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Introduction

Actinopyrone A (1) was isolated from a culture broth of
Streptomyces pactum S12538 as a relatively unstable com-
pound that possesses coronary vasodilating activity and anti-
microbial activity.[1] It was later found to exhibit potent ac-
tivity against Helicobacter pylori.[2]

In addition to multi-bioactivity, low toxicity makes actino-
pyrone A (1) a potentially attractive drug candidate for che-
motherapy. However, the instability of 1 makes it difficult to
promote further research, and its absolute configuration has
not yet been disclosed. Therefore, establishment of the syn-
thesis of 1 is important. Herein we present the first total
synthesis of actinopyrone A,[3] which is applicable toward a
variety of derivatives.[4]

Results and Discussion

Our synthetic plan is shown in Scheme 1. To circumvent the
instability of actinopyrone A (1), the conjugated pyrone 2
was set up as the precursor. Compound 2 can be subjected
to reductive de-conjugation of the conjugated pyrone
moiety in the final stage of the synthesis. The conjugated
pyrone 2 can be synthesized by connection of compounds 3–
5. The chiral centers C14 and C15 of vinylogous anti-aldol 3
can be constructed by our developed methodology using the
chiral vinylketene N,O-acetal 7,[5] which was prepared from
d-valine.

Compound 4 was synthesized from 8 in two steps
(Scheme 2). The commercially available compound 8 was
converted into tetrazole 10 under Mitsunobu conditions.
Both the olefin and sulfide of 10 were oxidized to give
epoxy ACHTUNGTRENNUNGsulfone 4 by treatment with mCPBA in the presence
of NaHCO3.

[6]

g-Pyrone 5 was synthesized as shown in Scheme 3. Treat-
ment of the known a-pyrone 11[7] with calcium carbonate
and dimethyl sulfate in acetone at 50 8C promoted 2-O-
methylation to give g-pyrone 12[8] as a major product. The
regioselectivity of the O-methylation was 2-O-methyl/4-O-
methyl= 3:1, and g-pyrone 12 was isolated in 54 % yield.
The regioselective chlorination of g-pyrone 12 to obtain
chloromethylpyrone 13 was performed with lithium hexame-
thyldisilazide and N-chlorosuccinimide. Chloromethylpyrone
13 was treated with triethyl phosphite at 140 8C to afford
phosphonate 5.[9]

The next stage was to construct vinylogous anti-aldol 3.
Although the vinylogous anti-aldol is the structure available
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through current asymmetric synthesis, stereoselective syn-
thesis of the arrangement requires a long sequence of steps
to give the desired product, and the overall yield is low.
Boger and co-workers examined some aldol methodologies
to construct aldehyde 3 in the total synthesis of pierici-
din A1,[10] which possesses the same side chain as actinopyr-
one A (1). However, overall yields were 16–27 % from pro-
pionate possessing chiral auxiliaries, and several steps were
necessary to obtain aldehyde 3.

Recently, we developed highly stereoselective vinylogous
Mukaiyama aldol reactions using vinylketene N,O-acetals
possessing the chiral oxazolidone,[5] and have applied these
to the total synthesis of natural products. This methodology
was used to construct 3, the C11–C18 unit of 1. Silyl dieno-
late 7,[5c] prepared from 2-methyl-2-pentenoic acid and d-
valine-derived oxazolidone in 2 steps, was coupled with
tiglic aldehyde (6) in the presence of TiCl4 to give the C14–
C15 anti adduct 14 as a single isomer (Scheme 4). Protection
of 14 as the TBS ether afforded crystalline 15, the stereo-
chemistry of which was determined by X-ray crystallography
to be the 14R,15R isomer, as expected from our previous
studies (Figure 1).[5,11] The chiral auxiliary of 15 was re-
moved to give aldehyde 3 by treatment with DIBALH at
�78 8C.[5c] Thus, the vinylogous anti-aldol 3 was provided in
three steps from dienol ether 7. The remote asymmetric in-
duction methodology is an effective and straightforward
method to obtain vinylogous anti-aldol compounds.

The total synthesis of actinopyrone A (1) was accom-
plished as shown in Scheme 5 and Table 1. The aldehyde 3

Abstract in Japanese:

Scheme 1. Retrosynthetic analysis of actinopyrone A (1).

Scheme 2. Reagents and conditions: a) DEAD, PPh3, THF, room temper-
ature, 2 h, 92%; b) mCPBA, NaHCO3, CH2Cl2, room temperature,
34 days, 85%.

Scheme 3. Reagents and conditions: a) CaCO3, Me2SO4, acetone, 50 8C,
3 days, 54%; b) LHMDS, NCS, THF, �78 8C, 1 h, 67%; c) P ACHTUNGTRENNUNG(OEt)3,
140 8C, 6.5 h, 80%.
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was converted into triene 16 (10,11 E/Z=93:7) by Kocień-
skiMs method[6] using sulfone 4. Epoxide 16 was transformed
under acidic conditions to primary alcohol 17, which was
separated from the 10,11-Z isomer by silica gel column chro-
matography. Alcohol 17 was submitted to oxidation to
afford aldehyde 18. The pyrone moiety was introduced by
Horner–Wadsworth–Emmons reaction of 18 with phospho-
nate 5 to afford the stable vinylpyrone 19 (2 : R=TBS). De-
O-silylation of 19 under acidic conditions proceeded in good
yield to provide 20 (2 : R=H). The final and key step was
settled. Samarium(II)-mediated reductive de-conjugation
was examined with vinylpyrone 20 (Table 1).[12]

Addition of hexamethylphosphorous triamide resulted in
the production of multiple products, none of which were the
target molecule 1 (Table 1, entry 1). Addition of methanol
gave actinopyrone A (1) along with 7-hydro-8-methoxyacti-
nopyrone A (22) (Table 1, entry 2). This result is explained
in Scheme 6, which contains intermediate dianion 23. Com-
pound 1 was obtained by successive elimination of methox-
ide and protonation at C6 (route a), while 22 was produced
by protonation of 23 at C7 followed by protonation of 25 at
C6 (route b). Accordingly, the preferred production of 1
should suppress protonation of 23, thus slowing route b. The
best result was obtained by using 2-propanol, with which
protonation proceeded slowly enough to complete elimina-
tion to give intermediate trienolate 24, and 22 was not ob-
served at all (Table 1, entry 3). Therefore, actinopyrone A
(1) was afforded along with the 7,8-Z isomer at a ratio of

Scheme 4. Reagents and conditions: a) TiCl4, CH2Cl2, �60 8C, 4 d, 82 %;
b) TBSOTf, 2,6-lutidine, CH2Cl2, 0 8C, 1.5 h, 93%; c) DIBALH, CH2Cl2,
�78 8C, 2 h, 68%.

Figure 1. ORTEP drawing of silylether 15.

Scheme 5. Reagents and conditions: a) NaHMDS, DME, �60!0 8C,
18 h; b) CSA, MeOH, 0 8C, 1 h, 67 % (2 steps); c) SO3·Py, DMSO, Et3N,
room temperature, 30 min, 94 %; d) LHMDS, THF, �78!0 8C, 5.5 h,
96%; e) CSA, MeOH, room temperature, 18 h, 70%.

Table 1. Reductive de-conjugation of 20 with SmI2.

Entry Additive Ratio
1:21:22

1 HMPA, MeOH complex mixture
2 MeOH 38:12:50
3 iPrOH 88:12:0
4 tBuOH 76:16:8
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88:12. These isomers were easily separated by silica gel
column chromatography to isolate 1 in 70 % yield. Synthetic
1 was identical in all respects to the natural product, includ-
ing optical rotation (synthetic 1: [a]25

D =++31.38 (c= 0.43,
CH2Cl2), natural 1: [a]26

D =++ 30.88 (c= 0.42, CH2Cl2)). There-
fore, the absolute configuration of actinopyrone A (1) was
determined to be 14R,15R. We also synthesized the enantio-
mer of actinopyrone A, showing the opposite optical rota-
tion ([a]23

D =�31.78 (c=0.43, CH2Cl2)) by starting from the
enantiomer of 7[5d] derived from l-valine (Scheme 7).

Conclusions

The first total synthesis and structural determination of acti-
nopyrone A (1) were accomplished by the coupling of four

components (compounds 4, 5, 6, and 7) and reductive de-
conjugation of the vinylpyrone 20. The longest linear se-
quence comprised nine steps and proceeded in 15 % overall
yield from dienol ether 7. The stable intermediate 19 made
it easy to produce anti-Helicobacter pylori drugs. This route
is highly convergent for the synthesis of a variety of actino-
pyrone A analogues to promote drug discovery.

Experimental Section

General methods

1H NMR spectra were recorded at 400 MHz with a JEOL LMN-AL400
instrument. Coupling constants (J) are reported in Hz. 13C NMR spectra
were recorded at 100 MHz with a JEOL LMN-AL400 instrument. Chem-
ical shifts (d) are quoted in parts per million (ppm) and are referenced to
the residual solvent peak. Melting point (mp) determinations were per-
formed by using a Yanako MP-S3 instrument. FTIR spectra were record-
ed with a JEOL JIR-WINSPEC 50 instrument. HRMS and MS data
were obtained with a JEOL JMS-SX102A instrument. Optical rotations
were measured with a JASCO DIP-370 instrument. X-ray crystallograph-
ic analysis was performed with a Rigaku RAXIS-RAPID apparatus. An-
alytical thin layer chromatography was performed on 0.25-mm E. Merck
silica gel plates (60 F254).

Syntheses

10 : A solution of diethyl azodicarboxylate (2.2 m) in toluene (590 mL,
1.30 mmol) was added to a mixture of 3-methyl-3-butene-1-ol (8, 131 mL,
1.30 mmol), 1-phenyl-1H-tetrazol-5-thiol (9, 178 mg, 1.00 mmol) and tri-
phenylphosphine (341 mg, 1.30 mmol) in tetrahydrofuran (THF, 2.7 mL)
at 0 8C under argon atmosphere. After stirring at room temperature for
2 h, the reaction mixture was concentrated to afford the residue, which
was purified by silica gel column chromatography (hexane/EtOAc =6:1)
to yield thioether 10 (226 mg, 917 mmol, 92%). Rf value: 0.28 (hexane/
EtOAc= 6:1). IR (KBr) 3074, 2937, 1648, 1595, 1500, 761 cm�1. 1H NMR
(400 MHz, CDCl3) d=1.77 (3 H, s, Me-8), 2.54 (2 H, t, J=13.0 Hz, H-9),
3.54 (2 H, t, J=13.0 Hz, H-10), 4.78 (1 H, m, H-7), 4.84 (1 H, m, H-7’),
7.51–7.64 ppm (5 H, m, Ph). 13C NMR (100 MHz, CDCl3) d=22.0, 31.4,
36.8, 77.2, 112.4, 123.8, 129.8, 130.1, 133.7, 142.5, 154.3 ppm. HRFAB-MS
(m/z): 247.1008 [M+H]+ ; calcd for C12H15N4S1: 247.1017.

4 : m-Chloroperbenzoic acid (mCPBA, 6.12 g, 35.5 mmol) in CH2Cl2

(75 mL) was added to a mixture of thioether 10 (2.52 g, 10.1 mmol) and
sodium bicarbonate (3.04 g, 36.2 mmol) in CH2Cl2 (25 mL) at 0 8C under
argon atmosphere. After 1 h, sodium bicarbonate (0.85 g, 10.1 mmol) and
mCPBA (1.75 g, 10.1 mmol) in CH2Cl2 (20 mL) was added. The mixture
was warmed to room temperature and stirred for 71 h. Dichloromethane
(100 mL) was added to the mixture, which was subsequently washed with
1.0m aqueous sodium thiosulfate (45 mL), 1.0 m aqueous sodium carbon-
ate (45 mL), H2O (40 mL), and brine (40 mL). The organic layer was
concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/EtOAc=2:1) to give epoxide 4 (2.54 g,
8.63 mmol, 85%). Rf value: 0.24 (hexane/EtOAc =2:1). Prisms recrystal-
lized from isopropanol, mp: 88.3–88.7 8C. 1H NMR (400 MHz, CDCl3)
d=1.40 (3 H, s, Me-8), 2.21 (1 H, ddd, J=14.4, 10.8, 5.4 Hz, H-9), 2.32
(1 H, ddd, J=14.4, 10.8, 5.6 Hz, H-9’), 2.66 (1 H, d, J=4.0 Hz, H-7), 2.71
(1 H, d, J= 4.0 Hz, H-7’), 3.75 (1 H, ddd, J=14.8, 10.8, 5.4 Hz, H-10), 3.83
(1 H, ddd, J= 14.8, 10.8, 5.6 Hz, H-10’), 7.56–7.64 (3 H, m, Ph), 7.65–
7.73 ppm (2 H, m, Ph). 13C NMR (100 MHz, CDCl3) d =21.0, 28.9, 52.1,
53.3, 54.8, 125.1, 129.8, 131.5, 133.0, 153.3 ppm. IR (KBr) ñ= 2981, 2927,
1494, 1348, 1324, 1155, 765 cm�1. HRFAB-MS (m/z): 295.0863 [M+H]+ ;
calcd for C12H15O3N4S1: 295.0865. Anal. calcd for C12H14O3N4S1: C 48.97,
H 4.79, N 19.04, found: C 48.92, H 4.78, N 18.91.

12 : CaCO3 (298 mg, 2.98 mmol) and dimethyl sulfate (940 mL,
9.93 mmol) were sequentially added to a solution of pyrone 11 (153 mg,
0.99 mmol) in acetone (3.0 mL) at room temperature, and the resulting
mixture was stirred at 50 8C under argon atmosphere. After 3 days, the

Scheme 6. Production of actinopyrone A (1) and 7-hydro-8-methoxyac-
tionpyrone (22).

Scheme 7. Synthesis of (14S,15S)-actinopyrone A (ent-1) from ent-7.
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reaction mixture was filtered, and the residue was washed with acetone.
The filtrate was concentrated and separated by silica gel column chroma-
tography (CHCl3/acetone= 8:1) to afford g-pyrone 12 (89.9 mg,
0.53 mmol, 54 %) and a-pyrone (29.2 mg, 0.17 mmol, 18%). g-pyrone 12
Rf value: 0.33 (CHCl3/acetone =3:1). 1H NMR (400 MHz, CDCl3) d=

1.83 (3 H, s, Me), 1.91 (3 H, s, Me), 2.25 (3 H, s, Me), 3.93 ppm (3 H, s,
OMe). IR (KBr) ñ=2956, 1673, 1594, 1417, 1176 cm�1.

13 : A solution of lithium bis(trimethylsilyl)amide (1.06 m) in THF
(3.07 mL, 3.25 mmol) was added to a solution of 2-methoxy-g-pyrone (12,
320 mg, 2.50 mmol) in THF (8.4 mL) at �78 8C under argon atmosphere.
After 0.5 h, N-chlorosuccinimide (0.85 g, 10.1 mmol) in THF (20 mL) was
added, and the resulting mixture was stirred for 1 h. The mixture was
concentrated, then EtOAc (300 mL) and H2O (10 mL) were added. The
layers were separated, and the aqueous solution was extracted twice with
EtOAc. The combined organic extracts were sequentially washed with sa-
turated aqueous sodium bicarbonate (2 O 10 mL) and brine (10 mL). The
organic extracts were concentrated to afford the residue, which was puri-
fied by silica gel column chromatography (hexane/EtOAc=1:1) to afford
chloride 13 (338 mg, 1.67 mmol, 67 %). Rf value: 0.19 (hexane/EtOAc=

1:1). 1H NMR (400 MHz, CDCl3) d=1.86 (3 H, s, Me), 2.04 (3 H, s, Me),
4.01 (3 H, s, OMe), 4.45 ppm (2 H, s, H-6). 13C NMR (100 MHz, CDCl3)
d=7.0, 9.8, 39.4, 55.6, 100.4, 121.4, 151.7, 162.2, 180.2 ppm. IR (KBr) ñ=

3039, 1668, 1602, 1465, 1332 cm�1. FAB-MS (m/z): 203, 205 [M+H]+ .
HRFAB-MS (m/z): 203.0489 [M+H]+ ; calcd for C9H12O3Cl1: 203.0475.

5 : Chloride 13 (141 mg, 695 mmol) was dissolved in triethyl phosphite
(2.1 mL, 12.2 mmol) under argon atmosphere, and stirred at 140 8C for
6.5 h. The mixture was concentrated to afford the residue, which was pu-
rified by silica gel column chromatography (PhMe/acetone=3:2) to phos-
phate 5 (169 mg, 555 mmol, 80 %). Rf value: 0.19 (PhMe/acetone= 1:1).
Prisms recrystallized from iPr2O, mp: 70.0–70.4 8C. 1H NMR (400 MHz,
CDCl3) d=1.32 (6 H, t, J=7.1 Hz), 1.85 (3 H, s), 1.98 (3 H, d, J=3.7 Hz),
3.14 (2 H, d, J=22.0 Hz), 3.99 (3 H, s), 4.08–4.17 ppm (4 H, m). 13C NMR
(100 MHz, CDCl3) d=6.9, 10.4 (d, J= 3 Hz), 16.5 (d, J=6 Hz), 30.1 (d,
J=140 Hz), 55.7, 62.6 (d, J=6 Hz), 99.8, 120.8 (d, J=9 Hz), 149.4 (d, J=

12 Hz), 162.3, 180.4 ppm (d, J=3 Hz). IR (KBr) ñ= 2985, 2927, 1672,
1602, 1253, 1020, 977 cm�1. HRFAB-MS (m/z): 305.1158 [M+H]+ ; calcd
for C13H22O6P1: 305.1154.

14 : TiCl4 (1.78 mL, 16.3 mmol) in CH2Cl2 (152 mL) was added to a mix-
ture of oxazolidone 7 (5.26 g, 15.5 mmol) and trans-2-methyl-2-butenal
(6, 2.24 mL, 23.2 mmol) in CH2Cl2 (50 mL) at �78 8C under argon atmos-
phere. The resulting mixture was stirred at �60 8C for 4 days. Pyridine
(1.3 mL, 16.1 mmol) was added at 0 8C, and the resulting mixture was
poured into saturated aqueous sodium bicarbonate (100 mL). The mix-
ture was filtered through Celite, and the filtrate was separated. The aque-
ous solution was extracted with CHCl3 (50 mL), and the combined organ-
ic extracts were washed with brine (30 mL). The organic extracts were
concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/EtOAc =3:1) to yield anti adduct 14
(3.89 g, 12.6 mmol, 82%). Rf value: 0.23 (hexane/EtOAc =2:1). [a]25

D =++

16.58 (c=1.16, CH2Cl2). 1H NMR (400 MHz, CDCl3) d =0.82 (3 H, d, J=

6.6 Hz, Me-14), 0.92 (3 H, d, J=7.1 Hz, iPr), 0.93 (3 H, d, J=7.1 Hz, iPr),
1.63 (3 H, d, J=6.6 Hz, Me-17), 1.66 (3 H, d, J=1.2 Hz, Me-16), 1.97
(3 H, d, J=1.2 Hz, Me-12), 2.34 (1 H, dqq, J=7.1, 7.1, 4.7 Hz, iPr), 2.74
(1 H, ddq, J= 10.3, 9.3, 6.6 Hz, H-14), 3.31 (1 H, d, J=1.7 Hz, OH-15),
3.66 (1 H, dd, J=9.3, 1.7 Hz, H-15), 4.18 (1 H, dd, J=9.0, 5.6 Hz), 4.34
(1 H, dd, J=9.0, 9.0 Hz), 4.57 (1 H, ddd, J=9.0, 5.6, 4.7 Hz), 5.47 (1 H, q,
J=6.6 Hz, H-17), 5.78 ppm (1 H, dd, J=10.3, 1.2 Hz, H-13). 13C NMR
(100 MHz, CDCl3) d= 10.4, 13.1, 14.0, 15.2, 16.1, 17.8, 28.4, 37.8, 58.1,
63.4, 82.2, 123.6, 131.7, 134.8, 142.0, 154.5, 171.5 ppm. IR (KBr) ñ =3509,
2966, 1772, 1683 cm�1. FAB-MS (m/z): 308 [M�H]+ , 292 [M�OH]+ .
HRFAB-MS (m/z): 308.1843 [M�H]+ ; calcd for C17H26O4N1: 308.1862.

15 : tert-Butyldimethylsilyl trifluoromethanesulfonate (TBSOTf, 2.23 mL,
12.7 mmol) was added to a mixture of anti adduct 14 (3.01 g, 9.78 mmol)
and 2,6-lutidine (1.71 mL, 14.7 mmol) in CH2Cl2 (60 mL) at 0 8C under
argon atmosphere, and the resulting mixture was stirred for 1 h. TBSOTf
(171 mL, 977 mmol) was added, and the mixture was stirred for 30 min.
H2O (20 mL) was added to the resulting mixture at 0 8C, and the organic
layer was separated. The aqueous solution was extracted with CH2Cl2

(20 mL), and the combined organic extracts were washed with brine
(20 mL). The organic extracts were concentrated to afford the residue,
which was purified by silica gel column chromatography (hexane/
EtOAc= 10:1) to afford silyl ether 15 (3.85 g, 9.12 mmol, 93 %). Rf value:
0.55 (hexane/EtOAc=3:1). [a]22

D =�14.58 (c=1.16, CH2Cl2). 1H NMR
(400 MHz, CDCl3) d=�0.06 (3 H, s, SiMe), 0.01 (3 H, s, SiMe), 0.84 (9 H,
s, SitBu), 0.84 (3 H, d, J=7.5 Hz, Me-14), 0.89 (3 H, d, J=7.5 Hz, iPr),
0.91 (3 H, d, J=7.5 Hz, iPr), 1.56 (3 H, s, Me-16), 1.59 (3 H, d, J=6.7 Hz,
Me-17), 1.92 (3 H, d, J=1.8 Hz, Me-12), 2.39 (1 H, dqq, J= 7.5, 7.5,
4.7 Hz, iPr), 2.64 (1 H, ddq, J=10.1, 7.5, 7.5 Hz, H-14), 3.76 (1 H, d, J=

7.5 Hz, H-15), 4.17 (1 H, dd, J=9.2, 4.7 Hz), 4.29 (1 H, dd, J=9.2,
9.2 Hz), 4.47 (1 H, ddd, J=9.2, 4.7, 4.7 Hz), 5.36 (1 H, q, J=6.7 Hz, H-
17), 5.93 ppm (1 H, dd, J= 10.1, 1.8 Hz, H-13). 13C NMR (100 MHz,
CDCl3) d =�5.1, �4.8, 11.0, 12.9, 14.2, 14.9, 16.5, 17.9, 18.1, 25.8, 28.2,
37.8, 58.4, 63.4, 82.7, 121.7, 130.8, 136.7, 142.3, 153.4, 171.8 ppm. IR
(KBr) ñ=2958, 1783, 1693, 860, 838, 777 cm�1. HRFAB-MS (m/z):
422.2706 [M+H]+ ; calcd for C23H40O4N1Si1: 422.2727.

3 : A solution of diisobutylaluminum hydride (DIBALH, 0.99 m) in tolu-
ene (4.09 mL, 4.05 mmol) dissolved in CH2Cl2 (123 mL) was added to a
solution of silyl ether 15 (1.41 g, 2.70 mmol) in CH2Cl2 (23 mL) at �78 8C
under argon atmosphere. The resulting mixture was stirred for 2 h.
MeOH (3.0 mL) and sodium sulfate decahydrate were added, and the
mixture was stirred for 1 h. The mixture was filtered through Celite, and
the filtrate was concentrated to afford the residue, which was purified by
silica gel column chromatography (hexane/EtOAc=10:1) to yield alde-
hyde 3 (545 mg, 1.84 mmol, 68%). Rf value: 0.44 (hexane/EtOAc =10:1).
[a]23

D =++9.608 (c=0.50, CH2Cl2). 1H NMR (400 MHz, CDCl3) d=�0.07
(3 H, s, SiMe), �0.03 (3 H, s, SiMe), 0.81 (9 H, s, SitBu), 0.89 (3 H, d, J=

6.7 Hz, Me-14), 1.57 (3 H, s, Me-16), 1.60 (3 H, d, J=6.7 Hz, Me-17), 1.75
(3 H, d, J=1.3 Hz, Me-12), 2.85 (1 H, ddq, J= 10.1, 8.0, 6.7 Hz, H-14),
3.81 (1 H, d, J= 8.0 Hz, H-15), 5.40 (1 H, q, J=6.7 Hz, H-17), 6.36 (1 H,
dd, J=10.1, 1.3 Hz, H-13), 9.40 ppm (1 H, s, H-11). 13C NMR (100 MHz,
CDCl3) d =�5.1, �4.7, 9.5, 10.9, 13.0, 16.5, 18.1, 25.7, 38.4, 82.8, 122.3,
136.3, 139.0, 158.8, 195.6 ppm. IR (KBr) ñ=2929, 1693, 860, 836,
775 cm�1. HRFAB-MS (m/z): 319.2104 [M+Na]+ ; calcd for
C17H32O2Si1Na1: 319.2069.

16 : Sodium bis(trimethylsilyl)amide (0.99 m) in THF (273 mL, 270 mmol)
was added to a solution of sulfone 4 (83.6 mg, 284 mmol) in dimethoxy-
ethane (420 mL) at �78 8C under argon atmosphere, and the resulting
mixture was stirred at �60 8C for 30 min. Aldehyde 3 (42.1 mg, 142 mmol)
in dimethoxyethane (600 mL) was added to the mixture, and the stirring
mixture was warmed to 0 8C over 18 h. EtOAc (5.0 mL) and H2O
(2.5 mL) were added, and the organic layer was separated. The aqueous
layer was extracted with EtOAc (3.0 mL), and the combined organic ex-
tracts were washed with brine (2.5 mL). The organic extracts were con-
centrated to afford the residue, which was purified by silica gel column
chromatography (hexane/EtOAc=25:1) to yield triene 16 (43.1 mg,
118 mmol). Rf value: 0.48 (hexane/EtOAc =10:1). 1H NMR (400 MHz,
CDCl3) d =�0.09 (3 H, s, SiMe), �0.07 (3 H, s, SiMe), 0.76 (3 H, d, J=

6.8 Hz, Me-14), 0.80 (9 H, s, SitBu), 1.31 (3 H, d, J=2.0 Hz, Me-8), 1.55
(3 H, s, Me-12), 1.58 (3 H, d, J=6.8 Hz, Me-17), 1.73 (3 H, s, Me-16), 2.30
(1 H, dd, J=14.4, 7.2 Hz, H-9), 2.41 (1 H, dd, J=14.4, 8.0 Hz, H-9’), 2.60
(1 H, d, J=4.8 Hz, H-7), 2.62 (1 H, dd, J=8.0, 2.0 Hz, H-14), 2.65 (1 H, d,
J=4.8 Hz, H-7’), 3.63 (1 H, d, J=8.0 Hz, H-15), 5.21 (1 H, d, J=8.0 Hz,
H-13), 5.31 (1 H, q, J= 6.8 Hz, H-17), 5.45 (1 H, ddd, J=14.6, 8.0, 7.2 Hz,
H-10), 6.50 ppm (1 H, d, J=14.6 Hz, H-11). HRFAB-MS (m/z): 363.2697
[M�H]+ ; calcd for C22H39O2Si1: 363.2719.

17: Camphorsulfonic acid (1.4 mg, 5.9 mmol) was added to a solution of
triene 16 (43.1 mg, 118 mmol) in MeOH (800 mL) at 0 8C under argon at-
mosphere and stirred for 1 h. Triethylamine (5 mL, 36.5 mmol) was added,
and the resulting mixture was concentrated to afford the residue, which
was purified by silica gel column chromatography (hexane/EtOAc =8:1)
to yield primary alcohol 17 (38.0 mg, 95.8 mmol, 67 % in 2 steps). Rf

value: 0.09 (hexane/EtOAc =8:1). [a]25
D =�2.938 (c=1.00, CH2Cl2).

1H NMR (400 MHz, CDCl3) d=�0.09 (3 H, s, SiMe), �0.07 (3 H, s,
SiMe), 0.75 (3 H, d, J= 6.7 Hz, Me-14), 0.80 (9 H, s, SitBu), 1.12 (3 H, s,
Me-8), 1.55 (3 H, s, Me-12), 1.58 (3 H, d, J=6.7 Hz, Me-17), 1.73 (3 H, s,
Me-16), 1.86 (1 H, t, J=6.0 Hz, OH-7), 2.22–2.41 (2 H, m, H-9), 2.61 (1 H,
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ddq, J=9.6, 8.0, 6.7 Hz, H-14), 3.26 (3 H, s, OMe), 3.42 (1 H, dd, J=11.2,
6.1 Hz, H-7), 3.48 (1 H, dd, J=11.2, 6.1 Hz, H-7’), 3.62 (1 H, d, J=8.0 Hz,
H-15), 5.19 (1 H, d, J=9.6 Hz, H-13), 5.32 (1 H, q, J=6.6 Hz, H-17), 5.46
(1 H, dt, J=15.5, 7.7 Hz, H-10), 6.09 ppm (1 H, d, J=15.5 Hz, H-11). The
diastereomers at position C8 were not distinguishable by 400 MHz
1H NMR. 13C NMR (100 MHz, CDCl3): (values in brackets are data of
the isomer at position C8): d=�5.1, �4.8, 10.7 [10.8], 12.9, 13.0, 17.5,
18.1, 19.0, 19.1, 25.7, 37.2, 38.5 [38.4], 49.3 [49.3], 66.8 [66.8], 77.3 [77.4],
83.6 [83.6], 121.3 [121.1], 132.8 [132.8], 136.2 [136.1], 137.2, 138.6 ppm
[138.6]. IR (KBr) ñ=3444, 2927, 860, 835, 773 cm�1. HRFAB-MS (m/z):
395.2977 [M�H]+ ; calcd for C23H43O3Si1: 395.2981.

18 : Sulfur trioxide pyridine complex (895 mg, 5.62 mmol) was added to a
mixture of primary alcohol 17 (225 mg, 566 mmol) and triethylamine
(1.58 mL, 11.3 mmol) in dimethoxyethane (3.9 mL) at room temperature
under argon atmosphere, and the resulting mixture was stirred for
30 min. Toluene (12 mL) and H2O (4.0 mL) were added to the reaction
mixture, and the organic layer was separated. The aqueous solution was
extracted with toluene (12 mL), and the combined organic extracts were
washed twice with brine (2 O 3.0 mL). The organic extracts were concen-
trated to afford the residue, which was purified by silica gel column chro-
matography (hexane/EtOAc=25:1) to yield aldehyde 18 (211 mg,
535 mmol, 94%). Rf value: 0.48 (hexane/EtOAc= 10:1). [a]25

D =�3.308
(c= 1.11, CH2Cl2). 1H NMR (400 MHz, CDCl3): (values in brackets are
data of the isomer at position C8): d=�0.09 (3 H, s, SiMe), �0.07 (3 H, s,
SiMe), 0.75 (3 H, d, J= 6.9 Hz, Me-14), 0.80 (9 H, s, SitBu), 1.21 [1.22]
(3 H, s, Me-8), 1.55 (3 H, s, Me-12), 1.58 (3 H, d, J=6.4 Hz, Me-17), 1.71
(3 H, s, Me-16), 2.33–2.52 (2 H, m, H-9), 2.59 (1 H, ddq, J=10.1, 8.0,
6.9 Hz, H-14), 3.32 (3 H, s, OMe), 3.62 (1 H, d, J=8.0 Hz, H-15), 5.20
(1 H, d, J=10.1 Hz, H-13), 5.31 (1 H, q, J=6.4 Hz, H-17), 5.41 (1 H, dt,
J=17.9, 7.5 Hz, H-10), 6.09 (1 H, d, J=17.9 Hz, H-11), 9.58 ppm [9.59]
(1 H, s, H-7). 13C NMR (100 MHz, CDCl3) d =�5.1, �4.8, 10.8 [10.8],
12.9 [13.0], 17.4, 17.5 [17.5], 18.1, 25.7, 37.3, 38.0 [38.2], 51.9 [51.9], 82.4
[82.4], 83.5 [83.6], 118.9, 121.3 [121.3], 132.7, 136.7 [136.7], 137.1, 139.5
[139.6], 205.0 ppm [205.1]. IR (KBr) ñ =2956, 2929, 2856, 2701, 1737,
1247, 1079, 1056, 860, 836, 773 cm�1. HRFAB-MS (m/z): 393.3827
[M�H]+ ; calcd for C23H41O3Si1: 393.2825.

19 : Lithium bis(trimethylsilyl)amide (1.0 m) in THF (576 mL, 576 mmol)
was added to a solution of phosphate 5 (183 mg, 600 mmol) in THF
(5.7 mL) at �78 8C under argon atmosphere, and the resulting mixture
was stirred at �78 8C for 1 h. Aldehyde 18 (189 mg, 480 mmol) in THF
(3.7 mL) was added to the mixture, and the resulting mixture was stirred
for 1 h, then warmed to 0 8C over 2.5 h, and stirred at 0 8C for 2 h. Acetic
acid was added, and the resulting mixture was concentrated to afford the
residue, which was purified by silica gel column chromatography
(hexane/EtOAc =3:1) to give vinylpyrone 19 (250 mg, 459 mmol, 96%).
Rf value: 0.10 (hexane/EtOAc=4:1). [a]23

D =�0.998 (c=1.15, CH2Cl2).
1H NMR (400 MHz, CDCl3): (values in brackets are data of the isomer at
position C8): d=�0.12 (3 H, s, SiMe), �0.10 (3 H, s, SiMe), 0.75 (3 H, d,
J=6.9 Hz, Me-14), 0.78 [0.79] (9 H, s, SitBu), 1.33 [1.34] (3 H, s, Me-8),
1.54 (3 H, s, Me-12), 1.58 (3 H, d, J=6.7 Hz, Me-17), 1.71 [1.72] (3 H, s,
Me-2), 1.87 (3 H, s, Me-16), 2.04 (3 H, s, Me-4), 2.43 (2 H, d, J=7.1 Hz,
H-9), 2.55–2.67 (1 H, m, H-14), 3.24 [3.26] (3 H, s, OMe-8), 3.62 (1 H, d,
J=8.3 Hz, H-15), 4.00 (3 H, s, OMe-1), 5.19 (1 H, d, J=10.1 Hz, H-13),
5.31 (1 H, q, J=6.9 Hz, H-17), 5.41–5.52 (1 H, m, H-10), 6.08 [6.10] (1 H,
d, J=15.2 Hz, H-11), 6.36 (1 H, d, J=16.6 Hz, H-6), 6.48 ppm [6.49] (1 H,
d, J=16.6, 2.4 Hz, H-7). 13C NMR (100 MHz, CDCl3) d=�5.1, �4.8, 6.9,
9.7, 10.8 [10.8], 12.9 [13.1], 17.5 [18.1], 21.9 [22.3], 25.7, 37.3, 43.4 [43.6],
50.5 [50.6], 55.3 [55.3], 77.2 [77.5], 83.5, 99.6 [99.6], 119.0 [119.0], 119.3
[119.5], 120.7 [120.8], 121.3 [121.3], 132.8 [132.8], 136.3 [136.4], 137.1
[137.1], 138.9 [139.0], 140.3 [140.4], 151.3 [151.3], 161.7, 181.0 ppm. IR
(KBr) ñ=2927, 1666, 1616, 1253, 860, 835, 773 cm�1. HRFAB-MS (m/z):
545.3646 [M+H]+ ; calcd for C32H53O5Si1: 545.3662.

20 : Camphorsulfonic acid (13.3 mg, 57.1 mmol) in MeOH (400 mL) was
added to a solution of vinylpyrone 19 (31.1 mg, 57.1 mmol) in MeOH
(1.6 mL) at room temperature under argon atmosphere, and left for 18 h.
Triethylamine was added to the solution at 0 8C, and the resulting mixture
was concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/EtOAc =1:1) to give secondary alcohol

20 (17.2 mg, 39.9 mmol, 70 %). Rf value: 0.19 (hexane/EtOAc=1:1).
[a]25

D =++3.648 (c=1.28, CH2Cl2). 1H NMR (400 MHz, CDCl3) (values in
brackets are data of the isomer at position C8): d= 0.81 (3 H, d, J=

6.9 Hz, Me-14), 1.35 (3 H, s, Me-8), 1.63 (3 H, d, J= 5.1 Hz, Me-17), 1.64
(3 H, s, Me-12), 1.80 (3 H, s, Me-2), 1.87 (3 H, s, Me-16), 2.05 (3 H, s, Me-
4), 2.44 (2 H, d, J=7.2 Hz, H-9), 2.69 (1 H, ddq, J=9.6, 9.1, 6.5 Hz, H-
14), 3.25 [3.25] (3 H, s, OMe-8), 3.63 (1 H, d, J=9.1 Hz, H-15), 4.00 [4.00]
(3 H, s, OMe-1), 5.26 (1 H, d, J=9.6 Hz, H-13), 5.49 (1 H, q, J=6.2 Hz,
H-17), 5.53–5.63 (1 H, m, H-10), 6.13 [6.14] (1 H, d, J=16.3 Hz, H-11),
6.36 (1 H, d, J=16.3 Hz, H-6), 6.50 ppm [6.51] (1 H, d, J=16.3 Hz, H-7).
13C NMR (100 MHz, CDCl3) d =6.9, 9.6, 10.5, 13.1 [13.1], 17.4, 22.2
[22.2], 36.8, 43.5 [43.6], 50.5, 55.3, 77.2 [77.2], 82.8, 99.6, 119.1, 119.5
[119.5], 122.4 [122.5], 123.6, 134.1 [134.1], 135.5 [135.5], 135.6, 138.0
[138.1], 140.0, 151.2, 161.7, 181.0 ppm. IR (KBr) ñ =3423, 2971, 2925,
1666, 1602, 1577, 1376, 1336, 968 cm�1. HRFAB-MS (m/z): 431.2769
[M+H]+ ; calcd for C26H39O5: 431.2797.

(+)-Actinopyrone A (1): Samarium iodide (0.1 m) in THF (438 mL,
43.8 mmol) was added to a mixture of secondary alcohol 20 (6.3 mg,
14.6 mmol) and isopropanol (11 mL, 14.6 mmol) in THF (630 mL) at
�78 8C under argon atmosphere, and the resulting mixture was stirred at
�20 8C for 30 min. Air was bubbled into the solution. EtOAc (1.0 mL),
saturated aqueous sodium bicarbonate (0.5 mL), and H2O (0.5 mL) were
added, and the organic layer was separated. The aqueous layer was ex-
tracted with EtOAc (0.5 mL), and the combined organic extracts were
concentrated to afford the residue, which was purified by silica gel
column chromatography (hexane/acetone=4:1) to yield (+)-actinopyro-
ne A (1, 4.1 mg, 10.3 mmol, 70%) along with (7,8-Z)-actinopyrone (21,
0.6 mg, 1.4 mmol, 10%). (+)-actinopyrone A (1): Rf value: 0.33 (hexane/
acetone=1:1). Synthetic: [a]25

D =++31.3 (c=0.43, CH2Cl2); natural: [a]26
D =

+30.8 (c=0.42, CH2Cl2). 1H NMR (400 MHz, CDCl3) d=0.81 (3 H, d,
J=6.9 Hz, Me-14), 1.63 (3 H, d, J= 6.0 Hz, Me-17), 1.64 (3 H, s, Me-12),
1.67 (1 H, br, OH-15), 1.73 (3 H, s, Me-16), 1.81 (3 H, s, Me-8), 1.84 (3 H,
s, Me-2), 1.96 (3 H, s, Me-4), 2.68 (1 H, ddq, J=9.6, 9.1, 6.9 Hz, H-14),
2.80 (2 H, d, J=6.9 Hz, H-9), 3.31 (2 H, d, J=7.3 Hz, H-6), 3.63 (1 H, d,
J=9.1 Hz, H-15), 3.92 (3 H, s, OMe-8), 5.24 (1 H, d, J= 9.6 Hz, H-13),
5.26 (1 H, t, J= 7.3 Hz, H-7), 5.49 (1 H, q, J=6.0 Hz, H-17), 5.56 (1 H, dt,
J=15.5, 6.9 Hz, H-10), 6.10 ppm (1 H, d, J=15.5 Hz, H-11). The nOe was
observed between H-6 and Me-8 (8.2 %) and between H-6 and Me-4
(7.5 %). 13C NMR (100 MHz, CDCl3) d=6.9, 9.9, 10.5, 13.1, 13.2, 16.6,
17.4, 30.0, 36.9, 42.9, 55.2, 82.8, 99.3, 118.0, 118.1, 123.6, 125.6, 133.8,
135.57, 135.61, 136.4, 138.0, 156.9, 162.1, 181.0 ppm. IR (KBr) ñ=3407,
3023, 2958, 2923, 2863, 1666, 1587, 1463, 1378, 1326, 1251, 1164 cm�1.
HRFAB-MS (m/z): 401.2673 [M+H]+ ; calcd for C25H37O4: 401.2692. (7,8-
Z)-actinopyrone (21): Rf value: 0.34 (hexane/acetone =1:1). 1H NMR
(400 MHz, CDCl3) d=0.81 (3 H, d, J=6.7 Hz, Me-14), 1.63 (3 H, d, J=

6.7 Hz, Me-17), 1.64 (3 H, s, Me-8), 1.75 (3 H, s, Me), 1.75 (1 H, br, OH-
15), 1.79 (3 H, s, Me), 1.84 (3 H, s, Me), 1.96 (3 H, s, Me-4), 2.68 (1 H,
ddq, J=10.1, 8.5, 6.7 Hz, H-14), 2.91 (2 H, d, J= 6.5 Hz, H-9), 3.31 (2 H,
d, J=7.2 Hz, H-6), 3.63 (1 H, d, J=8.5 Hz, H-15), 3.93 (3 H, s, OMe-8),
5.23 (1 H, d, J=10.1 Hz, H-13), 5.31 (1 H, t, J=7.2 Hz, H-7), 5.49 (1 H, q,
J=6.7 Hz, H-17), 5.53 (1 H, dt, J=15.5, 6.5 Hz, H-10), 6.09 ppm (1 H, d,
J=15.5 Hz, H-11). The nOe was observed between H-6 and Me-4
(3.7 %), between H-6 and H-9 (2.0 %), and between H-7 and Me-8
(6.7 %). 13C NMR (100 MHz, CDCl3) d=6.9, 9.9, 10.5, 13.1, 13.1, 17.4,
23.7, 29.8, 35.3, 36.9, 55.3, 82.8, 99.4, 118.1, 118.5, 123.6, 124.4, 134.0,
135.4, 135.6, 135.9, 137.5, 156.9, 162.1, 181.1 ppm. 7-hydro-8-methoxyacti-
nopyrone (22): Rf value: 0.12 (hexane/EtOAc=1:1). 1H NMR (400 MHz,
CDCl3) (values in brackets are data of the isomer at position C8): d=

0.80 (3 H, d, J=6.9 Hz, Me-14), 1.25 (3 H, s, Me-8), 1.63 (3 H, d, J=

6.0 Hz, Me-17), 1.64 (3 H, s, Me-12), 1.71–1.80 (2 H, m, H-7), 1.81 (3 H, s,
Me-16), 1.84 (3 H, s, Me-2), 1.94 (3 H, s, Me-4), 2.30–2.35 (2 H, m, H-6),
2.58–2.73 (3 H, m, H-9, H-14), 3.24 (3 H, s, OMe-8), 3.63 (1 H, d, J=

9.1 Hz, H-15), 3.93 (3 H, s, OMe-1), 5.24 (1 H, d, J=9.9 Hz, H-13), 5.45–
5.61 (2 H, m, H-10, H-17), 6.13 ppm [6.14] (1 H, d, J=15.5 Hz, H-11). IR
(KBr) ñ =3411, 2958, 2923, 2861, 1668, 1587, 1463, 1378, 1328, 1251,
1168 cm�1. FAB-MS (m/z): 433 [M+H]+ , 415 [M�OH]+ , 239 [M�(C9–
C18 fragment)]+ . HRFAB-MS (m/z): 433.2951 [M+H]+ ; calcd for
C26H41O5: 433.2954.
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