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Introduction

Biologically active natural products and their derivatives are
effective biochemical probes for the elucidation of new drug
targets.[1] The combinatorial synthesis of small molecules
based on the structures of these natural products is an effec-
tive and promising route to the development of new bio-

chemical probes, which frequently requires novel and di-
verse synthetic strategies and methodologies instead of tra-
ditional approaches for the total synthesis of natural prod-
ucts.[2] We recently investigated the combinatorial syntheses
of small molecule libraries based on the structures of natural
products.[3] Solid-phase synthesis is a powerful tool for the
rapid assembly of small molecules owing to the ease of ma-
nipulation and the adaptability to a split-and-pool methodol-
ogy. However, optimization of reaction conditions in solid-
phase synthesis frequently requires more time than in solu-
tion. Furthermore, solid-phase synthesis sometimes requires
specific functional groups on the target compounds for load-
ing onto polymer supports. On the other hand, polymer-as-
sisted solution-phase synthesis that utilizes filterable solid-
supported reagents, catalysts, and scavengers has recently
emerged as an alternative method for the high-speed synthe-
sis of small molecules.[4] It allows one to monitor reactions
by conventional methods. Workup and purification involves
only washing and filtration, which are relatively simple pro-
cedures.
The compounds D12-PGJ2 (1), 15-deoxy-D12,14-PGJ2

(15dPGJ2; 2), and D
7-PGA1 (3) (Figure 1) are metabolites of

cyclopentenone prostanoids PGA2, PGA1, and PGJ2, respec-
tively, and exhibit various biological activities, including
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anti-inflammatory, antineoplastic, and antiviral activities.[5]

In 1995, 2 was reported to be a high-affinity ligand for the
nuclear receptor PPARg and to modulate gene transcription
by binding to this receptor by alkylation with the highly re-
active cross-conjugated dienone system.[5a] Satoh, Watanabe,
and co-workers recently reported that 2 promoted neurite
outgrowth from PC12 cells.[6] In both cases, the cross-conju-
gated dienone moiety was found to be critical for biological
activity, and 2 exhibited a stronger activity than 1. These re-
sults suggest that the diene moiety on the w chain is a signif-
icant factor and is related to the biological activities of such
compounds. We envisaged that the variation of the a and w

chains of 2 would be an effective strategy for the develop-
ment of new chemical probes to identify the target proteins
related to the various biological activities promoted by 2.
However, most of the established methodologies for the syn-
thesis of cross-conjugated prostanoids are based on tradi-
tional solution-phase synthesis.[7] Furthermore, established
solid-phase syntheses of various prostaglandins require the
presence of a hydroxy group on the cyclopentenone unit for
loading of the substrate,[8] which is not available in 2. There-
fore, an effective method for the synthesis of the D12-PGJ2
derivatives continues to be sought after.[8] Herein we de-
scribe the efficient polymer-assisted solution-phase synthesis
of rac-D12-PGJ2 derivatives with variable a and w chains and
their neurite-outgrowth-promoting activities.

Results and Discussion

The strategy for the polymer-assisted solution-phase synthe-
sis of the D12-PGJ2 derivatives 4 is shown in Scheme 1. Cy-
clopentenone 5, which contains a vinyl iodide, was designed
as a key intermediate and can be subsequently coupled with

the a chain by Suzuki–Miyaura coupling with alkyl boranes
6 and the w chain by Lewis acid catalyzed aldol condensa-
tion of 5 with aldehydes 7 via the silyl enol ether 11. b Elim-
ination of the resulting aldol products 13 provides the cross-
conjugated dienones 4. Lewis acid catalyzed aldol condensa-
tion via 11 enables the incorporation of base-labile function-
al groups into the a and w chains and provides the erythro-
aldol products 13 through an open transition state; these
products smoothly undergo b elimination to afford the de-
sired E olefins 4. The diene intermediate 11 may undergo
isomerization to the stable multisubstituted diene 12
through a 1,5 hydride shift.[9] Cyclopentenone 5 can be pre-
pared by the electrophilic cycloaddition of propargyl halide
9 to cyclopentadiene (8). For easy access to the PGJ2 deriva-
tives 4, polymer-supported reagents and scavengers could be
adapted for the four diverse steps from the common inter-
mediate 5.
The synthesis of 5 is shown in Scheme 2. The diastereo-

meric mixture of rac-substiuted cyclopentene 14 was pre-
pared from cyclopentadiene (8) and propargyl bromide (9)
according to the established procedure.[10] Protection of the
secondary alcohol 14 with TBSCl followed by iodination of
the terminal acetylene with NIS and AgNO3 afforded the al-
kynyl iodide 15 in 78% yield over two steps. The hydrobora-
tion of acetylene 15 with Cy2BH followed by acidic hydroly-
sis provided the cis-vinyl iodide 16 in 68% yield.[11] Depro-
tection of the TBS ether followed by oxidation of the result-
ing alcohol provided enone 5 in 82% yield over two steps.
The synthesis of 15-deoxy-D12,14-PGJ2 methyl ester (4aA)

from 5 was examined next (Scheme 3). The vinyl iodide 5
was treated with pentyl 9-BBN 6a (1.5 equiv) in the pres-
ence of [PdCl2 ACHTUNGTRENNUNG(dppf)] (5 mol%) and Ph3As (20 mol%),

Figure 1. Structure of mammalian cross-conjugated prostanoids 1, 2, and
3.

Scheme 1. Strategy for the synthesis of the 15dPGJ2 derivatives 4.
9-BBN=9-borabicycloACHTUNGTRENNUNG[3.3.1]nonane, LA=Lewis acid.
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H2O, and CsCO3 (2.0 equiv) in DMF at 60 8C for 30 min to
provide enone 17a in 84% yield. The use of [Pd ACHTUNGTRENNUNG(PhP3)4] as
a catalyst resulted in a comparable yield of 17a (84%).
Lewis acid catalyzed aldol condensation via sily ether 18a
was examined. Treatment of 17a with TBSOTf and NEt3 at
0 8C for 20 min provided 18a. Subsequent treatment of 18a
with aldehyde 7A in the presence of BF3·Et2O (20 mol%)
provided aldol product 19aA in 68% yield as a single dia-
stereomer along with the recovered 17a in 8% yield.
1H NMR spectroscopic analysis of 19aA (JC12,C13=3.4 Hz)
indicated that the Lewis acid catalyzed aldol condensation
of 17a resulted in the ACHTUNGTRENNUNGerythro-aldol product 19aA. The 1,5
hydride shift of 18a did not occur during the reaction and
workup. The corresponding trimethyl and triethyl silyl enol
ethers did not function well in the aldol condensation and

gave decreased product yields. Finally, treatment of 19aA
with MsCl in the presence of DMAP resulted in mesylation
and b elimination to afford 4aA in 78% yield, along with
the Z isomer in 7% yield.
The polymer-assisted synthesis of 4aA from 5 was exam-

ined next (Scheme 4). Vinyl iodide 5 was treated with 6a
(1.5 equiv) in the presence of polymer-supported (PS) palla-

dium catalyst[12] (5 mol%, 20 mol% based on 5), H2O
(20 equiv), and CsCO3 (2.0 equiv) in DMF at 60 8C for
30 min, followed by filtration of the reaction mixture to
remove the catalyst, to provide 17a. The filtrate was passed
through a pad of silica gel (Presep) to remove small
amounts of H2O, the salts, and the remaining 6a. The Lewis
acid catalyzed aldol condensation via 18a was examined.
Treatment of the crude 17a with TBSOTf and NEt3 at 0 8C
for 20 min provided 18a. The reaction mixture was neutral-
ized with PS carbonate.[13] Silyl ether 18a then reacted with
aldehyde 7A in the presence of BF3·Et2O (20 mol%).
BF3·Et2O and the remaining aldehyde were removed by
treatment with PS diamines.[14] Finally, treatment of 19aA
with MsCl in the presence of PS 1,5,7-triazabicyclo-
ACHTUNGTRENNUNG[4.4.0]dec-5-ene (TBD)[15] resulted in mesylation and b elim-
ination to afford 4aA. Solid-supported DMAP did not per-
form well in the b-elimination step. Purification of the crude
product by silica-gel chromatography provided 4aA in 35%
overall yield based on 5. The average yield in each of the
four diverse steps was 77%.

Scheme 3. Reagents and conditions: a) 6a, [Pd ACHTUNGTRENNUNG(PPh3)4], Ph3As, H2O,
CsCO3, DMF, room temperature, 84%; b) TBSOTf, NEt3; c) 7A,
BF3·OEt2, CH2Cl2, 68%; d) MsCl, DMAP, CH2Cl2, 78%. DMAP=4-di-
methylaminopyridine, DMF=N,N-dimethylformamide, Ms=methanesul-
fonyl, Tf= trifluoromethanesulfonyl.

Scheme 4. Reagents and conditions: a) H2O (20 equiv), CsCO3, DMF;
b) TBSOTf, NEt3; c) BF3·OEt2, CH2Cl2; d) MsCl, CH2Cl2, 35% from 5.

Scheme 2. Reagents and conditions: a) TBSCl, imidazole, CH2Cl2, 0 8C;
b) NIS, AgNO3, THF, room temperature, 78%; c) Cy2BH, Et2O, room
temperature, then, AcOH, room temperature, 68%; d) CSA, MeOH,
0 8C; e) MnO2, CH2Cl2, room temperature, 82%. CSA=camphor-10-sul-
fonic acid, Cy=cyclohexyl, NIS=N-iodosuccinimide, TBS= tert-butyldi-
methylsilyl.
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The utility of the established methodology was demon-
strated by the combinatorial synthesis of a small set of D12-
PGJ2 derivatives 4 with four alkyl boranes 6a–d and four al-
dehydes 7A–D (Figure 2). In the synthesis of alcohols 4eA–
D, the TBS group was removed by additional exposure to

mildly acidic conditions, followed by neutralization with PS
carbonate.[13] Figure 3 shows all the structures of the deriva-
tives 4. The D12-PGJ2 derivatives 4aA–D, 4bA–D, and 4eA–
D were obtained in good total yields (Figure 3 and Table 1).
However, the yields of the phenyl derivatives 4cA–D were
only moderate owing to the instability of the corresponding
enol ether 18c.
We next examined the neurite-outgrowth-promoting activ-

ity of 4 in PC12 cells. This was estimated by treatment of
PC12 cells with 4 (1.0 mm) and nerve growth factor (NGF;
1.5 ngmL�1) (Figure 4).[15] The results clearly suggest that

the carboxylic acid on the a chain is important for the en-
hancement of these effects, but that it is not absolutely nec-
essary for biological activity. Furthermore, the neurite-out-
growth-promoting activity of 4cC, which contains a phenyl
group on the a chain, was found to be comparable to that of
15dPGJ2. The effectiveness of the phenyl moiety on the
side-chains for neurite-outgrowth-promoting activity was
elucidated in the study of PGA1 derivatives.

[6b]

Conclusions

We have demonstrated herein the efficient combinatorial
synthesis of the D12-PGJ2 derivatives with variable a and w

chains based on a polymer-assisted solution-phase synthetic

Figure 2. Building blocks for the synthesis of a small library.

Figure 3. Structures of the small PGJ2 combinatorial library 4.

Table 1. Synthesis of the small combinatorial library 4.

Entry Alkylborane Aldehyde Product Yield [%][a]

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16

6a
6a
6a
6a
6b
6b
6b
6b
6c
6c
6c
6c
6d
6d
6d
6d

7A
7B
7C
7D
7A
7B
7C
7D
7A
7B
7C
7D
7A
7B
7C
7D

4aA
4aB
4aC
4aD
4bA
4bB
4bC
4bD
4cA
4cB
4cC
4cD
4eA
4eB
4eC
4eD

35
20
36
29
30
23
33
31
16
10
18
12
26
18
30
29

[a] Yields of 4 were based on 5.
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strategy. Lewis acid catalyzed aldol condensation with silyl
dienol ether was found to be effective for the introduction
of the w chain to the cyclopentenone core with an ester
group. Furthermore, solid-supported reagents and scaveng-
ers can minimize the manipulations required in the diverse
steps. By using the established method, we succeeded in the
synthesis of a small combinatorial 15dPGJ2 library. Biologi-
cal assays that elucidated neurite-outgrowth-promoting ac-
tivity in PC12 cells revealed that the side-chains influenced
the outgrowth-promoting activity. The carboxylic acid on
the a chain was found to be particularly important for en-
hancement of these effects, but it was not absolutely re-
quired for biological activity. Also, the neurite-outgrowth-
promoting activity of 4cC, which contains a phenyl group
on the w chain, was found to be comparable to that of 2. A
totally solid-assisted synthetic methodology would be effec-
tive in decreasing the requisite time for the synthesis of the
library of compounds in comparison with traditional solu-
tion-phase synthesis, and would help in the rapid elucidation
of the structure–activity relationships of the compounds.
The synthesis and biological evaluation of larger libraries is
currently in progress.

Experimental Section

General

NMR spectra were obtained on JEOL Model EX-270 and JEOL JNM-
ECP 400 instruments with CDCl3 as the solvent unless otherwise noted.
1H NMR spectral data are reported as follows: chemical shifts relative to
tetramethylsilane (0.00 ppm) or chloroform (7.26 ppm), multiplicity (s=
singlet, d=doublet, t= triplet, q=quartet, m=multiplet, br=broad),
coupling constant, integration. 13C NMR signals are reported in ppm rela-
tive to CDCl3 (77.0 ppm). IR spectra were recorded on a JASCO Model
IR-700 spectrometer. FTIR spectra were recorded on a Perkin–Elmer
Spectrum One spectrometer. Only significant diagnostic bands are re-
ported, in cm�1. GC was performed on a Shimazu Model GC-8A instru-
ment equipped with a silicone DC-550 (3 mm M 3 m) column with He as
carrier gas. Column chromatography was performed on silica gel
(Merck). Analytical TLC was performed on Merk precoated TLC plates
60F 254 (silica gel), and visualization was made by black light and solu-
tions of anisaldehyde/sulfuric acid/ethanol solution or phosphomolybdic
acid/ethanol. HPLC was performed on a Nihon Seimitu Kagaku appara-
tus with a Senshu Pak Silica-3301-N column and a Japan Analytical In-
dustry Model R1-3H refractive detector. Mass spectra were provided by
a Mariner Biospectrometry Workstation from PE Science. Dry tetrahy-
drofuran, dry diethyl ether, dry toluene, and dry benzene were distilled
from sodium wire containing a catalytic amount of benzophenone. Dry
dichloromethane was distilled from P2O5. Dry methyl sulfoxide and dry
pyridine were distilled from CaH2. Dry methanol was distilled from Mg.

Syntheses

14 : Propargyl bromide (1.8 mL, 23.7 mmol) and silver trifluoroacetate
(5.26 g, 23.8 mmol) were added to a solution of cyclopentadiene (3.13 g,
47.4 mmol; from dicyclopentadiene heated at 160 8C) in dry pentane
(30 mL) at 0 8C under argon. After being stirred at the same temperature
for 2 h, the reaction mixture was filtered with celite. A solution of potas-
sium hydroxide (1.72 g) in ethanol (7.6 mL) was added to the filtrate at
0 8C. After being stirred at the same temperature for 30 min, the reaction
mixture was poured into water (10 mL). The organic layer was separated
and dried over anhydrous Na2SO4, filtered, and evaporated in vacuo. The
residue was subjected to flash chromatography (hexane/ethyl acetate=
70:30) to afford 14 (2.60 g, 21.3 mmol, 45%) as yellow oil. Rf=0.35
(hexane/ethyl acetate=2:1); 1H NMR (270 MHz, CDCl3): d=5.95–5.81
(m, 2H), 4.85 (m, 1H), 2.86 (m, 1H), 2.42 (m, 1H), 2.38 (dd, J=1.8,
6.3 Hz, 2H), 2.23 (m, 1H), 2.01 ppm (d, J=1.8 Hz, 1H).

15 : Imidazole (1.65 g, 24.2 mmol) and tert-butyldimethylsilyl chloride
(2.00 g, 13.3 mmol) were added to a stirred solution of 14 (1.48 g,
12.1 mmol) in dry dichloromethane (35 mL) at 0 8C under argon. After
being stirred for 40 min at room temperature, the reaction mixture was
partitioned between diethyl ether (50 mL) and saturated aqueous NH4Cl
(40 mL) at 0 8C. The aqueous layer was extracted with diethyl ether (3M
40 mL). The combined extracts were washed with brine (30 mL), dried
over anhydrous Na2SO4, filtered, and evaporated in vacuo. The residue
was used for the next reaction without further purification. NIS (3.01 g,
13.3 mmol) and silver nitrate (206 mg, 1.21 mmol) were added to a stirred
solution of the residue in dry tetrahydrofuran (40 mL) at 0 8C under
argon. After being stirred for 9.5 h at room temperature, the reaction
mixture was partitioned between diethyl ether (40 mL), saturated aque-
ous Na2S2O3 (30 mL), and saturated aqueous NaHCO3 (30 mL) at 0 8C.
The aqueous layer was extracted with diethyl ether (3M50 mL). The com-
bined extracts were washed with brine (40 mL), dried over anhydrous
Na2SO4, filtered, and evaporated in vacuo. The residue was subjected to
flash chromatography (hexane/diethyl ether=98:2) to afford 15 (3.41 g,
9.42 mmol, 78% over two steps based on 14) as pale-yellow oil. Rf=0.65
(hexane/toluene=6:1); IR (neat): ñmax=3312, 2857, 1644, 1369,
1252 cm�1; 1H NMR (270 MHz, CDCl3): d=5.86 (m, 1H), 5.75 (m, 1H),
4.81 (m, 1H), 2.68 (m, 1H), 2.44 (d, J=7.3 Hz, 2H), 2.38 (dd, J=2.6,
7.3 Hz, 1H), 2.27 (dd, J=2.6, 7.3 Hz, 1H), 0.89, 0.87 (s, 9H), 0.075,
0.073 ppm (s, 6H); HRMS (ESI-TOF): m/z calcd for [C14H23IOSi]+Na:
385.0455; found: 385.0458.

Figure 4. a) Neurite-outgrowth-promoting activity of the PGJ2 derivatives
4 in PC12 cells. b) Representative images of PC12 cells treated with the
prostaglandin (PG) samples. A=control, B=2, C=4cC, D=4aA.
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16 : Borane–methyl sulfide complex (0.99 mL, 9.38 mmol) was added to a
stirred solution of cyclohexene (1.9 mL, 18.8 mmol) in dry diethyl ether
(10 mL) at 0 8C under argon. The reaction mixture was then warmed to
room temperature. After 1 h, a solution of 15 (1.36 g, 3.75 mmol) in dry
diethyl ether (10 mL) at 0 8C was added to the mixture. After 1 h, glacial
acetic acid (4 mL) was added dropwise at 0 8C over 20 min. After a fur-
ther 30 min, the reaction mixture was partitioned between diethyl ether
(30 mL) and saturated aqueous NaHCO3 (30 mL) at 0 8C. The aqueous
layer was extracted with diethyl ether (3M30 mL). The combined extracts
were washed with brine (20 mL), dried over anhydrous Na2SO4, filtered,
and evaporated in vacuo. The residue was subjected to flash chromatog-
raphy (hexane/diethyl ether=99:1) to afford 16 (929.1 mg, 2.55 mmol,
68%) as a colorless oil. Rf=0.68 (hexane/diethyl ether=6:1); IR (neat):
ñmax=2930, 2857, 1634, 1256 cm

�1; 1H NMR (270 MHz, CDCl3): d=6.27–
6.13 (m, 2H), 5.86–5.69 (m, 2H), 4.83 (ddt, J=1.7, 4.3, 5.9 Hz), 2.70–1.82
(m, 5H), 0.89, 0.87 (s, 9H), 0.075, 0.074 ppm (s, 6H); HRMS (ESI-TOF):
m/z calcd for [C14H25IOSi]+Na: 387.0612; found: 387.0618.

5 : (1S)-(+)-10-camphorsulfonic acid (40 mg, 0.172 mmol) was added to a
stirred solution of 16 (929 mg, 2.55 mmol) in methanol (10 mL) at 0 8C.
After being stirred for 2 h at the same temperature, the reaction mixture
was neutralized with triethylamine (26 mL). The solvent was removed in
vacuo. The residue was used for the next reaction without further purifi-
cation. Manganese(IV) oxide (1.77 g, 20.4 mmol) was added to a stirred
solution of the residue in dry dichloromethane (15 mL) at room tempera-
ture under argon. After being stirred for 14 h at the same temperature,
the reaction mixture was filtered through celite. The solvent was removed
in vacuo, and the residue was subjected to flash chromatography
(hexane/ethyl acetate=70:30) to afford 5 (519 mg, 2.10 mmol, 82% over
two steps based on 16) as yellow oil. Rf=0.47 (hexane/ethyl acetate=
3:1); IR (neat): ñmax=2921, 1713, 1588, 1290 cm

�1; 1H NMR (270 MHz,
CDCl3): d=7.63 (dd, J=2.3, 5.6 Hz, 1H), 6.41 (dt, J=1.3, 7.6 Hz, 1H),
6.22 (dd, J=2.0, 5.6 Hz, 1H), 6.21 (dt, J=7.3, 7.6 Hz, 1H), 3.14 (m, 1H),
2.55 (dd, J=6.3, 18.8 Hz, 1H), 2.48–2.30 (m, 2H), 2.08 ppm (dd, J=2.3,
18.8 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=209.1, 166.8, 137.2, 134.6,
85.6, 77.5, 40.2, 39.0 ppm; HRMS (ESI-TOF): m/z calcd for [C8H9IO]+
H: 248.9771; found: 248.9779.

17a : A solution of 9-BBN dimer (39.2 mg, 0.321 mmol) in dry tetrahydro-
furan (1.2 mL) was added dropwise to a stirred solution of methyl-3-bu-
ACHTUNGTRENNUNGtenoate (32.6 mL, 0.306 mmol) in dry tetrahydrofuran (0.20 mL) at 0 8C
over 20 min under argon to provide 6a. The reaction mixture was al-
lowed to warm to room temperature and stirred for 5 h. When the above
operation was completed, 5 (37.9 mg, 0.153 mmol) was added to a mix-
ture of cesium carbonate (99.6 mg, 0.306 mmol), [PdCl2 ACHTUNGTRENNUNG(dppf)] (12.5 mg,
0.0153 mmol), triphenylarsine (9.4 mg, 0.0306 mmol), and DMF (3.4 mL)
in a separate flask. Water (55 mL) was then added with vigorous stirring,
followed by addition of the above tetrahydrofuran solution of 6a. After
being stirred for 15 min, the contents of the flask were poured into ice-
cold water (10 mL) and extracted with diethyl ether (3M30 mL). The
combined extracts were washed with brine (20 mL), dried over anhy-
drous Na2SO4, filtered, and evaporated in vacuo. The residue was subject-
ed to flash chromatography (hexane/ethyl acetate=75:25) to afford 17a
(28.6 mg, 0.129 mmol, 84%) as a colorless oil. Rf=0.28 (hexane/ethyl
acetate=2:1); IR (neat): ñmax=2925, 1738, 1714 cm

�1; 1H NMR
(270 MHz, CDCl3): d=7.62 (dd, J=2.3, 5.6 Hz, 1H), 6.18 (dd, J=2.0,
5.6 Hz, 1H), 5.44–5.35 (m, 2H), 3.67 (s, 3H), 3.01 (m, 1H), 2.52 (dd, J=
6.6, 18.8 Hz, 1H), 2.32 (t, J=7.6 Hz, 2H), 2.30–2.15 (m, 2H), 2.07 (dt, J=
7.3, 7.3 Hz, 2H), 2.00 (dd, J=2.0, 18.8 Hz, 1H), 1.70 ppm (tt, J=7.3,
7.6 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=209.7, 173.9, 167.8, 134.2,
131.4, 126.6, 51.5, 41.3, 40.5, 33.4, 31.9, 26.6, 24.7 ppm; HRMS (ESI-
TOF): m/z calcd for [C13H18O3]+Na: 245.1148; found: 245.1156.

19aA : Triethylamine (70.5 mL, 0.506 mmol) and tert-butyldimethylsilyl
trifluoromethanesulfonate (58.1 mL, 0.253 mmol) were added to a stirred
solution of 17a (22.5 mg, 0.101 mmol) in dry dichloromethane (2.0 mL)
at 0 8C under argon. After being stirred for 20 min at the same tempera-
ture, the reaction mixture was poured into an ice-cold mixture of diethyl
ether (10 mL) and saturated aqueous NaHCO3 (10 mL). The aqueous
layer was extracted with diethyl ether (3M10 mL), and the combined ex-
tracts were washed with saturated aqueous NaHCO3 (10 mL) and brine

(10 mL), dried over anhydrous Na2SO4, filtered, and evaporated in vacuo
to give 18a. The residue was used for the next reaction without further
purification. Boron trifluoride diethyl etherate (2.6 mL, 20.2 mmol) was
added dropwise to a stirred solution of the residue and 7A (51.1 mg,
0.405 mmol) in dry dichloromethane (2.0 mL) at �78 8C under argon.
After being stirred for 4 h at the same temperature, the reaction mixture
was allowed to warm to �40 8C and stirred for a further 1 h. The reaction
was poured into an ice-cold mixture of diethyl ether (10 mL) and saturat-
ed aqueous NaHCO3 (10 mL), and the resulting mixture was extracted
with diethyl ether (3M20 mL) The combined extracts were washed with
brine (10 mL), dried over anhydrous Na2SO4, filtered, and evaporated in
vacuo. The residue was subjected to flash chromatography (hexane/ethyl
acetate=75:25) to afford 19aA (24.0 mg, 0.0688 mmol, 68% over two
steps based on 18a) as colorless oil. Rf=0.30 (hexane/ethyl acetate=
2:1); IR (neat): ñmax=3431, 2925, 2855, 1739, 1705 cm

�1; 1H NMR
(400 MHz, CDCl3): d=7.63 (dd, J=2.4, 5.8 Hz, 1H), 6.16 (dd, J=1.9,
5.8 Hz, 1H), 5.74 (dt, J=6.8, 15.0 Hz, 1H), 5.52–5.37 (m, 3H), 4.53 (m,
1H), 3.67 (s, 3H), 2.89 (ddt, J=2.4, 4.8, 7.2 Hz, 1H), 2.31 (t, J=7.2 Hz,
2H), 2.29 (dt, J=6.8, 7.6 Hz, 2H), 2.22 (dd, J=2.4, 3.4 Hz, 1H), 2.17–
1.99 (m, 4H), 1.69 (tt, J=7.2, 7.7 Hz, 2H), 1.40–1.21 (m, 6H), 0.88 ppm
(t, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=173.9, 168.4, 133.8,
133.4, 131.5, 129.2, 126.5, 72.1, 55.9, 51.5, 43.0, 33.4, 32.1, 31.3, 30.3, 29.7,
28.7, 26.6, 24.7, 22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for
[C21H32O4]+Na: 371.2193; found: 371.2200.

4aA : 4-(Dimethylamino)pyridine (16.8 mg, 138 mmol) and methanesul-
fonyl chloride (5.4 mL, 68.5 mmol) were added to a stirred solution of
19aA (6.0 mg, 17.2 mmol) in dry dichloromethane (1.0 mL) at 0 8C under
argon. After being stirred for 2 h at room temperature, the reaction mix-
ture was partitioned between diethyl ether (10 mL) and saturated aque-
ous NH4Cl (10 mL) at 0 8C. The aqueous layer was extracted with diethyl
ether (3M10 mL), and the combined extracts were washed with brine
(10 mL), dried over anhydrous Na2SO4, filtered, and evaporated in vacuo.
The residue was subjected to flash chromatography (hexane/ethyl ace-
tate=80:20) to afford 4aA (4.5 mg, 13.4 mmol, 78%) as pale-yellow oil.
Rf=0.44 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2956, 2925, 2855,
1740, 1670, 1634 cm�1; 1H NMR (400 MHz, CDCl3): d=7.47 (dd, J=2.4,
5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.36 (dd, J=1.5, 5.8 Hz, 1H), 6.31
(dd, J=11.1, 15.0 Hz, 1H), 6.25 (dt, J=6.8, 15.0 Hz, 1H), 5.46 (dtt, J=
3.4, 7.2, 10.6 Hz, 1H), 5.37 (brdt, J=6.8, 10.6 Hz, 1H), 3.66 (s, 3H), 3.58
(m, 1H), 2.60 (dt, J=4.8, 14.5 Hz, 1H), 2.34 (m, 1H), 2.29 (t, J=7.2 Hz,
2H), 2.23 (dt, J=7.2, 7.2 Hz, 2H), 2.03 (dt, J=6.8, 7.7 Hz, 2H), 1.67 (tt,
J=7.3, 7.7 Hz, 2H), 1.32–1.26 (m, 6H), 0.89 ppm (t, J=7.2 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=197.6, 176.8, 160.6, 148.1, 135.4, 135.0,
131.7, 131.3, 126.5, 125.5, 55.1, 43.4, 33.5, 32.6, 31.8, 30.7, 28.8, 26.5, 24.7,
22.4, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for [C21H30O3]+Na:
331.2268; found: 331.2268.

4aA by using polymer-supported reagents and scavengers: A solution of
9-BBN dimer (16.6 mg, 0.128 mmol) in dry tetrahydrofuran (0.40 mL)
was added dropwise to a stirred solution of methyl-3-butenoate (13.8 mL,
0.130 mmol) in dry tetrahydrofuran (0.20 mL) over 20 min at 0 8C under
argon to provide 6a. The reaction mixture was allowed to warm to room
temperature and stirred for a further 5 h. When the above operation was
complete, 5 (8.1 mg, 32.5 mmol) was added to a mixture of cesium car-
bonate (42.4 mg, 0.130 mmol), PS [Pd ACHTUNGTRENNUNG(PPh3)4] (21.7 mg, 0.30 mmolg

�1

6.50 mmol), and DMF (1.0 mL) in a separate flask. Water (20 mL) was
then added with vigorous stirring, followed by addition of the above tet-
rahydrofuran solution of 6a. The reaction mixture was heated to 60 8C
and stirred for 4 h, then filtered through a silica-gel pad (Presep-C;
hexane/diethyl ether=5:1) to afford the alkylated enone as a yellow oil
(6.9 mg, 31 mmol, 96% crude). Triethylamine (21.7 mL, 156 mmol) and
tert-butyldimethylsilyl trifluoromethanesulfonate (17.9 mL, 78.0 mmol)
were added to a stirred solution of enone (6.9 mg, 31 mmol) in dry di-
chloromethane (1.0 mL) at 0 8C under argon. After being stirred for
20 min at room temperature, one drop of water and PS biscarbonate
(47.3 mg, 3.30 mmolg�1, 0.156 mmol) was added to the reaction mixture
at 0 8C, which was stirred at the same temperature for a further 1 h. The
reaction mixture was filtered, and the resin was washed with diethyl
ether (2M3.0 mL). The filtrate was dried over anhydrous Na2SO4 and
concentrated under reduced pressure to provide 18a as yellow oil. Boron

674 www.chemasianj.org E 2006 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Asian J. 2006, 1, 669 – 677

FULL PAPERS
K. Uchida, T. Takahashi et al.



trifluoride diethyl etherate (1.1 mL, 6.24 mmol) was added dropwise to a
stirred solution of 18a and 7A (15.8 mg, 0.125 mmol) in dry dichloro-
ACHTUNGTRENNUNGmethane (1.0 mL) at �78 8C under argon. After being stirred for 4 h at
the same temperature, the reaction mixture was allowed to warm to
�40 8C and stirred for a further 1 h. PS diamine (156 mg, 3.0 mmolg�1,
0.468 mmol) was then added to the reaction mixture at �78 8C, which
was stirred at 0 8C for a further 2 h to remove excess 7a. The reaction
mixture was filtered, and the resin was washed with dichloromethane (2M
3.0 mL) and diethyl ether (2M3.0 mL). The filtrate was concentrated
under reduced pressure to provide the aldol adduct as a yellow oil. PS
TBD (184.7 mg, 1.9 mmolg�1, 0.351 mmol) and methanesulfonyl chloride
(12.6 mL, 0.164 mmol) were added to a stirred solution of aldol adduct in
dry dichloromethane (1.0 mL) at 0 8C under argon. After being stirred
for 4 h at room temperature, the reaction mixture was filtered, and the
resin was washed with diethyl ether (2M3.0 mL). The filtrate was concen-
trated under reduced pressure to provide crude 4aA as a yellow oil. The
residue was subjected to flash chromatography (hexane/ethyl acetate=
80:20) to afford 4aA (3.8 mg, 11 mmol, 35% over four steps based on 5)
as a pale-yellow oil.

4aB : Rf=0.58 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2930, 2859,
1739, 1695, 1630, 1200 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd,
J=2.4, 5.8 Hz, 1H), 6.94 (d, J=11.0 Hz, 1H), 6.34 (dd, J=1.9, 5.8 Hz,
1H), 6.34 (dd, J=11.0, 15.0 Hz, 1H), 6.22 (dt, J=6.8, 15.0 Hz, 1H), 5.47
(brdt, J=7.2, 11.3 Hz, 1H), 5.32 (brdt, J=8.1, 11.3 Hz, 1H), 3.66 (s, 3H),
3.57 (m, 1H), 2.58 (dt, J=6.3, 13.8 Hz, 1H), 2.33 (m, 1H), 2.30 (t, J=
7.2 Hz, 2H), 1.95 (dt, J=7.2, 7.2 Hz, 2H), 1.45 (tt, J=7.2, 7.7 Hz, 2H),
1.33–1.17 (m, 14H), 0.89 ppm (t, J=6.5 Hz, 3H); 13C NMR (67.8 MHz,
CDCl3): d=197.4, 174.5, 161.2, 146.5, 135.2M2, 132.4, 131.1, 125.3, 124.9,
51.2, 43.5, 34.0, 33.4, 31.5, 30.6, 29.7, 29.2, 29.0, 28.3, 27.5, 26.8, 25.2, 22.5,
21.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for [C25H38O3]+Na:
409.2835; found: 409.2837.

4aC : Rf=0.47 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2952, 1738,
1694, 1634, 1436 cm�1; 1H NMR (400 MHz, CDCl3): d=7.47 (dd, J=2.4,
5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz, 1H), 6.34
(dq, J=6.8, 15.0 Hz, 1H), 6.24 (dd, J=11.1, 15.0 Hz, 1H), 5.45 (brdt, J=
7.2, 11.1 Hz, 1H), 5.39 (brdt, J=6.8, 11.1 Hz, 1H), 3.66 (s, 3H), 3.58 (m,
1H), 2.60 (ddd, J=5.3, 5.3, 14.5 Hz, 1H), 2.30 (m, 1H), 2.29 (t, J=
7.2 Hz, 2H), 2.03 (dt, J=7.2, 7.2 Hz, 2H), 1.92 (d, J=6.8 Hz, 3H),
1.67 ppm (tt, J=7.2, 7.2 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=
197.4, 173.9, 160.6, 137.6, 135.3, 134.9, 131.4, 127.1, 125.9, 125.6, 51.5,
43.4, 33.4, 30.7, 26.7, 24.7, 19.1 ppm; HRMS (ESI-TOF): m/z calcd for
[C17H22O3]+Na: 297.1461; found: 297.1462.

4aD : Rf=0.43 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2926, 1733,
1690, 1633 cm�1; 1H NMR (400 MHz, CDCl3): d=7.41 (dd, J=1.4,
5.8 Hz, 1H), 6.87 (d, J=11.6 Hz, 1H), 6.29 (dd, J=1.9, 5.8 Hz, 1H), 6.28
(dd, J=12.1, 15.0 Hz, 1H), 6.12 (dt, J=6.8, 15.0 Hz, 1H), 5.40 (dtt, J=
3.9, 7.2, 11.3 Hz, 1H), 5.29 (brdt, J=6.7, 11.3 Hz, 1H), 3.61 (s, 3H), 3.59
(s, 3H), 3.52 (m, 1H), 2.53 (m, 1H), 2.28 (t, J=7.2 Hz, 2H), 2.22 (t, J=
7.2 Hz, 2H), 2.25–2.13 (m, 2H), 1.96 (dt, J=7.2, 7.2 Hz, 2H), 1.74 (tt, J=
7.2, 7.7 Hz, 2H), 1.60 ppm (tt, J=7.2, 7.2 Hz, 2H); 13C NMR (67.8 MHz,
CDCl3): d=197.3, 173.9, 173.7, 160.7, 144.7, 135.6, 135.3, 131.5, 131.1,
126.5, 125.9, 108.9, 51.6, 51.4, 43.4, 33.4, 32.7, 30.7, 26.7, 24.7, 23.9 ppm;
HRMS (ESI-TOF): m/z calcd for [C21H28O5]+Na: 383.1838; found:
383.1829.

4bA : Rf=0.55 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2929, 2857,
1739, 1695, 1634, 1205 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd,
J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz,
1H), 6.33 (dd, J=11.1, 15.0 Hz, 1H), 6.22 (dt, J=6.8, 15.0 Hz, 1H), 5.48
(brdt, J=7.2, 11.1 Hz, 1H), 5.33 (brdt, J=8.2, 11.1 Hz, 1H), 3.66 (s, 3H),
3.57 (m, 1H), 2.60 (dt, J=5.3, 14.0 Hz, 1H), 2.34 (m, 1H), 2.29 (t, J=
7.7 Hz, 2H), 1.96 (dt, J=6.8, 7.2 Hz, 2H), 1.46 (tt, J=7.2, 7.7 Hz, 2H),
1.32–1.19 (m, 12H), 0.90 ppm (t, J=6.8 Hz, 3H); 13C NMR (67.8 MHz,
CDCl3): d=197.4, 174.2, 160.8, 146.7, 135.2, 135.2, 132.7, 131.6, 125.7,
124.9, 51.4, 43.6, 34.0, 33.4, 31.4, 30.8, 29.3, 29.7, 29.0, 28.4, 27.3, 24.9,
22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for [C24H36O3]+Na:
395.2119; found: 395.2117.

4bB : Rf=0.53 (hexane/ethyl acetate=3:2); IR (neat): ñmax=2950, 1742,
1693, 1630, 1436 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd, J=2.4,

5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.33
(dd, J=11.1, 13.5 Hz, 1H), 6.30 (dt, J=6.3, 13.5 Hz, 1H), 5.48 (brdt, J=
6.8, 10.6 Hz, 1H), 5.33 (brdt, J=8.2, 10.6 Hz, 1H), 3.66 (s, 3H), 3.61 (m,
1H), 2.59 (m, 1H), 2.29 (t, J=7.7 Hz, 1H), 2.26 (m, 1H), 2.22 (dt, J=6.3,
7.7 Hz, 1H), 1.97 (dt, J=6.8, 7.7 Hz, 1H), 1.63–1.57 (m, 6H), 1.40–1.23
(m, 16H), 0.88 ppm (t, J=7.2 Hz, 3H); 13C NMR (67.8 MHz, CDCl3):
d=197.4, 174.2, 160.8, 146.7, 135.2, 132.7, 131.6, 127.2, 125.7, 124.9, 51.4,
43.6, 34.0, 33.5, 31.9, 30.8, 29.5, 29.5, 29.4, 29.3, 29.2, 29.0, 29.0, 28.8, 27.3,
24.9, 22.7, 14.1 ppm; HRMS (ESI-TOF): m/z calcd for [C28H44O3]+Na:
451.3183; found: 451.3179.

4bC : Rf=0.56 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2952, 1740,
1695, 1630, 1433 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd, J=2.4,
5.8 Hz, 1H), 6.94 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.34
(dd, J=11.1, 15.0 Hz, 1H), 6.24 (dt, J=6.9, 15.0 Hz, 1H), 5.48 (brdt, J=
7.3, 10.6 Hz, 1H), 5.33 (brdt, J=6.8, 10.6 Hz, 1H), 3.66 (s, 3H), 3.56 (m,
1H), 2.60 (ddd, J=5.3, 5.3, 14.5 Hz, 1H), 2.29 (t, J=7.3 Hz, 2H), 2.25
(m, 1H), 1.97 (dt, J=7.3 Hz, 2H), 1.91 (d, J=6.9 Hz, 3H), 1.63–1.57 (m,
4H), 1.41–1.25 ppm (m, 4H); 13C NMR (67.8 MHz, CDCl3): d=197.4,
174.2, 160.8, 141.1, 135.2, 135.1, 132.7, 131.4, 127.2, 124.9, 51.4, 43.6, 34.0,
30.8, 29.3, 29.0, 28.9, 27.3, 24.9, 19.1 ppm; HRMS (ESI-TOF): m/z calcd
for [C20H28O3]+Na: 339.1931; found: 339.1930.

4bD : Rf=0.42 (hexane/ethyl acetate=1:1); IR (neat): ñmax=2930, 1739,
1695, 1634 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd, J=2.4,
5.8 Hz, 1H), 6.93 (d, J=11.6 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz, 1H), 6.35
(dd, J=11.6, 14.5 Hz, 1H), 6.18 (dt, J=7.2, 14.5 Hz, 1H), 5.47 (brdt, J=
7.2, 10.6 Hz, 1H), 5.32 (brdt, J=8.7, 10.6 Hz, 1H), 3.67 (s, 3H), 3.66 (s,
3H), 3.57 (m, 1H), 2.58 (dt, J=5.3, 14.5 Hz, 1H), 2.35 (t, J=7.7 Hz, 2H),
2.34 (m, 1H), 2.29 (t, J=7.7 Hz, 2H), 2.29–2.25 (m, 2H), 1.95 (dt, J=6.8,
7.2 Hz, 2H), 1.80 (tt, J=7.2, 7.7 Hz, 2H), 1.45–1.25 ppm (m, 8H);
13C NMR (67.8 MHz, CDCl3): d=197.3, 174.2, 173.7, 160.9, 144.6, 135.7,
135.2, 132.8, 131.1, 126.6, 124.8, 51.6, 51.4, 43.5, 34.0, 33.3, 32.7, 30.8, 29.3,
29.0, 28.9, 27.3, 24.9, 23.9 ppm; HRMS (ESI-TOF): m/z calcd for
[C24H34O5]+Na: 425.2300; found: 425.2299.

4cA : Rf=0.53 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2953, 2930,
2860, 1685, 1637, 1580, 1455, 1205 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.45 (dd, J=2.4, 5.8 Hz, 1H), 7.29–7.25 (m, 2H), 7.19–7.14 (m, 3H), 6.94
(d, J=11.1 Hz, 1H), 6.34 (dd, J=1.9, 5.8 Hz, 1H), 6.32 (dd, J=11.1,
15.0 Hz, 1H), 6.22 (dt, J=6.8, 15.0 Hz, 1H), 5.51 (brdt, J=7.2, 10.6 Hz,
1H), 5.36 (brdt, J=6.3, 10.6 Hz, 1H), 3.56 (m, 1H), 2.59 (t, J=7.7 Hz,
2H), 2.56 (m, 1H), 2.26 (ddd, J=8.7, 8.7, 14.5 Hz, 1H), 2.21 (dt, J=6.8,
7.2 Hz, 2H), 2.03 (dt, J=6.8, 7.2 Hz, 2H), 1.66 (tt, J=7.2, 7.7 Hz, 2H),
1.45 (tt, J=7.2, 7.2 Hz, 2H), 1.32–1.22 (m, 4H), 0.89 ppm (t, J=6.8 Hz,
3H); 13C NMR (67.8 MHz, CDCl3): d=197.3, 160.7, 146.7, 135.3, 135.1,
132.3, 131.6, 128.4, 128.3, 128.3, 125.8, 125.7, 125.3, 43.6, 35.5, 33.5, 31.4,
31.2, 30.9, 28.5, 26.9, 22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd for
[C25H32O]+Na: 371.2345; found: 371.2345.

4cB : Rf=0.56 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2953, 2935,
2857, 1680, 1634, 1579, 1450, 1206 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.45 (dd, J=2.4, 5.8 Hz, 1H), 7.29–7.24 (m, 2H), 7.19–7.14 (m, 3H), 6.95
(d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.31 (dd, J=11.1,
15.0 Hz, 1H), 6.22 (dt, J=6.8, 11.1 Hz, 1H), 5.51 (brdt, J=7.2, 11.1 Hz,
1H), 5.36 (brdt, J=6.8, 11.1 Hz, 1H), 3.56 (m, 1H), 2.59 (t, J=7.7 Hz,
2H), 2.57 (m, 1H), 2.27 (ddd, J=8.7, 8.7, 14.5 Hz, 1H), 2.21 (dt, J=6.8,
7.2 Hz, 2H), 2.02 (dt, J=6.8, 7.2 Hz, 2H), 1.66 (tt, J=7.2, 7.7 Hz, 2H),
1.43 (tt, J=7.2, 7.2 Hz, 2H), 1.36–1.18 (m, 12H), 0.88 ppm (t, J=6.8 Hz,
3H); 13C NMR (67.8 MHz, CDCl3): d=197.4, 160.7, 146.8, 142.2, 135.2,
135.1, 132.3, 131.6, 128.3, 128.3, 125.8, 125.7, 125.3, 43.6, 35.5, 33.5, 31.9,
31.2, 30.8, 29.5, 29.4, 29.3, 29.2, 28.8, 26.9, 22.7, 14.1; HRMS (ESI-TOF):
m/z calcd for [C29H40O]+Na: 427.2971; found: 427.2971.

4cC : Rf=0.44 (hexane/ethyl acetate=2:1); IR (neat): ñmax=2956, 2929,
2857, 1695, 1634, 1581, 1454, 1206 cm�1; 1H NMR (400 MHz, CDCl3): d=
7.45 (dd, J=1.9, 5.8 Hz, 1H), 7.32–7.25 (m, 2H), 7.19–7.15 (m, 3H), 6.94
(d, J=11.6 Hz, 1H), 6.34 (dd, J=1.9, 5.8 Hz, 1H), 6.33 (ddd, J=1.0, 11.6,
15.0 Hz, 1H), 6.23 (dq, J=5.8, 15.0 Hz, 1H), 5.52 (brdt, J=7.2, 10.6 Hz,
1H), 5.35 (brdt, J=6.8, 10.6 Hz, 1H), 3.56 (m, 1H), 2.59 (t, J=7.7 Hz,
2H), 2.57 (m, 1H), 2.27 (ddd, J=8.2, 8.2, 14.5 Hz, 1H), 2.03 (dt, J=7.2,
7.2 Hz, 2H), 1.90 (dd, J=1.0, 5.8 Hz, 3H), 1.66 ppm (tt, J=7.2, 7.7 Hz,
2H); 13C NMR (67.8 MHz, CDCl3): d=197.4, 160.7, 142.2, 141.2, 135.3,
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135.0, 132.3, 131.4, 128.4, 128.3, 127.2, 125.8, 125.3, 43.5, 35.5, 31.2, 30.8,
26.9, 19.2 ppm; HRMS (ESI-TOF): m/z calcd for [C21H24O]+Na:
315.1719; found: 315.1719.

4cD : Rf=0.38 (hexane/ethyl acetate=2:1); IR (neat): ñmax=3028, 2928,
1739, 1634 cm�1; 1H NMR (270 MHz, CDCl3): d=7.39 (dd, J=1.7,
5.9 Hz, 1H), 7.18–7.07 (m, 5H), 6.86 (d, J=11.2 Hz, 1H), 6.27 (dd, J=
1.7, 5.9 Hz, 1H), 6.27 (dd, J=11.2, 15.2 Hz, 1H), 6.10 (dt, J=6.6,
15.2 Hz, 1H), 5.46 (brdt, J=6.9, 11.2 Hz, 1H), 5.28 (brdt, J=6.6,
11.2 Hz, 1H), 3.60 (s, 3H), 3.49 (m, 1H), 2.40–2.20 (m, 4H), 2.35 (t, J=
7.6 Hz, 2H), 2.27 (t, J=7.3 Hz, 2H), 1.96 (dt, J=6.9, 11.2 Hz, 1H), 1.77
(dt, J=6.9, 7.3 Hz, 1H), 1.77 (dt, J=6.9, 7.3 Hz, 2H), 1.59 ppm (dt, J=
5.3, 7.6 Hz, 2H); HRMS (ESI-TOF): m/z calcd for [C25H30O3]+Na:
401.2089; found: 401.2089.

4eA by using polymer-supported reagents and scavengers: A solution of
9-BBN dimer (59.0 mg, 0.484 mmol) in dry tetrahydrofuran (1.4 mL) was
added dropwise to a stirred solution of O-tert-butyldimethylsilyl-3-beten-
1-ol (98.7 mL, 0.403 mmol) in dry tetrahydrofuran (0.40 mL) over 20 min
at 0 8C under argon. The reaction mixture was allowed to warm to room
temperature and stirred for a further 5 h. When the above operation was
complete, 5 (50.0 mg, 0.202 mmol) was added to a mixture of cesium car-
bonate (131.3 mg, 0.403 mmol), PS [Pd ACHTUNGTRENNUNG(PPh3)4] (134.5 mg, 0.30 mmolg

�1

40.4 mmol), and DMF (4.4 mL) in a separate flask. Water (87 mL) was
then added with vigorous stirring, followed by addition of the above solu-
tion of the borane. The reaction mixture was heated to 60 8C and stirred
for 4 h, then filtered through a silica-gel pad (Presep-C; hexane/diethyl
ether=8:1) to afford the alkylated enone as a yellow oil (51.0 mg,
0.212 mmol, 105% crude). Triethylamine (22.6 mL, 0.162 mmol) and tert-
butyldimethylsilyl trifluoromethanesulfonate (18.6 mL, 0.0811 mmol)
were added to a stirred solution of enone (10.0 mg, 32.4 mmol) in dry di-
chloromethane (1.0 mL) at 0 8C under argon. After being stirred for
20 min at room temperature, one drop of water and PS biscarbonate
(50.4 mg, 3.30 mmolg�1, 0.166 mmol) was added to the reaction mixture
at 0 8C, which was stirred at the same temperature for a further 1 h. The
reaction mixture was filtered, and the resin was washed with diethyl
ether (2M3.0 mL). The filtrate was dried over anhydrous Na2SO4 and
concentrated under reduced pressure to provide 18d as a yellow oil.
Boron trifluoride diethyl etherate (0.8 mL, 6.5 mmol) was added drop-
wise to a stirred solution of 18d and 7A (20.2 mg, 0.130 mmol) in dry di-
chloromethane (1 mL) at �78 8C under argon. After being stirred for 4 h
at the same temperature, the reaction mixture was allowed to warm to
�40 8C and stirred for a further 1 h. Then PS diamine (145 mg,
3.0 mmolg�1, 0.424 mmol) was added to the reaction mixture at �78 8C
and stirred at 0 8C for another 2 h to remove excess 7A. The reaction
mixture was filtered, and the resin was washed with dichloromethane (2M
3.0 mL) and diethyl ether (2M3.0 mL). The filtrate was concentrated
under reduced pressure to provide crude 19dA as a yellow oil. PS TBD
(95.8 mg, 1.9 mmolg�1, 0.182 mmol) and methanesulfonyl chloride
(7.0 mL, 91 mmol) were added to a stirred solution of 19dA in dry di-
chloromethane (1.0 mL) at 0 8C under argon. After being stirred for 4 h
at room temperature, the reaction mixture was filtered, and the resin was
washed with diethyl ether (2M3.0 mL). The filtrate was concentrated
under reduced pressure to provide crude 4dA as a yellow oil. The com-
pound was dissolved in tetrahydrofuran/glacial acetic acid/H2O (1:2:1,
1.0 mL), and the solution was stirred at room temperature for 1 h. After
the reaction mixture was cooled to room temperature, PS carbonate
(50 mg) and tetrahydrofuran (1.0 mL) were added, the resulting mixture
was filtered, and the resin was washed with diethyl ether (2M3.0 mL).
The filtrate was concentrated under reduced pressure to provide a yellow
oil. The residue was subjected to flash chromatography (hexane/ethyl
acetate=60:40) to afford 4eA (2.7 mg, 8.4 mmol, 26% over five steps
based on 5) as a colorless oil. Rf=0.14 (hexane/ethyl acetate=2:1); IR
(neat): ñmax=3416, 2929, 2858, 1693, 1632, 1208 cm

�1; 1H NMR
(400 MHz, CDCl3): d=7.48 (dd, J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.6 Hz,
1H), 6.35 (dd, J=1.9, 5.8 Hz, 1H), 6.33 (dd, J=11.6, 15.0 Hz, 1H), 6.23
(dt, J=7.2, 15.0 Hz, 1H), 5.49 (brdt, J=7.2, 11.1 Hz, 1H), 5.34 (brdt, J=
8.2, 11.1 Hz, 1H), 3.63 (t, J=6.3 Hz, 2H), 3.56 (m, 1H), 2.60 (ddd, J=
5.8, 5.8, 14.0 Hz, 1H), 2.29 (ddd, J=8.7, 8.7, 14.0 Hz, 1H), 2.22 (dt, J=
7.2, 7.2 Hz, 2H), 2.02 (dt, J=6.8, 7.2 Hz, 2H), 1.59–1.40 (m, 10H),
0.90 ppm (t, J=6.8 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=197.4,

160.1, 146.8, 135.3, 135.1, 132.5, 131.6, 125.7, 125.2, 62.8, 43.6, 33.5, 32.3,
31.4, 30.8, 28.5, 27.1, 25.7, 22.5, 14.0 ppm; HRMS (ESI-TOF): m/z calcd
for [C20H30O2]+Na: 325.2138; found: 325.2138.

4eB : Rf=0.14 (hexane/ethyl acetate=2:1); IR (neat): ñmax=3418, 2926,
2855, 1694, 1632, 1579, 1206 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48
(dd, J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.1 Hz, 1H), 6.35 (dd, J=1.9,
5.8 Hz, 1H), 6.33 (dd, J=11.1, 15.0 Hz, 1H), 6.23 (dt, J=6.8, 15.0 Hz,
1H), 5.47 (brdt, J=7.2, 11.1 Hz, 1H), 5.34 (brdt, J=8.2, 11.1 Hz, 1H),
3.63 (t, J=6.8 Hz, 2H), 3.57 (m, 1H), 2.60 (ddd, J=8.2, 8.2, 14.5 Hz,
1H), 2.30 (ddd, J=8.2, 8.2, 14.5 Hz, 1H), 2.22 (dt, J=7.2, 7.2 Hz, 2H),
2.01 (dt, J=7.2, 7.2 Hz, 2H), 1.55 (tt, J=6.8, 7.2 Hz, 2H), 1.53–1.26 (m,
16H), 0.88 ppm (t, J=6.3 Hz, 2H); 13C NMR (67.8 MHz, CDCl3): d=
197.4, 160.7, 146.8, 135.3, 135.1, 132.5, 131.6, 125.7, 125.2, 62.8, 43.6, 33.5,
32.3, 31.9, 30.8, 29.5, 29.5, 29.3, 28.8, 27.1, 25.7, 22.7, 14.1 ppm; HRMS
(ESI-TOF): m/z calcd for [C22H38O2]+Na: 381.2764; found: 381.2764.

4eC : Rf=0.21 (hexane/ethyl acetate=1:1); IR (neat): ñmax=3415, 2930,
2860, 1693, 1635, 1208 cm�1; 1H NMR (400 MHz, CDCl3): d=7.48 (dd,
J=2.4, 5.8 Hz, 1H), 6.95 (d, J=11.6 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz,
1H), 6.34 (dd, J=11.6, 15.0 Hz, 1H), 6.26 (dq, J=6.3, 15.0 Hz, 1H), 5.49
(brdt, J=7.2, 10.6 Hz, 1H), 5.34 (brdt, J=6.8, 10.6 Hz, 1H), 3.63 (t, J=
6.3 Hz, 2H), 3.58 (m, 1H), 2.61 (ddd, J=4.8, 4.8, 14.5 Hz, 1H), 2.30 (ddd,
J=8.2, 8.2, 14.5 Hz, 1H), 2.02 (dt, J=6.8, 7.2 Hz, 2H), 1.92 (dd, J=1.0,
6.8 Hz, 3H), 1.59–1.37 ppm (m, 4H); 13C NMR (67.8 MHz, CDCl3): d=
197.4, 160.7, 141.2, 135.3, 135.0, 132.5, 131.4, 127.2, 125.2, 62.8, 43.5, 32.3,
30.8, 27.1, 25.7, 19.2; HRMS (ESI-TOF): m/z calcd for [C16H22O2]+Na:
269.1512; found: 269.1512.

4eD : Rf=0.28 (hexane/ethyl acetate=1:1); IR (neat): ñmax=3392, 2926,
2855, 1733, 1694, 1633 cm�1; 1H NMR (400 MHz, CDCl3): d=7.49 (dd,
J=2.4, 5.8 Hz, 1H), 6.94 (d, J=11.6 Hz, 1H), 6.35 (dd, J=1.4, 5.8 Hz,
1H), 6.35 (dd, J=11.6, 14.5 Hz, 1H), 6.19 (dt, J=7.2, 14.5 Hz, 1H), 5.49
(brdt, J=7.2, 11.1 Hz, 1H), 5.34 (brdt, J=8.2, 11.1 Hz, 1H), 3.68 (s, 3H),
3.63 (t, J=6.3 Hz, 2H), 3.59 (m, 1H), 2.60 (m, 1H), 2.26 (m, 1H), 2.35 (t,
J=7.7 Hz, 2H), 2.28 (dt, J=7.2, 7.7 Hz, 2H), 2.02 (dt, J=5.8, 7.2 Hz,
2H), 1.81 (tt, J=7.7, 7.7 Hz, 2H), 1.41 (tt, J=4.3, 6.3 Hz, 2H), 1.34 ppm
(m, 2H); 13C NMR (67.8 MHz, CDCl3): d=197.4, 173.8, 160.8, 144.6,
135.7, 135.3, 132.5, 126.5, 62.7, 51.6, 43.5, 33.3, 32.6, 32.3, 30.8, 29.7, 27.1,
25.7, 23.9 ppm; HRMS (ESI-TOF): m/z calcd for [C20H28O4]+Na:
355.1890; found: 355.1880.

Biological Evaluation

Cell culture: PC12 cells were grown in DulbeccoNs modified EagleNs
medium (DMEM) and supplemented with heat-inactivated fetal bovine
serum (FBS; 10%), heat-inactivated horse serum (5%), penicillin
(100 unitsmL�1), streptomycin (100 mgmL�1), and NaHCO3 (0.2%) at
37 8C in an atmosphere of air (95%) and CO2 (5%).

Neurite-outgrowth assay: PC12 cells (20000, 1.0 mL medium) were
placed in each well of a 24-well plate and precultured. After 24 h, the
medium was replaced by DMEM supplemented with FBS (0.5%) and
containing NGF (1.5 ngmL�1) and the indicated concentrations of PGs
for 48 h. The morphological changes of the cells were monitored by a
phase-contrast microscope. Cell differentiation was evaluated by counting
cells with a length at least two times that of the diameter of the cell
body. About 100 cells were counted from a randomly chosen field, and
this was repeated three times.
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