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An Efficient Asymmetric Synthesis of Prostaglandin E1
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An asymmetric total synthesis of Prostaglandin E1 (5) has with the Corey CBS catalyst gave the ω-side chain 7 with
.96% ee. Conjugate addition using the reaction withbeen achieved in a two-component coupling process. The

chiral hydroxycyclopentenone 6 was readily available from dilithiocyanocuprate followed by mild cleavage of the silyl
protective groups and enzymatic hydrolysis of the methylfuran with 96% ee. The key reaction step was a kinetic

enzymatic resolution followed by an in situ inversion. A ester 22 gave (–)-PGE1 5 in high yield.
catalytic asymmetric reduction of the γ-iodo vinyl ketone 19

Introduction

Prostaglandins belong to the family of polyoxygenated
fatty acids that are produced enzymatically by cyclooxy-
genase type I (COX-1) and cyclooxygenase type II (COX-
2). [1] Several natural prostaglandins and analogs are used
as drugs. [2] In recent years new indications, especially for
the E and F types, have been clinically introduced. Several
studies on asthmatic subjects have shown a highly protec-
tive effect of inhaled prostaglandins of the E-type on vari-
ous challenges, e.g. allergen, exercise, aspirin, etc. [3] Termin-
ation of pregnancy (misoprostol), [4] treatment of male im-
potency (prostaglandin E1)[5] and treatment of glaucoma
(lantanoprost) [6] are other remarkable examples.

Recently it was reported that isomeric prostaglandins
(isoprostanes) are formed in vivo by a nonenzymatic, free-
radical-catalyzed peroxidation of polyunsaturated fatty ac-
ids. [7] These molecules serves as markers of oxidative stress
in degenerative diseases e.g. arteriosclerosis and Alzhei-
mer’s disease. [8]

As part of our ongoing interest in cyclooxygenase and
lipoxygenase products we required larger amounts of pro-
staglandin E1 (5). Our goal was to develop an asymmetric
synthetic route from simple prochiral starting materials that
could easily be scaled up.

The first general synthetic route to all natural prostaglan-
Figure 1. Retrosynthetic analysis of the three major routes to pro-dins was developed by Corey et al. In this classical ap-
staglandins

proach both side chains were introduced by Wittig and Wit-
tig2Horner reactions (Figure 1). [9] The key intermediate,
the “Corey lactone”, is still the basis for the industrial syn- scribed a catalytic enantioselective Diels2Alder reaction

with a chiral Lewis acid catalyst achieving the [412] adductthesis of prostaglandins. [10] A great effort has been made
over the years to improve the original synthesis. An asym- with >95% ee. [12] Another important challenge in this route

was the control of the C-15 stereochemistry which still at-metric Diels2Alder reaction using phenylmenthol as a chi-
ral auxiliary to build up the bicyclo[2.2.1]heptene system tracts much attention today.[13] Several reductions of the

α,β-unsaturated ketone intermediate in Corey9s synthesishas been reported by Corey et al. [11] Later, this group de-
have been reported, e.g. with bulky trialkylborohydrides at

[a] Department of Cell Biology, University of Medicine and Denti- 2100°C (88% ee), [14] CBS at room temperature (93%
stry of New Jersey, SOM ee), [15] Yamamoto9s diisobutylaluminum-2,6-di-tert-butyl-2 Medical Center Drive, Stratford, 08084 NJ, USA

4-methylphenoxide complex at 278°C (85% ee) [16] andFax: (internat.) 1 1-856/983-4953
E-mail: spurbw@umdnj.edu Noyori9s BINAL-H catalyst 280°C (99% ee). [17] The draw-
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excess. Specific solutions have been found for several pro- room temperature produced the diester 11 in quantitative

yield. [29] Enzymatic cleavage of 11 with the inexpensive por-staglandins: Yamamoto9s reduction gave 100% ee in dimox-
aprost [18] and the Meerwein2Ponndorf2Verley reduction cine pancreatic lipase (PPL, Sigma) gave 12 in 85% yield. [30]

Compound 12 was converted into the mixed anhydride withgave 98% ee in cloprostenol. [19]

Although PGE1 has been prepared from PGF2α the ad- chloroacetyl chloride in CCl4 at 0°C in the presence of 1
equivalent of Et3N.[31] The precipitated Et3N·HCl was re-ditional reaction steps, combined with the problem of over-

reduction to impurities of undesired biological activities, led moved by filtration and the crude mixed anhydride was re-
acted with furan at room temperature in the presence of aus to consider another approach.[20] The two-component

coupling strategy, first reported by the Syntex group,[21] has catalytic amount of BF3·Et2O.[32] Simple distillation af-
forded the ketoester 13 in 67% yield. NaBH4 reduction inmainly been used for the synthesis of racemic prostagland-

ins of the E-type, such as misoprostol, [22] due to the unavail- MeOH at 0°C gave the hydroxyester 14 in 95% yield. The
use of EtOH instead of MeOH resulted in substantialability of a convergent way to obtain the chiral building

block 6. [23] Later on Babiak et al. reported the enzymatic amounts of the corresponding hydroxyethyl ester due to a
transesterification catalyzed by borates. Crude 14, afterresolution of hydroxycyclopentenones, including 16, which

makes this process attractive for the synthesis of the natural evaporation of MeOH, was used directly in the following
rearrangement step to give 15. The reaction was best carriedprostaglandins (Figure 1). [24] The most elegant synthesis,

the “three-component coupling”, was developed by Noyori out at reflux temperature in dioxane/H2O with ZnCl2 as
catalyst producing a mixture of the hydroxycyclopentenoneet al. (see Figure 1). [25] An efficient synthesis of the chiral

hydroxycyclopentenone 9 has been described by Jacobsen 15 and 16. [33] Treatment of this mixture with Et3N and a
catalytic amount of chloral in toluene, according toet al. using the kinetic resolution of epoxy2cyclopentanone

with the (Cr)Salen-catalyst and (CH3)3SiN3. [26] Unfortu- Stork, [34] afforded crystalline 16 in 72% yield.
nately for the prostaglandins of the one series, especially
PGE1, Noyori9s approach was not of practical synthetic use
due to the low reactivity of a suitable α-side chain or its
instability under the reaction conditions required. [27] John-
son et al. have reported a new procedure applying a modi-
fied Suzuki coupling which, in fact, produces the intermedi-
ate used in the two-component coupling. [28]

Results and Discussion

In this paper we report a convergent synthesis of (2)-
prostaglandin E1 starting from prochiral intermediates 16
and 19. After simple transformations to the chiral key inter-
mediates 6 and 7, 5 was readily available from the two-com-
ponent coupling. The synthesis of 16 from commercially
available furan and suberic acid is outlined in Scheme 1.

Scheme 2. Kinetic enzymatic resolution of 16 and in situ inversion
to (R)-6

As described by Babiak et al. the racemic 16 could be
resolved enzymatically with vinyl acetate and PPL at room
temperature to give 46% of the (R)-acetate 17 and 41% of
the (S)-hydroxy 18 both with 98% ee. [24] The authors re-
ported that chromatography is a necessary purification pro-Scheme 1. Synthesis of 16 from dimethyl suberate (11) and furan
cess since failure to remove the acetate 17 from the alcohol
18 quantitatively led to racemization.[24b] Isolated 18 hasSuberic acid was converted into its half ester 12 in two

steps. Esterification using our recently developed method at been converted into 6 using the Mitsunobu inversion. [35]
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Table 1. In situ inversion of 18 in the presence of 17

Entry Substrate Method Conditions of Inversion Solvent ee [%][b]

1 17 1 18 A Mitsunobu THF 96
2 17 1 18[a] B (B9) NaOAc Dioxane/H2O 84(94)[c]

3 17 1 18[a] C CsOAc CH3CN 91
4 17 1 18[a] D CsOAc/18-crown-6 CH3CN 92
5 17 1 18[a] E CsF/AcOH DMF 91
6 17 1 18[a] F NaOAc/CsF Dioxane/H2O 81
7 17 1 18[a] G Guanidine CH3OH 80

[a] 18 was converted in situ into the mesylate 18a prior to inversion. 2 [b] Determined by chiral HPLC of 6 using Chiracel OD or OB
columns. 2 [c] The crude mixture of 17 and 6 from the inversion reaction was resubmitted to PPL, the remaining 18 was removed by
complexation with anhydrous LiBr.

The most practical process would directly use the crude
mixture from the enzymatic reaction for the inversion of
the (S)-stereocenter in 18 to the correct (R)-configuration
(Scheme 2). Only a few examples have been described in the
literature, with ee values ranging from 63% to 97%, but they
require reaction conditions which are unsuitable for our Scheme 3. Catalytic asymmetric CBS reduction of the β-iodovinyl

ketone 19substrate. [36] For example, Danda, and Faber, have used
drastic conditions (fuming nitric acid followed by enzymatic
hydrolysis or hydrolysis at reflux), which interferes with the Approaches using microbiological reduction (80% ee, 12%

yield), [39] enzymatic resolution (50% ee, 31% yield)[40] andfunctionality of our substrate.[36d,36e] Theil and Ikegami
used CsOAc in toluene or benzene at reflux in the presence the Sharpless kinetic resolution (99% ee, 45% yield)[41] have

been described. Noyori et al. applied the BINAL catalystof 18-crown-6 for the inversion.[36f,37a] The addition of 18-
crown-6 was necessary, as reported by Ikegami, to suppress at 280°C to reduce the 1-iodo-1-(E)-octen-3-one (19) and

obtained 7 with 94297% ee and 96% yield. Three equiva-olefin formation.[37a] The use of CsF in DMF in the pres-
ence of an acid was described by Otera as a practical lents of the chiral reagent had to be used and chromato-

graphic separation was required in order to remove and re-method for the inversion of secondary mesylates at elevated
temperatures. [37b] Due to the sensitive nature of our sub- cover the BINOL ligand.[42] Corey et al. have described the

reduction of 19 by means of chiral oxazaborolidines, andstrate the inversion was conducted at low temperature and
only mild reaction conditions were used. Therefore, we first obtained the allyl alcohol 7 with 86% ee in 95% yield. [43] In

earlier experiments we realized that catecholborane reactedinvestigated the Mitsunobu reaction for the in situ inversion
of 18 in the presence of 17, and obtained 6 after hydrolysis at low temperatures with 19. In order to avoid uncatalyzed

reduction we examined the extremely slow addition of cat-with guanidine in 76% isolated yield and with 96% ee as
determined by chiral HPLC (Table 1, entry 1, method A). echolborane (over 12 hours) to the ketone 19 at 278°C in

the presence of 5% CBS catalyst. Under these conditionsOne of the major drawbacks of the Mitsunobu reaction is
the difficulty of removing the redox by-products tri- we obtained the allyl alcohol 7 in 95% isolated yield and

>96% ee as determined by chiral HPLC and Mosher esterphenylphosphane oxide and bis(ethoxycarbonyl)hydrazine,
which becomes a major concern in large-scale applications. analysis. On a large scale the amount of catalyst was suc-

cessfully reduced to 1% without loss of optical purity. Sim-Consequently we tested various sulfonates for the SN2 reac-
tion that produce water-soluble by-products which can eas- ple aqueous work-up afforded the product in almost pure

form. The best results were obtained at low temperatureily be removed.[37] The mesylate is formed rapidly in high
yield whereas the tosylate is formed only sluggishly. Accord- and with the use of the B-n-butyl catalyst. The B-methyl

catalyst gave substantial less optical induction and at higheringly, the mixture of 17 and 18 was treated with 57 mol-%
of methanesulfonyl chloride in the presence of 62 mol-% of temperatures the ee value dropped due to noncatalyzed re-

duction. Standard silylation (Me3SiCl, imidazole, Et3N inEt3N. Using several conditions for the inversion reaction
(Table 1, entries 227, method B-G), and after guanidine DMF) produces the silyl ether 21 in high yield. [44]

The two-component coupling of the chiral hydroxycyclo-cleavage, 6 was obtained in ee values ranging from 80292%.
When the crude mixture of 17 and 6 (Table 1, entry 2, pentenone 20 with 21 provided the 1,4-addition product. [45]

Mild desilylation produced the crystalline PGE1 methyl es-method B9) was re-submitted to PPL in vinyl acetate the
initial 84% ee value was improved to 94% ee. The small ter (22) in 85% yield. The final enzymatic hydrolysis with

PPL (Sigma) at pH 7 produced the highly crystalline PGE1amount of remaining 18 was removed by complexion with
LiBr prior to hydrolysis. [38] Silylation of 6 produced the key (5) as white needles. Recrystallization from hot EtOAc gave

PGE1 that was identical in all aspects (TLC, HPLC, m.p.,intermediate 20 in 88% yield after distillation.
In order to introduce concurrently the correct stereoc- [α]D, FT-IR, API-ES/MS, 1H-, 13C NMR spectroscopy)

with an authentic sample (Upjohn). The purity was deter-enter at C-15 we required the optically active side chain 7.
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and automatic liquid injector, or on a Waters HPLC system (M-
6000A pump, M-730 Data Module integrator, U6 K Injector) and
a Schoeffel SF-770 UV detector. For Chiral HPLC Chiracel OF,
OD, OB columns (Daicel Chemical Ltd.) have been used. 2 1H
NMR and 13C NMR spectra were recorded on a 300 MHz Varian
Gemini 2000 Broadband High-Resolution NMR. 2 IR spectra
were measured on a Perkin2Elmer Paragon 1000 FT-IR spec-
trometer. 2 Optical rotation was measured on a Perkin2Elmer
Polarimeter 343. 2 Mass Spectra were obtained using Hewlett
Packard HP-59987A API-Electrospray (Atmospheric Pressure Ion-
ization Electrospray) interface coupled to a Mass Spectrometer
Hewlett Packard HP-5989B MS.

Dimethyl Suberate (11): To a solution of suberic acid (300 g, 1.72
mol) in 2,2-dimethoxypropane/MeOH 4:1 (600 mL) was added
Me3SiCl (10.9 mL, 86.0 mmol) and the mixture stirred for 24 hours
at room temperature. The solvent was removed under reduced
pressure affording the diester 11 in quantitative yield. 2 B.p.
1052110°C/2 mm. 2 1H NMR (CDCl3, 300 MHz): δ 5 1.221.3
{m, 4 H, (CH2)2}, 1.521.6 (m, 4 H, CH22CH22COO), 2.2 (t, J 5

7.3 Hz, 4 H, CH22COO), 3.6 (s, 6 H, CH3O). 2 13C NMR
(CDCl3, 75.5 MHz): δ 5 24.5 (CH22CH22COO), 28.5
{CH22(CH2)22COO}, 33.8 (CH22COO), 51.2 (CH3O), 174.1
(COO).

Scheme 4. Synthesis of PGE1 (5) by the two component coupling
of 20 and 21 Suberic acid monomethyl ester (12): Compound 11 (250 g, 1.24 mol)

was suspended in phosphate buffer (pH 7.0, 0.05 ,1 l). With vigor-
ous stirring porcine pancreatic lipase (PPL, Sigma, EC 3.1.1.3,mined to be >99% as assayed by HPLC, HPLC/API2ES/
30.0 g) was added while the pH was kept at 7 by continuous ad-

MS and NMR. The C-15 (S)-purity was >99.7% as deter- dition of 2  NaOH (620 mL, 1.24 mol). The reaction mixture was
mined by GC analysis. [46]

filtered through celite/NaCl and the filtrate was washed with Et2O
(250 mL). The buffer layer was acidified to pH 2 by addition of
half-concentrated HCl (ø300 mL) and extracted three times with

Conclusion Et2O. The combined Et2O layers were dried over Na2SO4 and eva-
porated under reduced pressure. The residue was purified by distil-

In conclusion a stereoselective synthesis of PGE1 by a lation to yield 12 (198.4 g, 85%). 2 B.p. 1302135°C/1 mm. 2 1H
two-component coupling has been achieved. The two chiral NMR (CDCl3/[D6]acetone, 300 MHz): δ 5 1.221.4 {m, 4 H,

(CH2)2}, 1.521.7 (m, 4 H, CH22CH22COO), 2.2 (2 t, J 5 7.5 Hz,components 20 and 21 were obtained by a kinetic enzymatic
4 H, CH22COO), 3.6 (s, 3 H, CH3O). 2 13C NMR (CDCl3/[D6]a-resolution combined with an in situ inversion, and by a
cetone, 300 MHz): δ 5 24.2 and 24.3 (CH22CH22COO), 28.3 {2catalytic asymmetric reduction, respectively. The transform-
C, CH22(CH2)22COO}, 33.6 and 33.5 (CH22COO), 51.0ation of PGE1 into PGA1,[47] PGB1,[48] PGC1,[49] PGD1,

[50]

(CH3O), 173.8 (COOCH3), 177.7 (COOH).PGF1
[51] is well described in the literature. In addition epi-

merization of the C-8 center could be accomplished with Methyl-8-furyl-8-oxo-octanoate (13): To a solution of monoester 12
(188.2 g, 1.0 mol) and Et3N (140.8 mL, 1.01 mol) in CCl4 (1 l) atKOAc in MeOH giving easy access to the 8-iso-PGs of the
0°C was added dropwise chloroacetyl chloride (80.4 mL, 1.01 mol).one series. [52] These nonenzymatic free-radical-induced per-
When the addition was completed, the mixture was stirred at roomoxidation products of polyunsaturated fatty acids are cur-
temperature for 3 hours and then filtered to remove precipitatedrently of interest due to their unknown biological proper-
salts. To the filtrate was immediately added furan (109.1 mL, 1.5ties.[53]

mol) and BF3·Et2O (12.7 mL, 0.1 mol) and stirred for 12 hours.
The solution was washed successively with water (150 mL), 5%
Na2CO3 (150 mL) and water (150 mL). Drying over Na2SO4, con-Experimental Section centrating under vacuo and distillation gave 13 (159.6 g, 67%) as
an oil that crystallized on standing. 2 B.p. 1102125°C/0.07 mm.General Remarks: All reactions that were moisture- and air-sensi-

tive were carried out in flame-dried glassware and under an argon 2 1H NMR (CDCl3, 300 MHz): δ 5 1.221.4 {m, 4 H, (CH2)2},
1.521.7 (quint, J 5 7.5 Hz, 2 H, CH22CH22COO), 1.621.8atmosphere. 2 The progress of the reactions was checked by thin

layer chromatography (TLC) on E. Merck silica gel 60F glass plates (quint, J 5 7.5 Hz, 2 H, CH22CO), 2.3 (t, J 5 7.5 Hz, 2 H,
CH22COO), 2.8 (t, J 5 7.5 Hz, 2 H, CH22CO), 3.6 (s, 3 H,(0.25 mm). The spots were visualized with UV light, followed by

heat staining with p-anisaldehyde in ethanol/sulfuric acid. 2 Melt- CH3O), 6.5 (dd, J 5 3.4, 1.8 Hz, 1 H, ArCH2ArCH2O), 7.2 (dd,
J 5 3.4, 0.9 Hz, 1 H, ArCH2ArC), 7.6 (dd, J 5 1.8, 0.9 Hz, 1 H,ing points were determined on a Mel-Temp capillary melting point

apparatus and are uncorrected. 2 Silica gel 60 from EM-Science ArCH2O). 2 13C NMR (CDCl3, 75.5 MHz): δ 5 23.9
(CH22CH22CO), 24.6 (CH22CH22COO), 28.7 {2 C,was used for flash chromatography. 2 HPLC analysis were per-

formed on a Hewlett-Packard liquid chromatograph HP-1090 (CH2)22(CH2)22CO}, 33.8 (CH22COO), 38.2 (CH22CO), 51.3
(CH3O), 112.1 (ArCH2ArCH2O), 116.7 (ArCH2ArC), 146.2Series II with PV5 SDS (Solvent Delivery System) and DAD (Di-

ode Array Detector) equipped with heated column compartment (ArC2O), 152.9 (ArC2CO), 174.2 (COO), 189.7 (CO).
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Methyl-8-furyl-8-hydroxy-octanoate (14): To a solution of 13 6 (22.8 g, 76%). The ee value was determined to be 96% by chiral

HPLC analysis: Chiracel OB (250 3 4.6 mm), mobile phase: hex-(100.0 g, 0.42 mol) in MeOH (500 mL) at 0°C was added NaBH4

(15.9 g, 0.42 mol), in small portions, until the starting material was ane/iPrOH 90:10, flow rate: 1.0 mL/min, λ 5 210 nm, RT (R-
isomer) 5 30.8 min, RT (S-isomer) 5 37.7 min. Chiracel OD (250consumed. After removal of the MeOH under reduced pressure the

crude product was dissolved in EtOAc (300 mL) and washed with 3 4.6 mm), mobile phase: hexane/iPrOH 95:5, flow rate: 0.8 mL/
min, λ 5 210 nm, RT (S-isomer) 5 52.3 min, RT (R-isomer) 5saturated aqueous NaHSO4 (200 mL) and brine (200 mL). Drying

over Na2SO4 and elimination of the solvent under vacuum afforded 55.8 min.
14 (95.9 g, 95%). 2 1H NMR (CDCl3, 300 MHz): δ 5 1.3 {m, 6 Method B: A crude mixture of 17 and 18 (34.0 g), obtained from
H, (CH2)3}, 1.6 (quint, J 5 7.5 Hz, 2 H, CH22CH22COO), 1.8 the enzymatic reaction, was dissolved in CH2Cl2 (300 mL) and co-
(m, 2 H, CH22CH2OH), 2.3 (t, J 5 7.5 Hz, 2 H, CH22COO), oled to 210°C. Et3N (10.4 mL, 74.9 mmol) was added followed by
3.6 (s, 3 H, CH3O), 4.6 (t, J 5 6.9 Hz, 1 H, CH2OH), 6.2 (dt, dropwise addition of methanesulfonyl chloride (5.3 mL,
J 5 3.3, 0.7 Hz, 1 H, ArCH2ArC), 6.3 (dd, J 5 3.3, 1.8 Hz, 1 H, 68.7 mmol). When the reaction reached completion, a saturated
ArCH2ArCH2O), 7.4 (dd, J 5 1.8, 0.7 Hz, 1 H, ArCH2O). 2 solution of NaHCO3 (50 mL) was added followed by water (50 mL)13C NMR (CDCl3, 75.5 MHz): δ 5 24.7 (CH2), 25.2 (CH2), 28.9 and CH2Cl2 (100 mL). The organic phase was separated, dried over
(2 3 CH2), 33.9 (CH22COO), 35.4 (CH22CH2OH), 51.3 Na2SO4 and concentrated in vacuo affording a mixture of 17 and
(CH3O), 67.8 (CH2OH), 105.7 (ArCH2ArC), 110.1 (ArCH2Ar- 18a. A small sample was purified by flash chromatography for
CH2O), 141.9 (ArCH2O), 157.0 (ArC), 174.3 (COO). analysis. The residue was dissolved in dioxane/H2O (1:1, 400 mL)

and treated with NaOAc·3H2O (40.8 g, 0.3 mol) at room tempera-Methyl-7-(3-hydroxy-5-oxo-1-cyclopenten-1-yl)-heptanoate (16):
ture for 12 hours. The dioxane was evaporated under vacuumCompound 14 (90 g, 0.37 mol) was dissolved in dioxane (500 mL),
and the residue extracted with EtOAc (300 mL), washed withstabilized with hydroquinone (50 mg), and added to a solution of
water (100 mL) and brine (100 mL), and dried over Na2SO4 afford-ZnCl2 (190.8 g, 1.4 mol) in water (330 mL). The reaction mixture
ing a mixture of (R)-acetate 17 and (R)-hydroxy 6. An analyticalwas refluxed for 6 hours. The solvent was removed under reduced
sample was hydrolyzed with guanidine, as described above, and thepressure and the residue was taken up in EtOAc (300 mL) and
ee value was determined to be 84% using the analysis described inwashed twice with a saturated solution of NaHCO3 (100 mL) in
method A.order to remove the small amount of free acid generated during

the reaction. The EtOAc phase was washed with brine (200 mL), Method B9: The crude mixture of 17 and 6, obtained in method B,
dried over Na2SO4 and concentrated under reduced pressure af- was dissolved in vinyl acetate (250 mL) and treated with PPL
fording a mixture of 15 and 16. The crude mixture of 15 and 16 (Sigma, EC 3.1.1.3) (30 g) for 7 days. The enzyme was separated
was dissolved in toluene (500 mL) and treated with Et3N (33.9 mL, by filtration through celite and the solvent removed under vacuum.
0.24 mol) and anhydrous chloral (3.3 g, 22.5 mmol). The solution The crude was dissolved in toluene (175 mL) and added to a stirred
was stirred until TLC showed completion of the reaction. Filtration suspension of LiBr (17.4 g, 0.2 mol) in hexane/toluene 1:1
through a column of silica gel and removal of the solvent under (200 mL). After 2 h stirring, the LiBr complex of 18 was removed
reduced pressure afforded 16 (64.8 g, 72%) as a yellow oil which by filtration and the filtrate was concentrated to give 17. The (R)-
solidified at 4°C. Crude 16 was used without further purification acetate 17 was dissolved in MeOH (300 mL) and cooled to 0°C
for the enzymatic resolution. followed by the addition of a 0.5  solution of guanidine in MeOH

(132.0 mL, 66.0 mmol). The mixture was stirred for 15 minutes andMethyl-7-[3(R)-hydroxy-5-oxo-1-cyclopenten-1-yl]-heptanoate (6): A
neutralized with glacial acetic acid (3.8 mL, 66.0 mmol). The sol-mixture of 16 (30.0 g, 0.12 mol) and porcine pancreatic lipase (PPL,
vent was removed under reduced pressure and the residue was par-Sigma, EC 3.1.1.3) (30 g) in vinyl acetate (250 mL) was vigorously
titioned between water (250 mL) and EtOAc (250 mL). The aque-stirred at room temperature for 7 days. The suspension was filtered
ous layer was further extracted with EtOAc and the combined or-through celite and the solvent evaporated under reduced pressure
ganic layers were washed with water (100 mL) and brine (100 mL),affording 34.0 g of a crude mixture of 17 and 18 which was used
and dried over Na2SO4 affording 6 (23.7 g, 79%). The ee value wasfor the following procedures without further purification.
determined to be 94% using the analysis described in method A.

Method A: A crude mixture of 17 and 18 (34.0 g), obtained from
Method C: A crude mixture of 17 and 18 (34.0 g), obtained fromthe enzymatic reaction, was dissolved in THF (250 mL) and tri-
the enzymatic reaction, was converted into 17 and 18a as describedphenylphosphane (31.5 g, 0.12 mol) and formic acid (4.5 mL, 0.12
in method B. The crude mixture was dissolved in CH3CN (300 mL)mol) were added. The solution was cooled to 25°C and treated
and treated at room temperature with CsOAc (35.9 g, 0.19 mol)with diethyl azodicarboxylate (39.3 mL, 0.25 mol) keeping the tem-
until the mesylate was consumed. The solvent was removed underperature below 15°C. The reaction mixture was warmed to room
reduced pressure and the residue dissolved in EtOAc (300 mL),temperature and stirred overnight. The solvent was evaporated and
washed with water (100 mL) and brine (100 mL), dried overthe oily residue dissolved in Et2O (300 mL) followed by the ad-
Na2SO4 and concentrated in vacuo affording the (R)-acetate 17. 17dition of pentane (200 mL). After stirring for 30 minutes the mix-
was hydrolyzed as described above (method B9) affording 6 (25.5 g,ture was filtered and evaporated affording a mixture of acetate and
85%). The ee value was determined to be 91% using the analysisformate derivatives. The crude was dissolved in MeOH (300 mL)
described in method A.and cooled to 0°C followed by the addition of a 0.5  solution of

guanidine in MeOH (132.0 mL, 66.0 mmol). The mixture was Method D: A crude mixture of 17 and 18 (1.7 g), obtained from
the enzymatic reaction, was converted into 17 and 18a as describedstirred for 15 minutes and neutralized with glacial acetic acid

(3.8 mL, 66.0 mmol). The solvent was removed under reduced in method B. The residue was dissolved in CH3CN (25 mL) and
treated at room temperature with CsOAc (1.7 g, 9.0 mmol) and 18-pressure and the residue was partitioned between water (250 mL)

and EtOAc (250 mL). The aqueous layer was further extracted with crown-6 (79 mg, 0.3 mmol) until the mesylate was consumed. The
solvent was removed under reduced pressure and the residue dis-EtOAc (250 mL) and the combined organic phases were washed

with water (100 mL) and brine (100 mL), and dried over Na2SO4. solved in EtOAc (50 mL), washed with water (20 mL) and brine
(20 mL), dried over Na2SO4 and concentrated in vacuo affordingThe crude product was purified by flash chromatography affording
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the (R)-acetate 17. 17 was hydrolyzed as described above (method (CH32COO), 24.3 (CH22C5), 24.5 (CH22CH22COO), 26.9

(CH22CH22C5), 28.5 and 28.7 {(CH2)2}, 33.8 (CH22COO), 41.3B9). The crude product was purified by flash chromatography af-
fording 6 (1.2 g, 80%). The ee value was determined to be 92% (CH22CO), 51.2 (CH3O), 70.3 (CH2OAc), 149.9 (C5), 151.6

(CH5), 170.6 (CH32COO), 174.1 (COOCH3), 204.8 (CO).using the analysis described in method A.

Method E: A crude mixture of 17 and 18 (1.7 g), obtained from the Hydroxy derivative (6): 1H NMR (CDCl3, 300 MHz): δ 5 1.221.4
enzymatic reaction, was converted into 17 and 18a as described in {m, 4 H, (CH2)2}, 1.5 (quint, J 5 7.6 Hz, 2 H, CH22CH22C5),
method B. The residue was dissolved in DMF (25 mL) and CsF 1.6 (quint, J 5 7.3 Hz, 2 H, CH22CH22COO), 2.1 (br. t, J 5
(2.3 g, 15.0 mmol) was added. The solution was cooled to 0°C and 7.6 Hz, 2 H, CH22C5), 2.3 (t, J 5 7.3 Hz, 2 H, CH22COO), 2.3
acetic acid glacial (0.86 mL, 15.0 mmol) was added. The mixture (dd, J 5 18.5, 1.8 Hz, 1 H, 1H CH2CO), 2.6 (br. s, 1 H, OH), 2.8
was brought to room temperature and stirred until the mesylate (dd, J 5 18.5, 6.1 Hz, 1 H, 1 H CH22CO), 3.6 (s, 3 H, CH3O), 4.9
was consumed. The reaction was poured over EtOAc/ice-water (m, 1 H, CH2OH), 7.2 (m, 1 H, CH5). 2 13C NMR (CDCl3,
(2:1) (100 mL) and the organic phase was separated, washed with 75.5 MHz): δ 5 24.2 (CH22C5), 24.7 (CH22CH22COO), 27.1
saturated solution of NaHCO3 (25 mL), water (4 3 25 mL) and (CH22CH22C5), 28.6 and 28.7 ((CH2)2), 33.9 (CH22COO), 44.9
brine (25 mL), and dried over Na2SO4 affording the (R)-acetate 17. (CH22CO), 51.3 (CH3O), 68.5 (CH2OH), 148.0 (C5), 155.9
17 was hydrolyzed as described above (method B9). The crude prod- (CH5), 174.4 (COO), 206.3 (CO).
uct was purified by flash chromatography affording 6 (1.1 g, 73%).

Methyl-7-[5-oxo-3(R)-[(triethylsilyl)oxy]-1-cyclopenten-1-yl]-hepta-The ee value was determined to be 91% using the analysis described
noate (20): To a solution of 6 (45 g, 0.18 mol) and Et3N (78.2 mL,in method A.
0.56 mol) in THF (350 mL) at 0°C was added dropwise Et3SiCl

Method F: A crude mixture of 17 and 18 (1.7 g), obtained from the
(47.1 mL, 0.28 mol). The solution was stirred at 20°C until TLC

enzymatic reaction, was converted into 17 and 18a as described in
showed completion of the reaction and then filtered through celite

method B. The residue was dissolved in dioxane/H2O 1:1 (20 mL)
and concentrated. The residue was dissolved in hexane (200 mL),

and treated with NaOAc·3H2O (2.0 g, 15 mmol) and CsF (2.3 g,
filtered again through celite and the solvent was evaporated under

15 mmol) at room temperature for 12 hours. The dioxane was eva-
reduced pressure affording crude 20 that was purified by bulb-to-

porated under vacuum and the residue extracted with EtOAc
bulb distillation (1502160°C/0.1 mm). 20 was obtained as a light

(50 mL), washed with water (20 mL) and brine (20 mL), and dried
yellow oil (58.4 g, 88%). Deprotection of a small sample and analy-

over Na2SO4 affording a mixture of (R)-acetate 17 and (R)-hydroxy
sis by chiral HPLC showed that no epimerization had occurred

6. Hydrolysis as described above (method B9) and flash chromatog-
during silylation and distillation. 2 1H NMR(CDCl3, 300 MHz):

raphy afforded 6 (1.12 g, 75%). The ee value was determined to be
δ 5 0.6 (q, J 5 8.0 Hz, 6 H, CH22Si), 0.9 (t, J 5 8.0 Hz, 9 H,

81% using the analysis described in method A.
CH32CH22Si), 1.221.4 {m, 4 H, (CH2)2}, 1.421.5 (m, 2 H,

Method G: A crude mixture of 17 and 18 (1.7 g), obtained from CH22CH22C5), 1.521.7 (m, 2 H, CH22CH22COO), 2.122.2
the enzymatic reaction, was converted into 17 and 18a as described (m, 2 H, CH22C5), 2.3 (dd, J 5 18.3, 2.1 Hz, 1 H, 1H CH22CO),
in method B. The residue was dissolved in MeOH (15 mL) and 2.3 (t, J 5 7.5 Hz, 2 H, CH22COO), 2.7 (dd, J 5 18.3, 5.7 Hz, 1
cooled to 0°C followed by the addition of a 0.2  solution of guani- H, 1H CH22CO), 3.7 (s, 3 H, CH3O), 4.9 (m, 1 H, CH2OTES),
dine in MeOH (16.5 mL, 3.3 mmol). The mixture was stirred until 7.0 (m, 1 H, CH5). 2 13C NMR (CDCl3, 75.5 MHz): δ 5 4.7
TLC checking showed completion and then neutralized with glacial (3 C, CH22Si), 6.6 (3 C, CH32CH22Si), 24.3 (CH22C5), 24.7
acetic acid (0.19 mL, 3.3 mmol). The solvent was removed under (CH22CH22COO), 27.1 (CH22CH22C5), 28.7 and 28.9
reduced pressure and the residue was partitioned between water {(CH2)2}, 33.9 (CH22COO), 45.5 (CH22CO), 51.3 (CH3O), 68.6
(25 mL) and EtOAc (25 mL). The aqueous layer was further ex- (CH2OTES), 147.2 (C5), 156.5 (CH5), 174.1 (COO), 206.1 (CO).
tracted with EtOAc (25 mL) and the combined organic layers were

(S)-1-Iodo-1(E)-octen-3-ol (7): In a flame dried flask under argonwashed with water (20 mL) and brine (20 mL), and dried over
containing a solution of an n-butylboronic complex of diphenyl -Na2SO4. The crude product was purified by flash chromatography
prolinol (1.6 g, 5.0 mmol) in toluene (250 mL) was added 1-iodo-affording 6 (1.23 g, 82%). The ee value was determined to be 80%
1(E)-octen-3-one (19) (25.0 g, 0.10 mol) and the solution was co-using the analysis described in method A.
oled to 278°C. To this mixture was added a 4  solution of cat-

Mesylate derivative (18a): 1H NMR (CDCl3, 300 MHz): δ 5 1.3 echolborane in toluene (50.0 mL, 0.20 mol) over 12 hours. After 24
{m, 4 H, (CH2)2}, 1.5 (m, 2 H, CH22CH22C5), 1.6 (m, 2 H, hours at 278°C the reaction was quenched by dropwise addition
CH22CH22COO), 2.2 (tt, J 5 7.7, 1.4 Hz, 2 H, CH22C5), 2.3 of MeOH (10 mL) and the reaction was allowed to reach 0°C over
(t, J 5 7.5 Hz, 2 H, CH22COO), 2.5 (dd, J 5 18.9, 1.8 Hz, 1 H, 1 hour. The solution was extracted six times with 4  NaOH
1H CH22CO), 2.8 (dd, J 5 18.9, 6.3 Hz, 1 H, 1H CH22CO), 3.0 (50 mL), extracted twice with 10% HCl (50 mL), washed once with
(s, 3 H, CH32S), 3.6 (s, 3 H, CH3O), 5.7 (m, 1 H, CH2OMs), 7.1 brine (200 mL), dried over Na2SO4 and evaporated under reduced
(dt, J 5 2.6, 1.4 Hz, 1 H, CH5). 2 13C NMR (CDCl3, 75.5 MHz): pressure to afford 7 (24.1 g, 95%). The ee value was determined to
δ 5 24.3 (CH22C5), 24.5 (CH22CH22COO), 26.8 be >96% by 1H NMR of the Mosher ester derivative and by chiral
(CH22CH22C5), 28.5 and 28.6 {(CH2)22(CH2)22COO}, 33.7 HPLC analysis: Chiracel OF (250 3 4.6 mm), mobile phase: hex-
(CH22COO), 38.4 (CH32S), 41.3 (CH22CO), 51.2 (CH3O), 75.6 ane/iPrOH 97.5:2.5, flow rate: 0.5 mL/min, λ 5 210 nm, RT (R-
(CH2OMs), 149.9 (CH5), 151.4 (C5), 174.1 (COOCH3), 202.9 isomer) 5 14.7 min, RT (S-isomer) 5 16.6 min. 2 1H NMR
(CO). (CDCl3, 300 MHz): δ 5 0.9 (t, J 5 6.9 Hz, 3 H, CH3), 1.221.4

{m, 6 H, (CH2)32CH3}, 1.421.6 (m, 2 H, CH22CH2OH), 4.1Acetate derivative (17): 1H NMR (CDCl3, 300 MHz): δ 5 1.221.4
{m, 4 H, (CH2)2}, 1.4 (m, 2 H, CH22CH22C5), 1.5 (m, 2 H, (dq, J 5 6.3, 1.1 Hz, 1 H, CH2OH), 6.3 (dd, J 5 14.4, 1.1 Hz, 1

H, 5CH2I), 6.6 (dd, J 5 14.4, 6.3 Hz, 1 H, 5CH2CH2OH). 2CH22CH22COO), 2.0 (s, 3 H, CH32CO), 2.1 (br. t, J 5 7.5 Hz,
2 H, CH22C5), 2.2 (t, J 5 7.5 Hz, 2 H, CH22COO), 2.3 (dd, J 5 13C NMR (CDCl3, 75.5 MHz): δ 5 13.9(CH3), 22.4 (CH22CH3),

24.7 (CH22CH22CO), 31.5 (CH22CH22CH3), 36.518.9, 2.1 Hz, 1 H, 1H CH22CO), 2.8 (dd, J 5 18.9, 6.3 Hz, 1 H,
1H CH22CO), 3.6 (s, 3 H, CH3O), 5.7 (m, 1 H, CH2OAc), 7.1 (CH22CH2OH), 74.6 (CH2OH), 77.0 (5CH2I), 148.8 (5

CH2CH2OH).(m, 1 H, CH5). 2 13C NMR (CDCl3, 75.5 MHz): δ 5 20.7
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(S)-1-Iodo-3-[(trimethylsilyl)oxy]-1(E)-octene (21): Compound 7 CH2CH2OH), 136.8 (5CH2CH2OH), 174.3 (COO), 214.7

(CO).(24.0 g, 94.4 mmol), Et3N (19.7 mL, 0.14 mol) and imidazole
(18.0 g, 0.26 mol) were dissolved in DMF (100 mL). The solution (2)-PGE1(5): A suspension of porcine pancreatic lipase (PPL,
was cooled at 025°C and Me3SiCl (13.2 mL, 0.10 mol) was added Sigma, EC 3.1.13, 1 g), NaCl (50 mg) and CaCl2 (150 mg) in water
dropwise. The solution was stirred at 20°C until TLC showed com- (150 mL) was adjusted to pH 7.1 before 22 (9 g, 24.4 mmol) in
pletion of the reaction. The reaction mixture was diluted with hex- THF (25 mL) was added. The pH was maintained between 7.027.2
ane (250 mL) and washed twice with ice-water (200 mL) and brine by the addition of 0.1  NaOH solution. After 30 minutes without
(200 mL). Drying over Na2SO4 and removing the solvent under pH changes, the solvent was removed under vacuum, the residue
vacuum provided 21 (29.9 g, 97%). 2 1H NMR (CDCl3, 300 MHz): was layered with EtOAc (50 mL), and solid KHSO4 (8.0 g,
δ 5 0.1 (s, 9 H, CH32Si), 0.9 (t, J 5 6.8 Hz, 3 H, CH3), 1.221.4 58.8 mmol) and NaCl (30 g) were added. The aqueous phase was
{m, 6 H, (CH2)32CH3}, 1.421.6 (m, 2 H, CH22CH2O), 4.0 (dq, extracted with additional portions of EtOAc (6 3 50 mL). Drying
J 5 6.0, 0.9 Hz, 1 H, CH2O), 6.2 (dd, J 5 14.4, 0.9 Hz, 1 H, 5 over Na2SO4 and concentrating in vacuo afforded crude 5 that was
CH2I), 6.5 (dd, J 5 14.4, 6.0 Hz, 1 H, 5CH2CH2O). 2 13C recrystallized from hot EtOAc to give (2)-PGE1 (5) (7.7 g, 89%) as
NMR (CDCl3, 75.5 MHz): δ 5 0.1 (3C, CH32Si), 13.9 (CH3), 22.5 colorless needles, m.p. 1132115°C (ref. [54] 1152116°C), [α]D

20 5
(CH22CH3), 24.8 (CH22CH22CH3), 31.6 {CH22(CH2)22CH3},

2 56.3 (c 5 0.49, THF) {ref. [54] [α]D
21 5 2 55.0 (c 5 0.73, THF)}.

37.3 (CH22CH2O), 75.1 (CH2O), 75.6 (5CH2I), 149.2 (5
2 1H NMR (CDCl3/[D6]acetone, 300 MHz): δ 5 0.8 (t, J 5 6.6 Hz,

CH2CH2O). 3 H, CH3), 1.121.3 (m, 12 H, 6 3 CH2), 1.321.6 (m, 6 H,
CH22CH22COO, CH22CH2CO, CH22CH2OH), 1.9 (m, 1 H,PGE1 methyl ester (22): To a solution of 21 (20 g, 61.2 mmol) in
CH2CO), 2.1 (dd, J 5 18.6, 9.9 Hz, 1 H, 1H CH22CO), 2.2 (t,Et2O (70 mL) at 278°C, in a flame-dried flask under argon, was
J 5 7.3 Hz, 2 H, CH22COO), 2.3 (dt, J 5 12.0, 8.4 Hz, 1 H,added dropwise a 1.6  solution of nBuLi in hexane (40 mL,
CH2CH5), 2.7 (ddd, J 5 18.5, 7.5, 1.3 Hz, 1 H, 1H CH22CO),64.3 mmol). The resulting solution was stirred at 278°C for 2
3.924.1 (m, 2 H, 2 3 CH2OH), 5.5 (dd, J 5 15.3, 8.4 Hz, 1 H,hours. CuCN (5.5 g, 61.2 mmol) was placed in a second flame-
CH5CH2CH2OH), 5.6 (dd, J 5 15.3, 7.2 Hz, 1 H, 5dried flask and suspended in Et2O (180 mL). The mixture was co-
CH2CH2OH). 2 13C NMR (CDCl3/[D6]acetone, 75.5 MHz): δ 5oled at 278°C and a 1.5  solution of MeLi in Et2O (41.6 mL,
13.7 (CH3), 22.4 (CH22CH3), 24.5 (CH22CH22COO), 24.962.3 mmol) was slowly added. After 45 minutes at 0°C the clear
(CH22(CH2)22CH3), 26.3 (CH22(CH2)42COO), 27.4solution was cooled again to 278°C and the previously prepared
(CH22(CH2)52COO), 28.6 and 29.0 ((CH2)22(CH2)22COO),vinyllithium reagent was added with a cannula. The reaction was
31.5 (CH22CH22CH3), 33.8 (CH22COO), 36.7 (CH22CH2OH),slowly warmed to 230°C and kept for 20 minutes at this tempera-
45.7 (CH22CO), 54.2 (CH2CO), 54.5 (CH2CH5), 71.5ture before recooling to 278°C for the addition of 20 (10.9 g,
(HO2CH2CH22CO), 72.9 (HO2CH2CH5), 132.0 (CH530.7 mmol) in Et2O (70 mL). After 20 minutes the reaction mixture
CH2CH2OH), 136.6 (5CH2CH2OH), 177.0 (COO), 215.5was poured into a solution of 9:1 saturated aqueous NH4Cl/
(CO). 2 IR: 3343, 2923, 2853, 1725, 1702, 1411, 1359, 1318, 1275,NH4OH (150 mL), layered with Et2O (150 mL). The mixture was
1245, 1219, 1171, 1125, 1111, 1078, 1019, 979, 967 cm21. 2 AP-vigorously stirred for 30 minutes. The organic layer was separated
I2ES/MS (m/z): 353 [MPGE12H1]2, 317 [MPGE12(2H2O)2H1]2,and washed three times with a mixture of 9:1 saturated aqueous
707 [2MPGE12H1]2, 729 [2MPGE11Na122H1]2.NH4Cl/NH4OH solution (100 mL) and once with brine (100 mL).

The organic phase was dried over Na2SO4 and concentrated in va-
cuo. The crude mixture was dissolved in acetone (150 mL) and
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