an oil, which was chromato-
graphed over silica gel (hexane/EtOAc = 10:1) to give
23 (2.38 g, 73%) as a colorless oil. ½a�20

D �10.1 (c 1.15,
CHCl3). IR (film) mmax cm�1: 3292, 2985, 2938, 2866,
1456, 1379, 1370, 1248 1216, 1156, 1059 858, 635. 1H
NMR (500 MHz, CDCl3) d: 1.35 (3H, s), 1.41 (3H,
s), 1.51–1.62 (6H, m), 1.77 (1H, t, J = 2.4 Hz), 2.17–
2.22 (2H, m), 3.52 (1H, m), 4.03–4.11 (2H, m). 13C
NMR (125 MHz, CDCl3) d: 18.32, 24.92, 25.75,
26.97, 32.72, 33.10, 68.40, 69.45, 75.96, 84.28, 108.72.
EIHRMS calcd for C11H18O2 (M+), 182.1307, found,
182.1311.
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4.1.12. (7EZ,2R)-1,2-(1 0,2 0-O-Isopropylidene)dioxy-8-
iodooct-7-ene (24). The acetylene 23 (2.38 g, 13 mmol)
was treated with n-Bu3SnH (4.12 mL, 15.7 mmol) and
catalytic amount of AIBN (215 mg, 1.3 mmol) at
120 �C. After stirring for 3 h at this temperature, the
mixture was diluted with THF (50 mL) and cooled to
0 �C. To this solution was added iodine (6.65 g,
26.2 mmol) in THF (50 mL). The reaction mixture was
stirred for 1 h at 0 �C, the reaction was quenched with
saturated aqueous Na2S2O3 (50 mL) and the mixture
was extracted with ether (2· 50 mL) and the extract
was washed with water and brine. Drying over MgSO4

and the evaporation of the solvent gave an oil, which
was chromatographed over silica gel (hexane/
EtOAc = 10:1) to give 24 (3.75 g, 92%, E/Z = 3 :1) as a
colorless oil. IR (film) mmax cm�1: 2984, 2934, 2861,
1647, 1456, 1377, 1369, 1248 1215, 1156, 1059, 945,
857. 1H NMR (500 MHz, CDCl3) d: 1.35 (3H, s), 1.41
(3H, s), 1.59–1.64 (6H, m), 2.07–2.14 (2H, m), 2.17–
2.22 (2H, m), 3.52 (1H, m), 4.01–4.09 (2H, m), 6.00
(0.75H, d, J = 14.3 Hz), 6.18 (0.5H, m), 6.50 (0.75H,
dt, J = 14.3, 7.2 Hz). EIHRMS calcd for C11H19IO2

(M+), 310.0430, found, 310.0449.

4.1.13. (7EZ,2R)-8-Iodooct-7-ene-1,2-diol (25). To a
solution of 24 (3.75 g, 12 mmol) was added three drops
of concd HCl. After stirring for 2 h at room tempera-
ture, the reaction was quenched with saturated aqueous
NaHCO3 (20 mL) and the mixture was extracted with
ether (2· 50 mL) and the extract was washed with water
and brine. Drying over MgSO4 and the evaporation of
the solvent gave an oil, which was chromatographed
over silica gel (hexane/EtOAc = 1:3) to give 25 (2.60 g,
86%) as a colorless oil. IR (film) mmax cm�1: 3368,
2933, 2857, 1647, 1456, 1103, 1053, 945, 869. 1H NMR
(500 MHz, CDCl3) d: 1.40–1.97 (6H, m), 1.71 (1H, br,
–OH), 1.77 (1H, br, –OH), 2.04–2.16 (2H, m), 3.48
(1H, m), 3.72 (2H, m), 4.03–4.11 (2H, m), 6.00 (0.75H,
d, J = 14.5 Hz), 6.18 (0.5H, m), 6.50 (0.75H, dt,
J = 14.5, 7.0 Hz). FABHRMS calcd for C11H19IO2

[(M+H)+], 271.1200, found, 271.1192.

4.1.14. (7EZ,2R)-1-(2 0,4 0,6 0-Triisopropylbenzenesulfo-
nyl)-8-iodooct-7-en-2-ol (26). To a solution of 25
(1.75 g, 6.5 mmol) in pyridine (40 mL) was added
2,4,6-triisopropylbenzenesulfonyl chloride (5.86 g,
19.4 mmol) at 0 �C. After stirring for 15 h at room
temperature, the reaction was quenched with water
(50 mL) and the mixture was extracted with ether (2·
50 mL) and the extract was washed with water and
brine. Drying over MgSO4 and the evaporation of
the solvent gave an oil, which was chromatographed
over silica gel (hexane/EtOAc = 3:1) to give 26
(3.38 g, 98%). IR (film) mmax cm�1: 3524, 2958, 2869,
1600, 1564, 1462, 1374, 1346, 1177, 1106, 968, 883,
810, 666. 1H NMR (500 MHz, CDCl3) d: 1.26 (6H,
d, J = 6.5 Hz), 1.27 (6H, d, J = 6.5 Hz), 1.27 (6H, d,
J = 6.5 Hz), 1.39–1.49 (4H, m), 1.71–1.75 (2H, m),
2.04–2.14 (2H, m), 2.92 (1H, m), 3.90–3.95 (2H, m),
4.05–4.15 (3H, m) 5.98 (0.75H, d, J = 14.5 Hz), 6.18
(0.5H, m), 6.48 (0.75H, dt, J = 14.5, 7.0 Hz), 7.20
(2H, s). FABHRMS calcd for C23H38IO4S [(M+H)+],
537.5214, found, 537.5225.
4.1.15. (7EZ,2R)-1,2-Epoxy-8-iodooct-7-en (27). To a
solution of NaH (606 mg, 25 mmol) in THF (50 mL)
was added 26 (3.38 g, 6.3 mmol) in THF (20 mL) at
0 �C. After stirring for 19 h at room temperature, the
reaction was quenched with saturated aqueous NH4Cl
(50 mL) and the mixture was extracted with ether (2·
50 mL) and the extract was washed with water and
brine. Drying over MgSO4 and the evaporation of the
solvent gave an oil, which was chromatographed over
silica gel (hexane/EtOAc = 5:1) to give 27 (1.36 g, 85%)
as a colorless oil. IR (film) mmax cm�1: 3045, 2926,
2857, 1600, 1457, 1430, 1377, 1350, 1285, 1180, 1116,
943, 915, 834,807. 1H NMR (500 MHz, CDCl3) d:
1.47–1.52 (4H, m), 1.65–1.85 (2H, m), 2.08 (2H, m),
2.47 (1H, m), 2.74 (1H, m), 2.90 (1H, m), 6.00 (0.75H,
d, J = 14.5 Hz), 6.17 (0.5H, m), 6.50 (0.75H, dt,
J = 14.5, 7.0 Hz). EIHRMS calcd for C8H13IO (M+),
252.0011, found, 252.9996.

4.1.16. (7EZ,2R)-1,2-Diiodooct-7-en-2-ol (28). To a solu-
tion of 27 (1.36 g, 5.4 mmol) in THF (20 mL) were add-
ed LiI (613 mg, 22 mmol) and water (6 mL) at 0 �C. To
this solution was added AcOH (30 mL). After stirring
for 1 h at 0 �C, the reaction was quenched with saturat-
ed aqueous NaHCO3 (80 mL) and the mixture was
extracted with ether (2· 50 mL) and the extract was
washed with water and brine. Drying over MgSO4 and
the evaporation of the solvent gave an oil, which was
chromatographed over silica gel (hexane/EtOAc = 5:1)
to give 28 (1.91 g, 93%) as a colorless oil. IR (film) mmax

cm�1: 3389, 2932, 2856, 1647, 1603, 1457, 1428, 1284,
1183, 1093, 1011, 945, 915, 807, 623. 1H NMR
(500 MHz, CDCl3) d: 1.41–1.49 (4H, m), 1.73–1.84
(2H, m), 1.90 (1H, br, –OH), 2.08 (2H, m), 3.23 (1H,
m), 3.38 (1H, m), 3.51 (1H, m), 6.01 (0.75H, d,
J = 14.5 Hz), 6.18 (0.5H, m), 6.50 (0.75H, dt, J = 14.5,
7.0 Hz). FABHRMS calcd for C8H15I2O [(M+H)+],
381.0172, found, 381.0164.

4.1.17. (7EZ,2R)-2-(tert-Butyldimethylsilyl)oxy-1,8-
diiodooct-7-ene (29). To a solution of 28 (390 mg,
1.0 mmol) in DMF (20 mL) were added imidazole
(279 mg, 4.1 mmol) and TBSCl (308 mg, 2.1 mmol).
After stirring for 15 h, the reaction was quenched with
saturated aqueous NH4Cl (10 mL) and the mixture
was extracted with ether (2· 20 mL) and the extract
was washed with water and brine. Drying over MgSO4

and the evaporation of the solvent gave an oil, which
was chromatographed over silica gel (hexane/
EtOAc = 10:1) to give 29 (422 mg, 83%) as a colorless
oil. IR (film) mmax cm�1: 3047, 2930, 2856, 1648, 1606,
1471, 1461, 1429, 1361, 1255, 1184, 1081, 1006, 940,
836, 805, 775. 1H NMR (500 MHz, CDCl3) d: 0.08
(3H, s), 0.09 (3H, s), 0.91 (9H, s), 1.39–1.63 (6H, m),
2.06 (2H, m), 3.18 (2H, m), 3.38 (1H, m), 3.55 (1H,
m), 5.99 (0.75H, d, J = 14.4 Hz), 6.19 (0.5H, m), 6.50
(0.75H, dt, J = 14.4, 7.0 Hz). FABHRMS calcd for
C14H29I2OSi [(M+H)+], 495.2811, found, 495.2804.

4.1.18. (2 0R,3RS,5S,7 0EZ)-3-[2 0-(tert-Butyldimethylsi-
lyl)oxy-8 0-iodo-7 0-octenyl]-5-methyl-3-(phenylsulfanyl)tet-
rahydrofuran-2-one (30). To a solution of i-Pr2NH
(0.14 mL, 0.94 mmol) in THF (2 mL) was added n-BuLi
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(0.38 mL, 2.5 M solution in hexane, 0.94 mmol) at
�10 �C. To this solution was added 29 (175 mg,
0.85 mmol) in THF (0.5 mL). After being stirred for 20
mim, 29 (422 mg, 0.85 mmol) in HMPA (0.45 mL) was
added to the mixture at 0 �C. After stirring for 1 h at this
temperature, the reaction was quenched with saturated
aqueous NH4Cl (10 mL) and the mixture was extracted
with ether (2· 20 mL) and the extract was washed with
water and brine. Drying over MgSO4 and the evapora-
tion of the solvent gave an oil, which was chromato-
graphed over silica gel (hexane/EtOAc = 5:1) to give 30
(80 mg, 16%) as a colorless oil. IR (film) mmax cm�1:
2928, 2856, 1765, 1605, 1472, 1254, 1184, 1081, 1005,
835, 775. 1H NMR (500 MHz, CDCl3) d: 0.03 (0.75H,
s), 0.04 (0.75H,s), 0.05 (2.25H, s), 0.12 (2.25H, s), 0.87
(2.25H, s), 0.90 (6.75H, s), 1.24 (2.25H, d, J = 6.2 Hz),
1.38 (0.75H, d, J = 6.2 Hz), 1.31–1.44 (4H, m), 1.73–
1.76 (2H, m), 1.96–2.07 (4H, m), 3.00 (0.25H, m), 3.02
(0.75H, dd, J = 13.9, 7.6 Hz), 4.24 (2H, m), 4.51
(0.75H, m), 4.60 (0.25H, m), 5.98 (0.75H, d,
J = 14.4 Hz), 6.18 (0.5H, m), 6.47 (0.75H, dt, J = 14.4,
7.0 Hz), 7.33–7.42 (3H, m), 7.54–7.57 (2H, m). FAB-
HRMS calcd for C25H39IO3SSiI [(M+H)+],575.1514,
found, 575.1506.

4.1.19. (2R,5S,7 0EZ)-3-[2 0-(tert-Butyldimethylsilyl)oxy-
8 0-iodo-7 0-octenyl]-5-methyl-2,3-dihydrofuran-2-one (10).
To a solution of 30 (37 mg, 0.064 mmol) in CH2Cl2
(1 mL) was added mCPBA (80%, 21 mg, 0.064 mmol)
at 0 �C. After the mixture had been stirred at this tem-
perature for 10 min, Na2S2O3/NaHCO3 (1:1, 2 mL)
was added. After stirring for 1 h, the mixture was
extracted with ether (2· 10 mL) and the extract was
washed with brine. Drying over MgSO4 and the evapo-
ration of the solvent gave an oil, which was dissolved in
toluene (2 mL) and the solution was refluxed for 1 h.
After completion of the reaction, concentration of the
mixture afforded an oil, which was chromatographed
over silica gel (hexane/EtOAc = 10:1) to give 10
(20 mg, 67 %) as a colorless oil. IR (film) mmax cm�1:
3051, 2930, 2856, 2171, 1756, 1653, 1605, 1471, 1462,
1374, 1361, 1318, 1255, 1203, 1079, 1094, 1028, 949,
836, 775. 1H NMR (500 MHz, CDCl3) d: 0.03 (3H, s),
0.05 (3H, s), 0.87 (9H, s), 1.30–1.44 (6H, m), 1.44 (3H,
d, J = 6.5 Hz), 2.04–2.05 (2H, m), 2.42 (2H, m), 3.96
(1H, m), 5.00 (1H, m), 5.98 (0.75H, d, J = 14.3 Hz),
6.15 (0.5H, m), 6.48 (0.75H, dt, J = 14.3, 6.5 Hz), 7.11
(1H, s). FABHRMS calcd for C19H34O3SiI [(M+H)+],
465.1324, found, 465.1316.

4.1.20. (500R,2 0R,5S,7 0EZ,13 0R)-3-[2 0-(tert-Butyldi-
methylsilyl)oxy-13 0-hydroxy-13 0-(tetrahydrofuran-200-on-
500-yl)tridec-7 0-ene-9 0-ynyl]-5-methyl-2, 5-dihydrofuran-2-
one (31a). To a solution of the vinyl iodide 10 (60 mg,
0.14 mmol) in Et3N (0.5 mL) was added Cl2Pd(PPh3)2

(2.8 mg, 0.007 mmol) and the resulting solution was
stirred for 1 h. The acetylenic ether 9a (60 mg,
0.14 mmol) along with CuI (1.4 mg, 0.014 mmol) was
then added to the mixture. After being stirred for a fur-
ther 8 h, the reaction was quenched with saturated aque-
ous NH4Cl. The organic materials were extracted with
ether and the extract was washed with brine. Drying
over MgSO4 and the evaporation of the solvent gave
an oil, which was chromatographed over silica gel (hex-
ane/AcOEt = 4:1) to give 31 (87 mg, 86%) as a color-
less oil. IR (film) mmax cm�1: 3460, 2930, 2856, 1755,
1462, 1360, 1319, 1254, 1189, 1081, 1028, 957, 836,
775. 1H NMR (500 MHz, CDCl3) d: �0.01–0.07 (6H,
m), 0.88 (9H, s), 1.36–1.38 (6H, m), 1.41 (3H, d,
J = 6.8 Hz), 1.76 (2H, m), 2.07 (2H, m), 2.15 (2H,
m), 2.29 (1H, m), 2.42 (2H, m), 2.50–2.67 (4H, m),
3.78 (1H, m), 3.95 (1H, m), 4.44 (1H, m), 5.01 (1H,
m), 5.43 (0.89H, d, J = 15.7 Hz), 5.81 (0.22H, m),
6.03 (0.89H, dt, J = 15.7, 7.0 Hz), 7.12 (1H, s). FAB-
HRMS calcd for C28H45O6Si [(M+H)+], 505.2985,
found, 505.2990.

4.1.21. (500S,2 0R,5S,7 0EZ,13 0S)-3-[2 0-(tert-Butyldimethyl-
silyl)oxy-13 0-hydroxy-130-(tetrahydrofuran-200-on-500-yl)tri-
dec-70-ene-90-ynyl]-5-methyl-2, 5-dihydrofuran-2-one (31b).
This compound was prepared as just described above in
67% yield. ½a�20

D +7.27 (c 1.43, CHCl3). The IR, 1H NMR,
13C NMR, and MS spectra were identical with those of
synthetic 31a.

4.1.22. (500R,2 0R,5S,13 0R)-3-[2 0-(tert-Butyldimethylsi-
lyl)oxy-130-hydroxy-130-(tetrahydrofuran-200-on-500-yl)trideca-
nyl]-5-methyl-2, 5-dihydrofuran-2-one (32a). To a
refluxing solution of 31 (15 mg, 0.20 mmol) and p-tolu-
enesulfonylhydrazide (2.62 g, 13.4 mmol) in diethoxye-
thane (15 mL) was added sodium acetate (1.36 g,
16.6 mmol) in water (20 mL) over a 4 h period at
120 �C. After being cooled to room temperature, the
reaction mixture was quenched with water and extracted
with AcOEt. The organic layer was washed with brine,
dried over MgSO4, filtered, and concentrated. The resi-
due was chromatographed over silica gel (hexane/
AcOEt = 4:1) to give 32 (13 mg, 89%) as a colorless
oil. ½a�19

D �3.6 (c 0.10, CHCl3). IR (film) mmax cm�1:
3481, 2928, 2855, 1757, 1463, 1343, 1320, 1254, 1188,
1167, 1079, 1028, 837, 775. 1H NMR (500 MHz, CDCl3)
d: �0.01–0.07 (6H, m), 0.87 (9H, s), 1.24–1.54 (18H, m),
1.41 (3H, d, J = 6.8 Hz), 1.87 (1H, m), 2.10–2.17 (2H,
m), 2.23–2.26 (2H, m), 2.42–2.45 (2H, m), 2.53–2.60
(2H, m), 3.57 (1H, m), 3.95 (1H, m), 4.42 (1H, m),
5.00 (1H, m), 7.12 (1H, m). 13C NMR (125 MHz,
CDCl3) d: �4.42, 18.07, 18.99, 24.12, 25.08, 25.15,
25.45, 25.87, 25.91, 25.94, 25.98, 28.70, 29.48, 29.54,
29.68, 29.78, 32.76, 32.85, 33.01, 36.99, 70.27, 73.67,
77.47, 82.91, 125.92, 130.91, 151.48, 174.03, 177.07.
FABHRMS calcd for C28H51O6Si [(M+H)+], 511.3455,
found. 511.3462.

4.1.23. (500S,20R,5S,130S)-3-[20-(tert-Butyldimethylsilyl)oxy-
13 0-hydroxy-13 0-(tetrahydrofuran-200-on-500-yl)tridecanyl]-
5-methyl-2, 5-dihydrofuran-2-one (32b). This compound
was obtained as just described above in 76% yield. ½a�22

D

+12.4 (c 0.15, CHCl3). The IR, 1H NMR, 13C NMR,
and MS spectra were identical with those of 31a.

4.1.24. (15R,16R,4R,21S)-Rollicosin (1). To a solution of
32a (13.7 mg, 0.027 mmol) in CH3CN (1 mL) were add-
ed two drops of 46% HF at 0 �C. After being stirred for
1 h, the reaction was quenched with saturated aqueous
NaHCO3. The organic materials were extracted with
ether and the extract was washed with brine. Drying
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over MgSO4 and the evaporation of the solvent gave a
crude solid, which was purified with preparative TLC
(AcOEt) to give a colorless solid. Recrystallization from
hexane gave optically pure 1 (7.0 mg, 66%). Mp 104–
106 �C, ½a�24

D +2.5 (c 0.29, CHCl3). IR (KBr) mmax

cm�1: 3420, 2923, 2851, 1748, 1458, 1321, 1192, 1084,
1026. 1H NMR (500 MHz, CDCl3,) d: 1.20–1.60 (19H,
m), 1.43 (3H, d, J = 6.8 Hz), 1.86 (1H, d, J = 5.8 Hz,
–OH), 2.10–2.45 (4H, m), 2.23 (1H, br, –OH), 2.50–
2.65 (3H, m), 3.57 (1H, m), 3.85 (1H, m), 4.41 (1H, td,
J = 7.4, 4.5 Hz), 5.05 (1H, qd, J = 6.8, 1.4 Hz), 7.16
(1H, d, J = 1.4 Hz). 13C NMR (125 MHz, CDCl3) d:
19.13, 24.12, 25.41, 25.55, 28.70, 29.41, 29.47, 33.02,
33.40, 33.47, 37.44, 70.03, 73.69, 77.97, 82.90, 131.24,
151.79, 174.59, 177.05. FABHRMS calcd for
C22H37O6 [(M+H)+],397.2590, found, 397.2601.

4.1.25. (15S,16S,4R,21S)-Rollicosin (2). Compound 2
was prepared as described above in 78% yield. Mp 91–
92 �C. ½a�20

D +24 (c 0.43, CHCl3). The IR, 1H NMR,
and 13C NMR were identical with those of synthetic
1a. FABHRMS calcd for C22H37O6 [(M+H)+],
397.2590, found, 397.2586.

4.1.26. (E)-8-Iodooct-6-en-1-ol (36). To a solution of 35
(1.05 g, 5 mmol) in THF was added Cp2ZrHCl (1.55 g,
6 mmol) at 0 �C. After the mixture had been stirred
for 2 h at room temperature, the solution of iodine
(2.54 g, 10 mmol) in THF (10 mL) was added to the
mixture at 0 �C and then stirred for further 1 h at room
temperature. The reaction was quenched with saturated
aqueous Na2S2O3. The organic materials were extracted
with ether and the extract was washed with brine. Dry-
ing over MgSO4 and the evaporation of the solvent gave
an oil, which was dissolved in MeOH (5 mL) and treated
with a trace of concd HCl. After the mixture had been
stirred for 5 h, the solvent was evaporated and the crude
product was purified with silica gel column chromatog-
raphy with hexane/AcOEt = 4:1 as an eluent to afford 36
(1.03 g, 81%) as a colorless oil. IR (film) mmax cm�1:
3371, 2940, 2855, 1600, 1463, 1060, 945. 1H NMR
(500 MHz, CDCl3) d: 1.25–1.60 (8H, m), 2.02–2.06
(2H, m), 3.64 (2H, m), 3.95 (1H, m), 5.96 (1H, dt,
J = 14.4, 1.2 Hz), 6.51 (1H, dt, J = 14.1, 7.2 Hz).
EIHRMS calcd for C8H15OI (M+), 254.0169, found.
254.0140.

4.1.27. (E)-1,8-Diodooct-1-ene (37). To an ice-cooled
solution of 36 (1.02 g, 4 mmol) in pyridine (5 mL) was
added p-TsCl (953 mg, 5 mmol). After being stirred for
1 h at 0 �C and then at room temperature for 5 h, the
mixture was diluted with ether and washed with 1 N
HCl and water. Drying over MgSO4 and the evapora-
tion of the solvent gave an oil, which was dissolved in
acetone (10 mL) and treated with NaI (1.50 g, 10 mmol).
After the mixture had been stirred for 6 h, the solvent
was evaporated and the crude product was purified with
silica gel column chromatography with hexane/
AcOEt = 20:1 as an eluent to afford 37 (1.15 g, 79%)
as a colorless oil. IR (film) mmax cm�1: 3050, 2940,
2855, 1600, 1463, 1430, 1280, 1200, 1060, 945. 1H
NMR (500 MHz, CDCl3) d: 1.25–1.55 (4 H, m), 1.78–
1.85 (4H, m), 2.02–2.07 (2H, m), 3.19 (2H, t,
J = 7.0 Hz), 5.97 (1H, dt, J = 14.4, 1.2 Hz), 6.50 (1H,
dt, J = 14.1, 7.2 Hz). EIHRMS calcd for C8H14I2

(M+), 363.9185, found, 363.9204.

4.1.28. (3RS,5S,7E)-3-[8 0-Iodooct-7 0-enyl]-5-methyl-3-
(phenylsulfanyl)tetrahydrofuran-2-one (38). To an ice-
cooled solution of 12 (200 mg, 1 mmol) in THF (5 mL)
was added NaHMDS (0.6 M solution in toluene,
2.0 mL). After the mixture had been stirred for 20 min
at 0 �C, the diiodide 37 (382 mg, 1 mmol) in HMPA
(2 mL) was added to it at 0 �C and the whole was al-
lowed to warm to 23 �C. After stirring for 1 h at this
temperature, the reaction was quenched with saturated
aqueous NH4Cl (10 mL) and the mixture was extracted
with ether (2· 20 mL) and the extract was washed with
water and brine. Drying over MgSO4 and the evapora-
tion of the solvent gave an oil, which was chromato-
graphed over silica gel (hexane/EtOAc = 5:1) to give
38 (225 mg, 45%) as a colorless oil. IR (film) mmax

cm�1: 3020, 2928, 2856, 1765, 1605, 1472, 1254, 1184,
1081, 1005, 835, 775; 1H NMR (500 MHz, CDCl3) d:
1.19 (2.25H, d, J = 6.2 Hz), 1.38 (0.75 H, d,
J = 6.2 Hz), 1.20–1.80 (10H, m), 1.96 (1H, m), 2.02–
2.20 (2H, m), 2.31–2.35 (0.25H, dd, J = 13.7, 5.4 Hz),
2.48–2.53 (0.75H, dd, J = 14.9, 7.6 Hz), 4.51 (0.75H,
m), 4.60 (0.25H, m), 5.98 (1H, d, J = 14.4 Hz), 6.47
(1H, dt, J = 14.4, 7.0 Hz), 7.33–7.42 (3H, m), 7.54–7.57
(2H, m). EIHRMS calcd for C19H25IO2S (M+)
444.0620, found, 444.0605.

4.1.29. (5S,7E)-3-[8 0-Iodooct-7 0-enyl]5-methyl-2,3-di-
hydrofuran-2-one (11). To a solution of 38 (28 mg,
0.064 mmol) in CH2Cl2 (1 ml) was added mCPBA
(80%, 21 mg, 0.064 mmol) at 0 �C. After the mixture
had been stirred at this temperature for 10 min,
Na2S2O3/NaHCO3 (1:1, 2 mL) was added. After stirring
for 1 h, the mixture was extracted with ether (2· 10 mL)
and the extract was washed with brine. Drying over
MgSO4 and the evaporation of the solvent gave an oil,
which was dissolved in toluene (2 mL) and the solution
was refluxed for 1 h. After completion of the reaction,
concentration of the mixture afforded an oil, which
was chromatographed over silica gel (hexane/
EtOAc = 10:1) to give 11 (20 mg, 67%) as a colorless
oil, ½a�24

D +34 (c 1.0, CHCl3). IR (film) mmax cm�1: 3058,
2976, 2930, 2855, 1764, 1604, 1439, 1342, 1186, 1094,
946, 751, 693; 1H NMR (500 MHz, CDCl3) d: 1.41
(3H, d, J = 6.9 Hz), 1.47–1.60 (8H, m), 2.04–2.05 (2H,
m), 2.26 (2H, m), 4.99 (1H, qd, J = 6.9, 1.5 Hz), 5.99
(1H, d, J = 14.3 Hz), 6.50 (1H, dt, J = 14.3, 6.5 Hz),
6.98 (1H, d, J = 1.5 Hz). EIHRMS calcd for
C13H19O2I (M+), 334.0432, found, 334.0415.

4.1.30. (200R,200S,5S,7 0E,13 0R)-3-[13 0-Hydroxy-13 0-(tetra-
hydrofuran-200-on-500-yl)tridec-70-ene-90-ynyl]-5-methyl-2,5-
dihydrofuran-2-one (39). To a solution of the vinyl iodide
11 (90 mg, 0.27 mmol) in benzene (1 mL) and Et3N
(0.08 mL, 0.54 mmol) was added Cl2Pd(PPh3)2 (10 mg,
0.0135 mmol) and the resulting solution was stirred for
1 h. The acetylenic ether 7 (60 mg, 0.14 mmol) along
with CuI (5 mg, 0.027 mmol) was then added to the mix-
ture, which after being stirred for a further 8 h, the reac-
tion was quenched with saturated aqueous NH4Cl. The



H. Makabe et al. / Bioorg. Med. Chem. 14 (2006) 3119–3130 3129
organic materials were extracted with ether and the ex-
tract was washed with brine. Drying over MgSO4 and
the evaporation of the solvent gave an oil, which was
chromatographed over silica gel (hexane/AcOEt = 4:1)
to give 39 (58 mg, 58%) as a colorless oil. ½a�23

D +2.27
(c 0.50, CHCl3). IR (film) mmax cm�1: 3460, 2929, 2856,
2215, 1752, 1456, 1320, 1192, 1084, 1025, 957. 1H
NMR (500 MHz, CDCl3) d: 1.39 (3H, d, J = 6.8 Hz),
1.45–1.60 (10H, m), 1.76 (2H, m), 2.00–2.17 (2H, m),
2.27 (4H, m), 2.48–2.67 (3H, m), 3.78 (1H, m), 4.45
(1H, m), 4.99 (1H, m), 5.42 (1H, d, J = 15.9 Hz), 6.03
(1H, dt, J = 15.9, 7.0 Hz), 6.97 (1H, s).13C NMR
(125 MHz, CDCl3) d: 15.68, 19.20, 24.04, 25.13, 27.33,
28.58, 28.62, 28.68, 28.93, 31.78, 32.84, 72.56, 77.39,
80.31, 82.72, 87.02, 109.57, 134.25, 143.89, 148.89,
173.82, 176.90. FABHRMS calcd for C22H31O5

[(M+H)+], 375.2171, found, 375.2167.

4.1.31. Squamostolide (3). To a refluxing solution of 39
(18 mg, 0.045 mmol) and p-toluenesulfonylhydrazide
(0.6 g, 4.6 mmol) in diethoxyethane (15 mL) was added
sodium acetate (315 mg, 3.8 mmol) in water (5 mL) over
a 4 h period at 120 �C. After being cooled to room tem-
perature, the reaction mixture was quenched with water
and extracted with AcOEt. The organic layer was washed
with brine, dried over MgSO4, filtered, and concentrated.
The residue was purified with preparative TLC (toluene/
AcOEt = 4:1) to give 3 (10 mg, 62%) as a colorless solid.
Mp 92–93 �C, (lit., 94–96 �C).3 ½a�22

D �3.27 (c 0.10, ace-
tone), {lit., ½a�24

D �3.3 (c 0.122, acetone)}.3 IR (film) mmax

cm�1: 3400, 3071, 2917, 2849, 1740, 1471, 1323, 1254,
1190, 1083, 1030; 1H NMR (500 MHz, CDCl3) d: 1.25–
1.55 (22H, m), 1.39 (3H, d, J = 6.8 Hz), 1.85 (1H, br, –
OH), 2.09–2.30 (3H, m), 2.51–2.62 (2H, m), 3.57 (1H,
m), 4.41 (1H, m), 4.98 (1H, dq, J = 6.8, 1.2 Hz), 6.98
(1H, d, J = 1.2 Hz). 13C NMR (125 MHz, CDCl3) d:
19.21, 24.09, 25.17, 25.43, 27.41, 28.68, 29.16, 29.26,
29.46, 29.50, 29.53, 32.99, 73.67, 77.38, 82.87, 134.36,
148.84, 173.88, 177.03. FABHRMS calcd for C22H37O5

[(M+H)+], 381.2641, found, 381.2631.

4.2. Biochemical methods

Bovine heart submitochondrial particles were prepared
by the method of Matsuno-Yagi and Hatefi,26 and
stored in a buffer containing 0.25 M sucrose and
10 mM Tris–HCl (pH 7.4) at �82 �C. The NADH oxi-
dase activity in the particles was followed spectrometri-
cally with a Shimadzu UV-3000 (340 nm, e = 6.2 mM�1

cm�1) at 30 �C. The reaction medium (2.5 mL) con-
tained 0.25 M sucrose, 1 mM MgCl2, and 50 mM phos-
phate buffer (pH 7.4). The final mitochondrial protein
concentration was 30 lg of protein/mL. The reaction
was started by adding 50 lM NADH after the equilibra-
tion of the particles with inhibitor for 5 min. The IC50

values were averaged from three independent
experiments.
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