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Abstract 
Prostaglandins are a family of molecules that possess 

important biological properties, and some of the analogues are 
used as medicines. Many synthetic methods have been 
developed for the efficient synthesis of prostaglandins. In this 
review, we will describe recent advances in the synthesis of 
prostaglandins and our endeavors in the effective synthesis of 
prostaglandins. Our group has developed three [3+2] 
cycloaddition reactions catalyzed by diphenylprolinol silyl ether, 
affording chiral substituted cyclopentane frameworks with 
excellent diastereo- and enantioselectivities. By using these 
cyclopentanes as key intermediates and applying the pot 
reactions, several prostaglandins were synthesized efficiently in 
a small number of pots. 

Keywords: prostaglandin, organocatalyst, pot 
economy 

1. Introduction
Prostaglandin was first isolated as a biologically active 

substance by von Euler from human semen obtained from the 
prostate gland.1 Prostaglandin is produced from various tissues 
as a precursor of arachidonic acid, which is released from 
phospholipids in the membrane of living tissue cells by the 
action of phospholipase. Prostaglandin has been attracting 
attention as a substance that performs a variety of biological 
activities associated with producing cells in a local hormonal 
manner. Prostaglandins play a range of important biological 
roles in the body, such as platelet aggregation inhibition, blood 
vessel expansion, smooth muscle relaxation and contraction, and 
cell protection, and these actions are known to be induced at very 
low prostaglandin doses.2 With such powerful and useful 
physiological effects, several natural prostaglandins and 
analogues have been developed as useful drugs.3 

2. Previous synthesis
Because prostaglandins are biologically important but 

difficult to obtain from natural sources, the scientific community 
has put a great deal of effort and ingenuity into their efficient 
synthesis.4 Structurally, prostaglandins have a cyclopentanone 
skeleton with an a-chain, an w-chain, and a b-hydroxyketone 
moiety that is prone to dehydration reactions, making it unstable 
to acids and bases. Stereoselective synthesis of substituted 
cyclopentane is one of the key challenges in the synthesis of 

prostaglandins. 
Many masters of organic chemistry such as Woodward,5 

Corey,6 Stork,7 Noyori,8 and Danishefsky9 reported the synthesis 
of prostaglandins via their own methodologies. Corey’s 
synthesis via the Corey lactone is a landmark in the synthesis of 
prostaglandins, which is highly sophisticated and practical. The 
Corey lactone is synthesized by stereoselective reactions such as 
Diels–Alder reaction and halo-lactonization reaction. Various 
prostaglandins have been synthesized from the Corey lactone 
(Scheme 1). 

Scheme 1. Corey’s synthesis of the Corey lactone 

Given the importance of prostaglandin molecules, new 
methods for the synthesis of prostaglandins have been 
continuously developed. The syntheses of prostaglandins up to 
2017 have been summarized in review articles;4c recent 
advancements in the synthesis of prostaglandins are briefly 
described below. 

Recently Chen, Zhang, and coworkers used asymmetric 
reduction of a ketone to generate the required chiral alcohol, and 
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they developed diastereoselective enyne cycloisomerization for 
the formation of the chiral cyclopentanone skeleton, from which 
PGF2a was synthesized (Scheme 2).10 

Scheme 2. The synthesis of PGF2a by Chen and Zhang 

Fletcher developed a Rh-catalyzed dynamic kinetic 
asymmetric Suzuki–Miyaura coupling reaction between a 
racemic bicyclic allyl chloride and alkenyl boronic esters 
bearing a chiral alcohol to afford a cyclopentene intermediate 
with three contiguous chiral centers. From this key intermediate, 
several prostaglandins such as PGF2a, bimatoprost and 
latanoprost were synthesized (Scheme 3).11 

Scheme 3. Fletcher’s synthesis of PGF2a 

Tang and Chen employed Keck allylation to generate a 
chiral alcohol. Subsequent intramolecular SmI2-mediated ketyl-
enoate cyclization was a key step for the formation of the 
functionalized cyclopentane skeleton. From this intermediate, 
extremely sensitive prostaglandin C2 TBS ether was prepared 
(Scheme 4).12 

Scheme 4. The synthesis of PGC2 TBS ether by Tang and 
Chen 

Recently, tricyclic-PGDM, a major human urinary 
metabolite of prostaglandin D2, was synthesized by two groups; 
both syntheses were racemic. Sulikowski employed a known 
substituted cyclopentenone as a starting material. TiCl4-
mediated 1,2-cis-selective allylation between the siloxy group 
and side chain is one of the key reactions. Another key reaction 
in this approach is Fu’s copper-catalyzed C–H insertion of a 
diazoacetate followed by an alkyne semihydrogenation to 
introduce the unsaturated side chain (Scheme 5).13 

Dai used a substituted cyclopentene as a starting material 
to synthesize the racemic tricyclic-PGDM. Key reactions are a 
nickel-catalyzed C–C bond formation to afford two continuous 
stereocenters, a palladium-mediated carbonylative spiro-
lactonization for the formation of the core oxaspirolactone, and 
a Z-selective cross-metathesis to introduce the (Z)-3-butenoate 
side chain (Scheme 6).14 

Scheme 5. Sulikowski’s synthesis of tricyclic-PGDM 

Scheme 6. Dai’s synthesis of tricyclic-PGDM 

Recently, the D12-prostaglandin J family was discovered, 
the members of which have potent anticancer activity, and 
several groups have reported their synthesis. Nicolaou 
synthesized the chiral cyclopentanone moiety using a palladium-
catalyzed Tsuji–Trost asymmetric coupling reaction as a key step. 
The side chain was introduced by an aldol condensation reaction 
(Scheme 7).15 

The group of Stoltz and Grubbs synthesized D12-
prostaglandin J2 starting from chiral cyclopentenone. One of the 
key reactions in this approach is the three-component coupling 
reaction of chiral cyclopentenone, allyl Grignard reagent, and 
aldehyde. The second key reaction is Z-selective 
homodimerization/cross-methathesis reaction (Scheme 8).16 
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Scheme 7. Nicolaou’s synthesis of D12-prostaglandin J3 

Scheme 8. The synthesis of D12-prostaglandin J2 by Stoltz 
and Grubbs 

A prostaglandin synthesis from the Corey lactone has also 
been developed. Baran synthesized prostaglandin F2a using a 
twofold decarboxylative radical coupling reaction with alkenyl 
zinc reagent. The approach provides a short and efficient 
synthetic method to access prostaglandin from the Corey lactone 
(Scheme 9).17 

Scheme 9. Baran’s synthesis of PGF2a from the Corey 
lactone 

Organocatalysis18 has developed rapidly since 2000, and 
organocatalyst-mediated reactions have been successfully 
employed in the synthesis of prostaglandins. Aggarwal 
synthesized an almost optically pure bicyclic aldehyde by the 
aldol reaction of succinaldehyde using proline as an 
organocatalyst. This bicyclic aldehyde, the yield of which was 
recently improved,19e is a key intermediate from which several 
prostaglandins were efficiently synthesized (Scheme 10).19 

Scheme 10. Aggarwal’s synthesis of PGF2a 

Peng and Chen developed Bayer–Villiger oxidation of a 
racemic cyclobutanone derivative catalyzed by chiral 
phosphoric acid to afford a bicyclic lactone with excellent 
enantioselectivity, from which PGF2a was synthesized (Scheme 
11).20

Scheme 11. The synthesis of PGF2a by Peng and Chen 

Proline-mediated intramolecular diastereoselective 
Michael reaction of a chiral formyl-enal derivative was used in 
the synthesis of 4,11-diepi-4-F4t-NeuroP by Oger and Galano 
(Scheme 12).21 

Scheme 12. The synthesis of 4,11-diepi-4-F4t-NeuroP by 
Oger and Galano 
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Although many excellent syntheses of prostaglandins have 
been developed over the decades, it is still necessary to develop 
more efficient and practical synthetic methods to access 
prostaglandins. 

3. One-pot reaction
In the current organic synthesis paradigm, in addition to the 

selective synthesis of the desired molecules, environmentally 
friendly synthetic methodologies that produce as little waste as 
possible are required. A ‘one-pot reaction’ is a process in which 
multiple reactions are carried out sequentially in a single reaction 
vessel. The approach can provide effective methods for making 
several bonds and generating molecular complexity in a single-
pot sequence. Moreover, one-pot operations circumvent several 
purification steps by using in situ quenching events, thereby 
minimizing chemical waste generation and saving time. Thus, it 
is considered a green method. Based on this, our group proposed 
the concept of ‘pot economy’,22 and accomplished several total 
syntheses based on this concept.23 We also synthesized several 
prostaglandins in a pot-economical manner, which will be 
described in this account. 

4. [3+2] cycloaddition
For the synthesis of prostaglandins, it is necessary to 

develop a method to generate a chiral cyclopentane skeleton, 
which is a key skeletal component of prostaglandins, with 
suitable substituents at the required position. One of the methods 
for the formation of a chiral cyclopentane skeleton is an 
asymmetric [3+2] cycloaddition reaction. In this area, our group 
developed three organocatalyst-mediated asymmetric [3+2] 
cycloaddition reactions. 

We reported the asymmetric Michael reaction of aldehyde 
and nitroalkene catalyzed by diphenylprolinol silyl ether.24, 25 
Using succinaldehyde (1) as the aldehyde component, domino 
Michael/Henry reaction proceeded to afford cyclopentane 3, 
from which cyclopentene 5 was obtained by reduction and 
dehydration reaction (Scheme 13, Eq. 1).26 In this reaction, 
catalyst reacts with aldehyde 1 to generate enamine. As 
diphenyltrimethylsilyloxymethyl moiety covers one enantioface 
of the enamine selectively, excellent enantioselectivity is 
realized. Compound 5 was obtained with excellent cis-
selectivity and enantioselectivity. 

Scheme 13. Three [3+2] cycloaddition reactions developed by our group 

The second [3+2] cycloaddition reaction that we developed 
was a domino Michael/Michael reaction.27 We previously 
reported the asymmetric Michael reaction of ketone and a,b-enal 
catalyzed by diphenylprolinol silyl ether.28 Based on this 
precedent of the Michael reaction of a ketone as the Michael 
donor, we designed a reagent having methyl ketone and 
unsaturated ester moieties; namely, ethyl 4-oxo-2-pentenoate (7). 
Catalyst reacts with a,b-unsaturated aldehyde 7 to generate an 
iminium ion, in which bulky diphenyltrimethylsilyloxymethyl 
moiety covers one enantioface of the iminium ion selectively, 
and excellent enantioselectivity is realized in the first Michael 
reaction. The domino Michael/Michael reaction proceeds to 
afford the trisubstituted cyclopentanone 8 with excellent 

diastereo- and enantioselectivities (Eq. 2). The first reaction is a 
chiral-catalyst-mediated asymmetric Michael reaction, and the 
second reaction is a chiral-catalyst-mediated diastereoselective, 
intramolecular Michael reaction. In the second reaction, a kinetic 
resolution occurred, and nearly optically pure product was 
obtained. 

The third [3+2] cycloaddition reaction is a two-pot process. 
We employ nitroalkene 9, bearing a silyl enol ether moiety, in 
the Michael reaction with aldehyde 10 (Eq. 3). Because the 
product 11 possesses both silyl enol ether and formyl moieties in 
the molecule, intramolecular Mukaiyama aldol reaction and 
elimination of HNO2 proceeds to afford the substituted 
cyclopentanone 12 with excellent enantioselectivity.29 

Through the use of these three reactions as key steps, we 
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have synthesized several prostaglandins. 

5. Synthesis of prostaglandins based on domino
Michael/Henry reaction 

5..1 Synthesis of prostaglandin E1 methyl ester 
Prostaglandin E1 was isolated in 1957 and it is anti-

inflammatory, antithrombotic, a vasodilator, and stimulates the 
formation of cyclic adenosine monophosphate, which inhibits 
phospholipase A2. It is on the World Health Organization’s list 
of essential medicines.30 

The synthesis of PGE1 methyl ester (23) was conducted 
using the asymmetric [3+2] cycloaddition reaction (Eq. 1). The 
asymmetric [3+2] cycloaddition reaction of succinaldehyde (1) 
and nitroalkene 13, bearing an ester moiety, proceeded to afford 

cyclopentane carbaldehyde 15, which was treated with Horner–
Wadsworth–Emmons reagent 16 in the same vessel (Scheme 14). 
Highly substituted nitrocyclopentane 17, which possesses all 
carbons of PGE1 methyl ester, was obtained in one pot. Reagent-
controlled reduction using (–)-diisopinocamphenyl 
chloroborane (DIP-Cl)31 afforded allyl alcohol 18. The 
transformation from 18 into PGE1 methyl ester (23) needed five 
reactions, including dehydration, isomerization of the side-arm 
double bond, oxidative Nef reaction,32 epoxidation, and 
reductive opening of the epoxide, all of which were conducted 
in a single reaction vessel. This approach provides a three-pot 
synthesis of PGE1 methyl ester with a total yield of 14%.33 

Scheme 14. Three-pot synthesis of prostaglandin E1 methyl ester (23) 

5.2 Synthesis of beraprost 
Toray Industries Inc. developed beraprost (26) as a stable, 

orally active prostacyclin analogue of prostaglandin I2 (25) with 
vasodilatory, antiplatelet, and cytoprotective effects. A mixture 
of four isomers (26a, 26b, 26c, and 26d) is used as a drug, but 
26a is known to be the most biologically active isomer (Figure 
1).34 Beraprost possesses a tricyclic core and an w-side chain. We 
synthesized both key structural units of 26 enantioselectively 
using organocatalyst-mediated reactions. 

Organocatalyst-mediated [3+2] cycloaddition reaction of 
succinaldehyde (1) and nitroalkene 27, followed by acetalization 
and dehydration, afforded 29 in one pot (Scheme 15). Oxidative 
Nef reaction using molecular oxygen, as developed by our 
group,32 afforded cyclopentenone 30, the enantioselectivity of 
which was found to be excellent (93% ee). Epoxidation, 
reductive opening of the epoxide, and reduction of the ketone 
proceeded to afford diol 31. Intramolecular aromatic substitution 
reaction (SNAr), followed by the Suzuki–Miyaura coupling 
reaction with 33, provided the tricyclic core 34. 

Chiral phosphonate 41 was prepared through 

diphenylprolinol silyl ether mediated Michael reaction of 
nitromethane and crotonaldehyde (35), which was developed by 
our group.35 The Michael product 36, with excellent optical 
purity (90% ee), was converted into phosphonate 41 by Ohira–
Bestmann reaction36 methylation, and Nef reaction, and finally a 
Claisen-type reaction with diethyl methylphosphonate (40). 

After conversion of acetal 34 into the aldehyde, it was 
coupled with 41 to afford enone 42 by Horner–Wadsworth–
Emmons reaction. Stereoselective reduction using (–)-DIP-Cl,31 
followed by hydrolysis, afforded beraprost (26a).37 This 
approach provides a short and efficient synthesis of beraprost. 

Figure 1. Prostaglandin I2 and isomers of beraprost 
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Scheme 15. Total synthesis of beraprost (26a) 

5.3 Synthesis of latanoprost (The first-generation synthesis) 
Latanoprost (44) is an antiglaucoma, “blockbuster” drug 

developed by Pfizer.38 It is an analogue of the prostaglandin F2a 
and is manufactured via the Corey lactone. As it is an important 
drug, several synthetic methods have been reported.19b, 39 

Based on our [3+2] cycloaddition reaction (Eq. 1), two 
retrosynthetic routes were considered (Scheme 16). Route A is 
similar to that used for our synthesis of prostaglandin E1 methyl 
ester. Latanoprost (44) could be synthesized from three parts: 
succinaldehyde (1), 46, and 47; however, as we anticipated that 
there would be a problem with facile isomerization of nitro-1,4-
diene 47 into undesired 1,3-diene derivative, we did not take this 
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synthesized latanoprost by this route. 
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hydroxy group, two reductions, Henry reaction and dehydration 
reaction, 50 was afforded in good overall yield. 

Key [3+2] cycloaddition reaction of succinaldehyde (1) 
and nitroalkene 50 proceeded to afford 57, in which a trans 
isomer (C8, C12, prostaglandin numbering) was obtained, as the 
first Michael reaction of aldehyde and nitroalkene proceeds with 
syn-selectivity. Protection of the hydroxy group afforded 58.  
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Scheme 16. The retrosynthesis of latanoprost (44) 

Scheme 17. The first-generation total synthesis of latanoprost (44) 

When Zn(OTf)2 and Et3N41 were added to the reaction mixture, complete isomerization of the a-position of the formyl 
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group (C8), followed by the addition reaction of the alkynyl 
group to aldehyde, occurred to afford 59. In the reactions from 
57 to 59, there are three possible isomerization steps from the cis 
isomer of cyclopentane to the thermodynamically stable trans-
isomer. Moreover, there is a possibility that the isomerization 
occurs at C8 and C12 positions. Using the model study, we 
concluded that the complete isomerization occurred at the a-
position of the formyl group of 58 completely, before the 
addition reaction of alkyne to the aldehyde. Subsequent 
dehydration and oxidative Nef reaction provided 61. Domino 
hemi-acetalization and oxy-Michael reaction, as developed by 
our group,42 proceeded to afford acetal 62 with control of the 
stereochemistry at C9. Stereoselective reduction of the ketone, 
deprotection, and dehydroxylation of the propargylic alcohol 
afforded 66. Reduction of the triple bond to a double bond by 
hydrogenation using Lindlar catalyst and deprotection of the 
protecting groups afforded latanoprost (44).43 

6. Synthesis of prostaglandins based on domino
Michael/Michael reaction 

6.1 Synthesis of the Corey lactone 
As described in the introduction, the Corey lactone is a key 

intermediate for the synthesis of a variety of prostaglandins 

(Scheme 1). Its synthesis requires 10 steps according to Corey’s 
method. Our group reported the asymmetric Michael reaction of 
a,b-unsaturated aldehyde and ketone.27 We further developed an 
asymmetric [3+2] cycloaddition reaction based on this reaction 
vide supra (Scheme 13, Eq. 2) and envisioned that this reaction 
would be suitable for the preparation of the Corey lactone. 

Diphenylprolinol silyl ether-mediated [3+2] cycloaddition 
reaction of b-silyl substituted acrolein 66 and methyl ketone 7, 
possessing an a,b-unsaturated ester moiety, proceeded to afford 
the trisubstituted cyclopentanone 67 in good yield in nearly 
optically pure form via domino Michael/Michael reaction 
(Scheme 18). Reduction of the aldehyde and stereoselective 
reduction of the ketone with the bulky reducing reagent LiAl(Ot-
Bu)3H afforded diol 68. Lactonization and the conversion of the 
Si–Ph bond into a Si–F bond occurred upon treatment of the 
reaction mixture with HBF4. Tamao–Fleming oxidation44 
proceeded by the addition of H2O2 and KF to afford the Corey 
lactone 71.27 All reactions could be conducted in a single 
reaction vessel and the total yield was 50%. Notably, with the 
total reaction time being only 152 minutes, this is also a time-
economical synthesis.22b 

Scheme 18. One-pot and 152-minute total synthesis of the Corey lactone (71) 

6.2 Synthesis of clinprost 
Clinprost (72), the methyl ester of isocarbacyclin, was 

found to be a potent neuroprotective compound in animal studies 
and it efficiently crossed the blood–brain barrier (Figure 2).45 
Compound 72 possesses a bicyclo[3.3.0]octene structure with 
four contiguous stereocenters with two side chains and an 
endocyclic alkene. 

The [3+2] cycloaddition reaction of b-triphenylsilyl 
substituted acrolein 73 and 7 proceeded to afford the 
trisubstituted cyclopentanone 74 in good yield in nearly optically 
pure form (Scheme 19). Protection of the aldehyde with 
dimethyl acetal afforded 76. The latter was then treated with 
LDA, whereupon the ketone moiety was transiently protected as 
its enolate. Claisen reaction proceeded by the addition of an 
anion of dimethyl methylphosphonate. Addition of acid in the 
same reaction vessel converted the enolate into the ketone, and 
intramolecular Horner–Wadsworth–Emmons reaction 
proceeded sequentially to afford bicyclo[3.3.0]octenone 
derivative 81 in a one-pot operation from 76 in good yield (86%). 

1,4-Reduction proceeded by the addition of L-Selectride, 

and the generated enolate was trapped with Tf2NPh to afford 83. 
Suzuki–Miyaura coupling reaction of 83 and 84 proceeded to 
afford 85. The C–SiPh3 bond was converted into a C–OH bond 
by the Tamao–Fleming reaction.44 Introduction of the side chain 
via Horner–Wadsworth–Emmons reaction and stereoselective 
reduction of the ketone using (–)-DIP-Cl31 afforded clinprost 
(72). By using this approach, clinprost was synthesized in seven 
pots with 17% total yield.46 

Figure 2. PGI2, isocarbacyclin and clinprost 

p-nitrophenol (100 mol%)
H2O (3.0 equiv.)

iPrOH, rt, 1 h;
evaporation

N
H

Ph
OTMS

Ph

10 mol%

1.2 equiv. 1.0 equiv.

CO2Et

O

PhMe2Si H

O
+

66 7
CHO

CO2Et

O

PhMe2Si

LiAl(OtBu)3H 
(3.5 equiv.)

THF, 60 °C, 15 min
PhMe2Si

OM

68

PhMe2Si

OH

O

O

69
FMe2Si

OH

O

O

70

HBF4 (10 equiv.)

rt, 1 min

M = Li or Al(OtBu)3

K2CO3 
(10 equiv.)

DMF, H2O, rt, 1 min

evaporation

80 °C, 15 min

HO

OH

O

O

71

67

H2O2 (10 equiv.)
KF (10 equiv.)

40 °C, 1 h

CO2Et

MO

total yield: 50%
total time: 152 min
7 reaction steps
1 pot reaction
1 purification

O

HO OH

CO2H

prostacyclin (PGI2)

HO OH

CO2R

R = H: isocarbacyclin
R = Me: clinprost (72)

ACCEPTED M
ANUSCRIPT

D
ow

nloaded from
 https://academ

ic.oup.com
/bcsj/advance-article/doi/10.1093/bulcsj/uoae039/7637766 by guest on 24 April 2024



Scheme 19. Total synthesis of clinprost (72) 

6.3 Synthesis of latanoprost (second-generation synthesis) 
We previously described the synthesis of latanoprost via 

the first [3+2] cycloaddition reaction (Section 5.3). The second 
[3+2] cycloaddition reaction (Eq. 2) was employed for the 
second-generation synthesis of latanoprost (Scheme 20). The 
first [3+2] cycloaddition reaction is the same as that used for the 
synthesis of the Corey lactone. The reaction of 7 and 66 
proceeded to afford cyclopentane carbaldehyde 67, which was 
treated with Horner–Wadsworth–Emmons reagent 91 in the 

same reaction vessel to afford a,b-unsaturated ketone 92 in good 
yield in a single pot. Diastereoselective reduction of the two 
ketone moieties using (–)-DIP-Cl,31 followed by lactonization 
gave 94. Hydrogenation afforded 95. Tamao–Fleming reaction44 
and reduction of lactone 97 gave lactol 98, and Wittig reaction 
and isopropyl ester formation gave latanoprost (44). Overall, 
latanoprost (44) was synthesized in 10 reaction steps and seven 
pots in a total yield of 25% with five purifications; thus, the 
synthesis is short and high-yielding.27b 
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Scheme 20. The second-generation total synthesis of latanoprost (44) 

7. Synthesis of prostaglandin based on Michael reaction and
Mukaiyama aldol reaction 

7.1 The third-generation synthesis of latanoprost 
As latanoprost is one of the most important drugs in the 

prostaglandin family, we further developed a third-generation 
synthesis of the compound (Scheme 21). The key cyclopentane 
ring formation is a two-step process (Eq. 3). 

Side chain aldehyde 105 was synthesized from 3-
phenylpropanol. Krische allylation47 gave allyl alcohol 102 with 
96% ee. Olefin methathesis48 with acrolein, protection of the 
alcohol with TBS, and hydrogenation proceeded in a single pot 
to afford 105 from 102 in good yield. 

Organocatalyst-mediated Michael reaction of aldehyde 
105 and nitroalkene 9 proceeded with excellent 
diastereoselectivity to afford 106, which was treated with 
Me2AlCl to provide 107 via intramolecular Mukaiyama aldol 
reaction.49 Compound 107 was treated with NaF and Et3N to 
afford methylenecyclopentanone 108 with excellent 
diastereoselectivity and enantioselectivity. It should be noted 
that the corresponding alcohol 108’ was also obtained in a small 
quantity and its diastereomeric purity was found to be low. Thus, 
kinetic resolution is thought to occur from 106 to 107. 1,4-
Addition reaction of vinyl lithium in the presence of 
[CuI(PBu3)]4 and BF3·OEt2

50 proceeded to afford 109 in good 
yield. cis-Selective olefin metathesis using Ru-catalyst 110,51 
diastereoselective reduction, and deprotection proceeded in a 
single reaction vessel to afford latanoprost (44). This approach 
allows the total synthesis of nearly optically pure latanoprost 

with the fewest number of pots (6 pots) in a total yield is 24%.29 

8. Conclusion
Given the biological importance of prostaglandins, new 

synthetic methods to access these compounds and their 
derivatives are still being reported today. We have developed 
three asymmetric formal [3+2] cycloaddition reactions catalyzed 
by diphenylprolinol silyl ether. The first is a domino reaction 
consisting of an asymmetric Michael reaction of aldehyde and 
nitroalkene, and intramolecular Henry reaction (Scheme 13, Eq. 
1). The second formal [3+2] cycloaddition reaction is also a 
domino sequence of asymmetric Michael reaction of a,b-
unsaturated aldehyde and methyl ketone, and intramolecular 
Michael reaction of enamine with a,b-unsaturated ester (Eq. 2). 
The third reaction is a two-step reaction: The first step is an 
asymmetric Michael reaction of aldehyde and nitroalkene, and 
the second step is an intramolecular Mukaiyama aldol reaction 
(Eq. 3). All three formal [3+2] cycloaddition reactions proceed 
with excellent enantioselectivity. 

In the first and third [3+2] cycloaddition reactions, 
diphenylprolinol silyl ether catalyst reacts with aldehyde, 
generating the corresponding chiral enamine, which is the key 
intermediate. On the other hand, the same catalyst reacts with 
a,b-unsaturated aldehyde to generate an iminium ion, which is 
the key intermediate in the second [3+2] cycloaddition reaction. 
As diphenylprolinol silyl ether is a suitable catalyst in both 
enamine and iminium ion intermediates, three different [3+2] 
cycloaddition reactions can be accomplished that are suitable 
reactions for the synthesis of prostaglandins. 
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The [3+2] cycloaddition reactions can be successfully 
employed for the construction of the key chiral substituted 
cyclopentane framework. Further transformations can be 
conducted in a pot-economical manner, and several 
prostaglandins have been synthesized efficiently in a small 
number of pots. 

In this review, the power of the combination of 
diphenylprolinol silyl ether and pot reactions is demonstrated for 
the efficient synthesis of biologically useful molecules such as 
prostaglandins.23 

Scheme 21. The third-generation total synthesis of latanoprost (44) 
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Graphical Abstract 

Pot-economical total synthesis of prostaglandins via organocatalyst-mediated asymmetric reactions 

Yujiro Hayashi 
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