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ABSTRACT

A cross metathesis (CM) approach has been successfully applied to introduce fully functionalized ω-side chain appendages of various prostacyclin
and prostaglandin analogues, resulting in high ( E)-selectivities for the C13 −C14 double bond and leading to the total syntheses of isocarbacyclin,
15R-TIC, carbacyclin, and PGF 2r and the formal syntheses of 15-deoxy-TIC and PGJ 2.

Since the discovery of prostacyclin (PGI2) by Vane et al.,1a

the search for a more chemically and metabolically stable
analogue has been ongoing,2 resulting in such compounds
as isocarbacyclin (1),3 15R-TIC (15R-16-(m-tolyl)-17,18,-
19,20-tetranorisocarbacyclin) (2),4 15-deoxy-TIC (3),5 and
carbacyclin (6)6 (Figure 1). In recent years, a great increase
in activity in the field of prostaglandin (PG) and isocarba-
cyclin analogue synthesis has been observed, primarily
arising from the expectation that neuroscience will represent
a leading principle in the area of PG life science in the

coming decades.7 A convenient and practical access to these
compounds within a few synthetic steps would therefore be
advantageous.

In addition to their important biological properties,1b,c,7,8

these compounds still present demanding synthetic chal-
lenges, regioselectivity of the endo cyclic double bond (C6-
C9R) and R-side chain introduction for isocarbacyclin
analogues, to which we have recently suggested a plausible
solution;5b more generally, there is the problem of how to
introduce stereoselectively the C15 hydroxyl functionality
of theω-side chain. To date, the standard method to introduce
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this C15 chirality has been via an (E)-selective Horner-
Wadsworth-Emmons olefination, between aldehydeA and
a suitable phosphonate, resulting with enoneB, which is then
subjected to a diastereoselective reduction using reagent
control to give the desired target compoundC (Scheme 1).

However, despite a plethora of inventive solutions for this
asymmetric reduction, CBS and BINAL-H, to name the most
effective and widely implemented, the selectivity issue of
the C15 hydroxyl group still remains capricious and, in the
light of matched and mismatched relationships, very often
substrate dependent.7f-i This is also reflected in the modest
(R)-selectivity we obtained for reduction of the enone with
BINAL-H and CBS in the preparation of 15R-TIC (2).

Our own experience regarding this substrate dependency
has prompted us to seek an alternative strategy where an
already fully functionalizedω-side chainF could be coupled
with its bicyclic counterpartE, preferably at a late synthetic
stage. This envisaged disconnection, at the (E)-double bond
(C13-C14), would provide us the opportunity to introduce
aω-appendage, with an enantiomerically pure C15 hydroxyl
group, via a cross metathesis (CM) reaction.9 Looking
through the literature, we were only able to find a few
examples where a metathesis reaction has been applied to
prostacyclin or prostaglandin analogue syntheses.10,11 This
CM approach, with appropriate selection of coupling part-

ners, should not only give high (E)-selectivities9d but also
act as a general strategy for the preparation of isocarbacyclin,
carbacyclin, and prostaglandin analogues (Scheme 2).

Theω-side chains, olefins9, 10, and12-14, required for
prostacyclin and prostaglandin analogues1-6 were obtained
from either (R)- or (S)-trityl protected glycidol as described
(9 and 12 in 66% and 80% over six steps, respectively)
(Scheme 3). 15-Deoxy-TICω-side chain14 was obtained
in two steps from a known primary alcohol.12

Table 1 shows the results from the CM reaction of bicyclic
olefins16aand16bwith ω-side chain olefins9, 10, 12, and
13 in the presence of Grubbs’ 2nd generation catalyst,13 in
CH2Cl2 at 40 °C. The Hoveyda-Grubbs’ 2nd generation
catalyst14 was also tested for the CM reaction but proved to
be too reactive resulting in high percentages of bicyclic olefin
dimerization. All entries demonstrated high (E)-selectivities,
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Figure 1. Selected prostacyclin and prostaglandin analogues.

Scheme 1. Standard Method forω-Side Chain Introduction

Scheme 2. Alternative Attachment of theω-Side Chain via
CM

Scheme 3. Synthesis ofω-Side Chain Olefins
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with modest to excellent yields. TBS deprotection (C11) did
not have a significant effect on the yield orE:Z selectivity
of the CM reaction leading to desired product17c (Table 1,
entry 3), whereas a free hydroxyl functionality at C15,
although not greatly affectingE:Z selectivity, diminished
yields slightly due to unwanted homodimerization ofω-side
chains (Table 1, entries 2 and 5). For the CM reaction of
bicyclic olefin16awith ω-side chain14 to proceed, a change
of reaction solvent from CH2Cl2 to toluene was necessary,
where the slightly lowerE:Z selectivity obtained (7:1) can
be attributed to the absence of the C15 stabilizing hydroxyl
group (Scheme 4).

Furthermore, it was observed that unlike with entries 1-5
(Table 1) ω-side chain14 (Scheme 4) first underwent
homodimerization to give symmetrical alkene18, allowing
bicyclic olefin 16a time to also undergo homodimerization,
ultimately decreasing the yield (54%). Upon treatment,
however, of bicyclic olefin16awith symmetrical olefin18

directly (as opposed toω-side chain14), 15-deoxy-TIC
skeleton17f was achieved with an increase in bothE:Z
selectivity and yield (E:Z 9:1, 69%) (Scheme 4). This
constitutes a formal synthesis of 15-deoxy-TIC (3).5b

CM products17a and 17d were both readily converted
into their corresponding carboxylic acids19aand19d, which
after TBS deprotection gave prostacyclin analogues, isocar-
bacyclin (1), and 15R-TIC (2) without complication (Scheme
5).15 On the stage of17a-f, the trace amounts of the (Z)-

isomer could be removed by HPLC. However, four synthetic
steps after the CM reaction and subsequent column chro-
matography, no (Z)-isomers could be detected by1H NMR.

To probe the scope and limitation of the CM strategy, we
also applied it to the syntheses of PGF2R (4)16 and carbacyclin
(6).6 Our results from the CM reaction of bicyclic olefins
22a/22b17 and23,18 with ω-side chain olefins9 and10, are
outlined in Table 2.

CM reactions with Corey lactone-derived bicyclic olefins
22a/22b (Table 2, entries 1-5) and carbacyclin core23
(Table 2, entries 6-8) demonstrated highE:Z selectivities,
although longer catalyst addition times were required for high
E:Z selectivities as demonstrated by the comparison of Table
2 entries 1 and 6 with entries 3 and 8, respectively. Further-
more, reexposure of products described in entries 1 and 6 to
the Grubbs’ 2nd generation catalyst led to an equilibration
of the C13-C14 double bond, presumably via a secondary
metathesis reaction, resulting in (E)-double bond enrichment
with a mild sacrifice in yield. Corey lactone CM reaction
product24c also constitutes a formal of PGJ2 (5).19 It can
be concluded, from the results of Tables 1 and 2, that
protection of the C15 hydroxyl group (in our case, as the
TBS ether) not only leads to higherE:Z selectivity but also
slows the rate ofω-side chain homodimerization, which
ultimately increases yield (Table 1, entries 1 and 4; Table 2,
entries 3 and 8).

(15) 1H and 13C NMR spectral data and optical rotations for isocarba-
cyclin (1), 15R-TIC (3), PGF2R (5), and carbacyclin (6) are concurrent with
the literature values.
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Table 1. Isocarbacyclin Derivative Cross Metathesis (Yields
Not Optimized)a

a Reactions carried out in CH2Cl2 at 40°C. b 2 equiv of theω-side chain
used where up to 0.5 equiv is recovered.c Isolated yields.d 30-35%
homodimerizedω-side chain recovered.

Scheme 4. Cross Metathesis ofω-Side Chain14 vs
Secondary Metathesis with Symmetrical Alkene18

Scheme 5. Isocarbacyclin and 15R-TIC
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Corey lactone derivative24awas reduced with DIBAL-H
to give its corresponding lactol, which after subsequent
treatment with phosphonium ylide26 gave the (Z)-double
bond (C5-C6) product as the only detectable product.
Finally, TBS deprotection was effected by the treatment with
0.5 N HCl to give PGF2R (4).15 CM product25 was treated
with phosphonium ylide26 to give a 4:1 mixture (separable
by column chromatography) of theE:Z exo double bond
(C5-C6). After chromatographic separation and TBS depro-
tection, carbacyclin (6) was obtained without complication
(Scheme 6). C13-C14 (Z)-isomers were removed as previ-
ously described.

In summary, in using our chiral allylic building blocks
for CM, we have achieved the syntheses of enantiomerically
pure C15 alcohols circumventing the need for chiral reducing
agents (vide supra). Furthermore, this CM approach has
allowed us to synthesize isocarbacyclin (1) and two of its
biologically active analogues, 15R-TIC (2) and 15-deoxy-
TIC (3), and has also given us access to PGF2R (4), PGJ2
(5), and carbacyclin (6), by introduction of fully function-
alizedω-side chains at a late synthetic stage. This strategy
constitutes a convergent and practical access for building
libraries of prostacyclin and prostaglandin analogues. Further
research in our laboratories is currently ongoing, and
subsequent results will be published in due course.
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Table 2. Prostaglandin and Carbacyclin Cross Metathesis
(Yields Not Optimized)a

a Reactions carried out in CH2Cl2 at 40°C. b 2 equiv of theω-side chain
used where up to 0.5 equiv is recovered.c Isolated yields.d The product
described in entry 1 was reexposed to Grubbs’ 2nd generation catalyst for
12 h at 40°C. e Catalyst added over 12 h at 40°C. f 30% homodimerized
ω-side chain recovered.g Product described in entry 6 was reexposed to
Grubbs’ II for 12 h at 40°C.

Scheme 6. PGF2R and Carbacyclin
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