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The concise and enantioselective synthesis of 15-deoxy-
Δ12,14-prostaglandin J2 (15d-PGJ2) has been accomplished
in 11 steps from a known alcohol. The key step of the
synthesis involves an asymmetric Rh-catalyzed cyclo-
isomerization of ene-ynone, followed by an olefin iso-
merization.

15-Deoxy-Δ12,14-prostaglandin J2 (15d-PGJ2), one of the
most representative cyclopentenone prostaglandins, is known
as an endogenous ligand of peroxisome proliferator-activated
receptor γ (PPAR γ).1 Recently it has received enormous
attention due to its various biological functions such as anti-
inflammatory, cytoprotective, proapoptotic, and anti-
proliferative properties, which depend on cell types and con-
centrations.2,3 The Keap-1/Nrf 2 complex as a regulator
of homeostatic redox system has been a central focus of
research in the past decade due to its potentiality as a chemo-
preventive target.3 Thus, 15d-PGJ2 is targeted as a probe for
chemopreventive therapeutics3 because 15d-PGJ2 can serve
as a potent ligand for the Keap-1 complex. In this context,
optically active 15d-PGJ2 has attracted increased attention
in the fields of biological andmedicinal chemistry. However,
a versatile enantioselective synthesis of 15d-PGJ2 that gene-
rates the stereogenic centers has not been previously

described in the literature, although a few syntheses of this
ligand from the pre-existing chiral unit have been reported.4

Herein, we report the enantioselective total synthesis of
15d-PGJ2 by employing an asymmetric Rh-catalyzed cyclo-
isomerization of the ene-ynone precursor as the key step.

The retrosynthetic analysis of 15d-PGJ2 is shown in
Scheme 1. We pursued an enantioselective cycloisomeriza-
tion5 as a key reaction for ready access to both the crucial
stereocenter and the core cyclopentanone system 2, which
can be effectively transformed into 15-deoxy-Δ12,14-prost-
aglandin J2. Intermediate 3 can also be conveniently pre-
pared from known alcohol6 6 via sequential manipulations
(Scheme 1).

Our synthesis commenced with the partial hydrogenation
of disubstituted alkyne 6. The resulting allyl ether was con-
verted into aldehyde 7 by Dess-Martin oxidation.7 The
addition of ethynyl magnesium bromide to aldehyde 7 in
the presence of CeCl3 provided propargyl alcohol,8 which
could be readily transformed into the enyne alcohol 8 by
Sonogashira coupling with vinyl iodide 5.9 The Dess-
Martin oxidation of alcohol 8 afforded ketone 3, which is
an appropriate precursor for the pivotal cycloisomerization
(Scheme 2).

SCHEME 1. Retrosynthesis of 15d-PGJ2 (1)

SCHEME 2. Synthesis of the Precursor for Cycloisomerization
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Next, we addressed the formidable task of enantioselective
cycloisomerization. An initial attempt employing the rele-
vant conditions10,11 resulted in the production of the desired
TBS enol ether 2 in only 20%yield. Additional trial reactions
with an increased amount of the catalyst did not provide
substantial increase of the product. However, after intensive
examination of the reaction conditions,12,13 we finally ob-
served that the cyclization of allyl ether 3 in dichloroethane
under catalytic conditions using [Rh(COD)Cl]2 and AgBF4

in the presence of (R)-BINAP provided the desired TBS-enol
ether 2 exclusively in good yield and stereoselectivity (88%
yield, 97% ee on HPLC). Interestingly, a stoichiometric
amount of AgBF4 with [Rh(COD)Cl]2 and (R)-BINAP at
ambient temperature provided the exclusive formation of the
desired aldehyde 9, which is accessible via an additional
deprotection of 2, in 61% yield with 97% ee (Table 1).

With the key aldehyde 9 in hand, Wittig olefination
introduced the acid side chain4 and subsequent esterification
with TMSCHN2 afforded methyl ester 10. The correct
(E,E)-stereochemistry of diene 11 could be obtained from
10 in 70% yield by an olefin isomerization. The Z-exoenone
isomer was effectively converted into the desired E-isomer
by treatment with TMSCl and LiCl. The introduction of the

ring-olefin to the cyclopentanone skeleton of 11 was
achieved by the reaction of 11 with Et3N and TMSOTf in
CH2Cl2, followed by Saegusa14 oxidation of the resulting
TMS enol ether (Scheme 3). Having established a viable
route to the requisite chiral methyl ester of 1, the enantio
selective synthesis of 15d-PGJ2 was completed by ester hydro-
lysis usingMe3SnOH.15 The spectral data (1HNMR, 13CNMR,
HRMS, and specific rotation) of the synthetic 15d-PGJ2
were in excellent agreement with the published data.4

In conclusion, the concise and versatile enantioselective
synthesis of 15d-PGJ2 has been achieved via 11 reaction steps
from a known alcohol. The key step includes an asymmetric
Rh-catalyzed cycloisomerization of the ene-ynone precursor,
followed by an olefin isomerization. Studies on the diverse
biological functions andcellular signalingpathwaysof 15d-PGJ2
based on the developed synthetic route are in progress.

Experimental Section

2-{(1R)-2-[(Z,2E)-2-Octenylidene]-3-oxocyclopentyl}acetal-
dehyde (9).Toa solutionof [Rh(COD)Cl]2 (11mg, 0.02mmol) and
(R)-BINAP (32 mg, 0.05 mmol) in dichloroethane (1 mL) was
added ketone 3 (75 mg, 0.21 mmol) in dichloroethane (1 mL). The
reactionmixture was stirred for 1 min. AgBF4 (42 mg, 0.21 mmol)
was added to the reaction mixture, which was then stirred until
complete consumption of the startingmaterial on TLC at ambient
temperature and filtered through a pad of Celite. The filtrate was
concentrated in vacuo. Purification of the residue via flash column
chromatography on silica gel (EtOAc:hexane = 1:5) afforded
31 mg (61%) of aldehyde 9 as a major product and 5 mg (10%)
of enol ether 2 as aminor product. 2: [R]20D-37.4 (c 0.22,MeOH);
1H NMR (CDCl3, 300 MHz) δ 7.52 (dd, 1H, J = 15.6, 11.3 Hz),
6.34 (d, 1H, J = 11.9 Hz), 6.24 (dd, 1H, J = 11.5, 2.3 Hz), 6.00

TABLE 1. Cycloisomerization of 3

condition yield (%/% ee)

1 [Rh(COD)Cl]2 5 mol %, (R)-BINAP 12 mol %, AgSbF6 20 mol %, DCE 2 (20), 9 (-)
2 [Rh(COD)Cl]2 10 mol %, (R)-BINAP 24 mol %, AgSbF6 40 mol %, DCE 2 (40), 9 (10)
3 [Rh(COD)Cl]2 10 mol %, (R)-BINAP 24 mol %, AgBF4 40 mol %, DCE, 10 min 2 (88/97a), 9 (-)
4 [Rh(COD)Cl]2 10 mol %, (R)-BINAP 24 mol %, AgBF4 100 mol %, DCE, 3 h 2 (10/97a), 9 (61/97)

aEnantiomeric excess (ee) of 2 was confirmed by HPLC analysis of the corresponding aldehyde obtained by TBS deprotection.

SCHEME 3. Completion of 15d-PGJ2 Synthesis
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(dt, 1H, J= 15.3, 7.1Hz), 4.87 (dd, 1H, J= 12.0, 9.0Hz), 3.20 (m,
1H), 2.40-2.09 (m, 4H), 1.43-1.36 (m, 2H), 1.33-1.20 (m, 6H),
0.90 (s, 9H), 0.90-0.86 (m, 3H), 0.17 (s, 6H); 13C NMR (CDCl3,
125 MHz) δ 207.4, 145.6, 142.2, 137.7, 136.0, 126.4, 113.5, 42.1,
38.9, 33.0, 31.4, 29.0, 28.7, 25.7, 22.5, 18.4, 14.0, -5.2; LR-MS
(FAB) m/z 349 (M þ Hþ); HR-MS (FAB) calcd for C21H37O2Si
(M þ Hþ) 349.2563, found 349.2558. 9: [R]20D þ5.7 (c 0.17,
MeOH); FT-IR (thin film, neat) νmax 2927, 2857, 1720 cm-1; 1H
NMR (CDCl3, 300MHz) δ 9.85 (t, 1H, J= 1.4Hz), 7.52 (dd, 1H,
J = 15.2, 11.2 Hz), 6.23 (dd, 1H, J = 11.2, 2.0 Hz), 6.04 (dt, 1H,
J = 14.9, 7.1 Hz), 3.30 (m, 1H), 2.77 (ddd, 1H, J = 17.4, 5.5,
0.9 Hz), 2.58 (ddd, 1H, J= 17.4, 8.1, 1.7 Hz), 2.39-2.14 (m, 4H),
1.60-1.21 (m, 8H), 0.90-0.84 (m, 3H); 13C NMR (CDCl3,
100 MHz) δ 206.7, 200.9, 146.5, 137.0, 134.5, 126.2, 48.9, 38.4,
36.4, 33.0, 31.4, 28.6, 26.9, 22.4, 14.0; LR-MS (FAB)m/z 235 (Mþ
Hþ); HR-MS (FAB) calcd for C15H23O2 (M þ Hþ) 235.1698,
found 235.1688.

Methyl (Z)-7-{(1R)-2-[(E,2E)-2-Octenylidene]-3-oxocyclopentyl}-
5-heptenoate (11). To a solution of exo (Z)-enone 10 (17 mg, 0.05
mmol) in CH2Cl2 (1 mL) was added LiCl (15 mg, 0.36 mmol),
followed by an addition of TMSCl (4 μL, 0.02 mmol) at 0 �C. The
reaction mixture was stirred overnight at ambient temperature.
The reaction mixture was quenched with saturated aqueous
Na2HCO3 and diluted with CH2Cl2. The organic phase was
washed with H2O and brine, dried overMgSO4, and concentrated
in vacuo. Purification of the residue via flash column chromato-
graphy on silica gel (EtOAc:hexane=1:10) afforded 12mg (70%)
of 11: [R]20Dþ106.3 (c 0.15, MeOH); FT-IR (thin film, neat) νmax

1739, 1630, 1200 cm-1; 1H NMR (CDCl3, 300 MHz) δ 6.91 (m,
1H), 6.21-6.19 (m, 2H), 5.45-5.42 (m, 2H), 3.64 (s, 3H), 3.08 (m,
1H), 2.44-1.72 (m, 10H), 1.47-1.20 (m, 10H), 0.90-0.80 (m, 3H);
13C NMR (CDCl3, 125 MHz) δ 206.8, 173.9, 146.9, 138.5, 132.8,
130.8, 128.0, 126.4, 51.5, 39.0, 36.2, 33.4, 33.4, 32.4, 31.4, 28.4, 26.7,
24.8, 24.6, 22.5, 14.0; LR-MS (FAB) m/z 333 (MþHþ); HR-MS
(FAB) calcd for C21H33O3 (M þ Hþ) 333.2430, found 333.2441.

15-Deoxy-Δ12, 14
-prostaglandin J2 (1). To a solution of cyclo-

pentanone 11 (33 mg, 0.10 mmol) in CH2Cl2 (1 mL) was added
Et3N (20 μL, 0.14 mmol), followed by addition of TMSOTf
(22 μL, 0.12 mmol) at 0 �C. The reaction mixture was stirred
until complete consumption of the starting material on TLC at
0 �C. Then Pd(OAc)2 (112 mg, 0.50 mmol) and benzoquinone
(54 mg, 0.50 mmol) in acetonitrile were added to a solution of
TMS enol ether at 0 �C. The reactionmixture was stirred for 4 h,
quenched with H2O, and then diluted with CH2Cl2. The organic

phase was washed with H2O and brine, dried over MgSO4, and
concentrated in vacuo. Purification of the residue via flash
column chromatography on silica gel (EtOAc:hexane = 1:5)
afforded 23 mg (70%) of methyl ester: [R]20D þ121.2 (c 0.42,
MeOH); FT-IR (thin film, neat) νmax 1739, 1695, 1632 cm

-1; 1H
NMR (CDCl3, 300 MHz) δ 7.45 (dd, 1H, J= 6.0, 2.6 Hz), 6.93
(d, 1H, J = 10.8 Hz), 6.34-6.16 (m, 3H), 5.48-5.30 (m, 2H),
3.63 (s, 3H), 3.54 (m, 1H), 2.57 (m, 1H), 2.36-2.17 (m, 5H),
2.04-1.97 (m, 2H), 1.69-1.57 (m, 2H), 1.48-1.22 (m, 6H), 0.87
(t, 3H, J= 6.9Hz); 13CNMR (CDCl3, 125MHz) δ 197.3, 173.9,
160.6, 146.9, 135.2, 134.9, 131.6, 131.4, 125.9, 125.7, 51.5, 43.5,
33.4, 33.4, 31.4, 30.8, 28.4, 26.6, 24.7, 22.4, 14.0; LR-MS (FAB)
m/z 331 (MþHþ); HR-MS (FAB) calcd for C21H31O3 (MþHþ)
331.2273, found 331.2274. To a solution of the above methyl
ester (14 mg, 0.04 mmol) in dichloroethane (1 mL) was added
Me3SnOH (72 mg, 0.40 mmol) at ambient temperature. The
reaction mixture was refluxed overnight, quenched, and acid-
ified with 2NHCl. The mixture was diluted with EtOAc and the
organic phase was washed with 2N HCl solution several times
and brine, dried over MgSO4, and concentrated in vacuo.
Purification of the residue via flash column chromatography
on silica gel (EtOAc:hexane:AcOH = 1:2:0.05) afforded 12 mg
(87%) of 1: [R]20D þ180.9 (c 0.09, MeOH); FT-IR (thin film,
neat) νmax 2926, 1696, 1629 cm

-1; 1H NMR (CDCl3, 500MHz)
δ 10.0 (br s, 1H), 7.48 (dd, 1H, J=6.0, 2.6 Hz), 6.96 (d, 1H, J=
11.3 Hz), 6.37 (dd, 1H, J=6.0, 1.8 Hz), 6.33 (dd, 1H, J=15.0,
11.4 Hz), 6.25 (dt, 1H, J= 15.0, 7.1 Hz), 5.47 (m, 1H), 5.38 (m,
1H), 3.60 (m, 1H), 2.60 (dt, 1H, J = 14.2, 5.0 Hz), 2.34 (t, 2H,
J=7.4 Hz), 2.33 (m, 1H), 2.23 (q, 2H, J=7.2Hz), 2.05 (q, 2H,
J=7.2Hz), 1.69 (m, 2H), 1.47 (m, 2H), 1.35-1.26 (m, 4H), 0.91
(t, 3H, J=7.2Hz); 13CNMR (125MHz,CDCl3) δ 197.4, 178.0,
160.6, 147.0, 135.4, 135.0, 131.8, 131.3, 126.1, 125.6, 43.4, 33.5,
33.1, 31.4, 30.7, 28.4, 26.5, 24.4, 22.5, 14.0; LR-MS (FAB) m/z
317 (M þ Hþ); HR-MS (FAB) calcd for C20H29O3 (M þ Hþ)
317.2117, found 317.2121.
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