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Stereocontrolled organocatalytic synthesis of
prostaglandin PGF,, in seven steps

Graeme Coulthard’, William Erb' & Varinder K. Aggarwal'

Prostaglandins are hormone-like chemical messengers that
regulate a broad range of physiological activities, including blood
circulation, digestion and reproduction™’. Their biological
activities and their complex molecular architectures have made
prostaglandins popular targets for synthetic organic chemists for
over 40 years™'. Prostaglandin analogues are widely used as
pharmaceuticals and some, such as latanoprost, which is used to
treat glaucoma®®, have become billion-dollar drugs. Previously
reported syntheses of these compounds are quite lengthy,
and every chemical step costs time and energy, generates waste
and is accompanied by material losses. Using a new bond discon-
nection, here we report a concise synthesis of the most complex
prostaglandin, PGF,,, with high levels of control of relative and
absolute stereochemistry, and fewer steps. The key step is an aldol
cascade reaction of succinaldehyde using proline organocatalysis
to create a bicyclic enal in one step and an enantiomeric excess of
98%. This intermediate bicyclic enal is fully primed with the appro-
priate functionality for attachment of the remaining groups’.
Access to this bicyclic enal will not only render existing
prostaglandin-based drugs more affordable, but will also facilitate
the rapid exploration of related chemical structures around
the ubiquitous five-membered ring motif, such as potentially
therapeutic prostaglandin analogues.

Prostaglandins, such as PGF,, (Fig. 1; 1), are hormones that are
responsible for the control of a myriad of essential biological processes
from sleep to pain, fever to inflammation, menstruation to birth, and
constriction of blood vessels to blood clotting'**. They are derived from
arachidonic acid and are transformed by prostaglandin synthetase into
a number of structurally related carbocyclic molecules. These sensitive
and labile molecules are not stored in the body but are synthesized in
response to stimuli. They were discovered in the early 1930s by von
Euler’ and by the mid-1960s the structures of the first family of

prostaglandins was uncovered by Bergstrom et al. (see refs 2 and 10
for reviews). The complex structures of prostaglandins, together with
their broad spectrum of biological activity, fuelled intense research
activity into their synthesis, comparable to that generated from
B-lactam antibiotics and steroids. Woodward', Corey'?, Stork',
Noyori'*, Danishefsky'® and many others contributed ingenious
strategies and developed new methodologies of general use in the con-
struction of these complex molecules’™. But prostaglandins and their
analogues are not only of academic interest, they have also found their
way into a considerable number of pharmaceuticals. For example, an
analogue of PGF,, (1), latanoprost (2), is used in the treatment of
glaucoma'®, and achieved sales of $1.75 billion in 2010 (ref. 17).

The manufacture of latanoprost® requires 20 steps and uses the
original strategy developed by Corey et al.'® in the synthesis of the
related prostaglandin, PGF,,. Corey’s synthesis involved the forma-
tion of a key intermediate, the Corey lactone (3), in nine steps from
cyclopentadiene (4). From this lactone, they were able to assemble
the entire family of prostaglandins', and specifically PGF,,, in eight
further steps'®.

In our analysis for the synthesis of prostaglandins and in common
with other syntheses of PGF,,, '>'>'° we recognized that lactol 5 was an
ideal late-stage intermediate because it enabled the incorporation of
the upper side-chain with control of double-bond geometry through a
Wittig reaction. At this point our retrosynthetic analysis departed from
all previous syntheses. We were interested in disconnecting the C12—
C13 bond®, because we recognized that the bicyclic lactol could
control the stereochemistry of the 1,4-addition of the lower side-chain
onto a suitable Michael acceptor 6. By selecting an aldehyde as the
electron withdrawing group of the Michael acceptor, the enal 7 could
be disconnected back to a simple aldol dimerization of succinaldehyde
(8), a process that could be rendered asymmetric through proline (9)
catalysis™ %
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Figure 1 | Prostaglandins in nature and medicine. a, General schematic of
Corey’s synthesis of PGF,,. b, The molecular structure of latanoprost (2), a
PGF,,, analogue used for the treatment of glaucoma. ¢, Our retrosynthetic

analysis of PGF,,. The numbered carbon atoms are referred to in the main text.
FGI, functional group interconversion. Ph, phenyl. EWG, electron withdrawing
group. i-Pr, isopropyl, CH(CH3),.
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Figure 2 | Potential reaction pathways of the proline-catalysed aldol
reaction of succinaldehyde. The desired pathway is shown in blue; others are
labelled (i) to (iii) and described in the main text.

However, the ‘simple’ concept shown in the retrosynthesis belies a
highly complex reaction cascade (blue, Fig. 2) with many potential
pitfalls (black, Fig. 2): (i) the aldol product 10 is required to form
the less favoured hemiacetal 11, bearing cis substituents in the
5-membered ring, but not the trans hemiacetal 12; (ii) the hemiacetal
11 is required to undergo an intramolecular second aldol and eliminate
to give 7 but aldol 10 itself should not eliminate to give 13; (iii) aldol 10
is a reactive trialdehyde which will be prone to undergo further aldol
reactions with succinaldehyde (8) or with itself, leading to 14 and 15
and ultimately oligomers.
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Figure 3 | Model studies. a, Model studies to investigate the intermolecular
proline-catalysed aldol reaction of aldehydes bearing an ester at the 4-position.
b, Model studies to investigate an intramolecular aldol reaction and
dehydration. ¢, A transition state structure accounting for the observed
enantioselectivity.
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Perhaps unsurprisingly, the desired aldol proved highly challenging
to realize in practice: treatment of succinaldehyde with proline in a
range of solvents and under a variety of conditions did not deliver any
of the desired bicyclic product but instead gave oligomeric material.
We therefore deconstructed the reaction cascade to determine
which of the two steps, the initial aldol step or the second aldol and
dehydration step, was causing the problem.

Model aldehyde 16 was treated with proline (9) and aldol product
17 was obtained as a 3.6:1 mixture of diastereoisomers in moderate
yield (Fig. 3a)**. This showed that aldol reactions of aldehydes bearing
a carbonyl group in the 4-position were suitable substrates for the
proline-catalysed aldol reaction.

To test the second aldol and dehydration step, model dialdehyde 18
was prepared by ozonolysis of the known lactone 19 (Fig. 3b)*.
However, treatment of this dialdehyde with proline (catalyst A)
provided only low conversion to the expected enal 20, clearly indi-
cating that the second step was the hurdle in the reaction cascade. We
therefore explored alternative catalysts and found that [Bn,NH,][OCOCEF;]
(21, catalyst B)*® was much more effective, giving enal 20 in 51%
isolated yield (from 19).

We therefore tested the aldol reaction cascade of succinaldehyde
with a combination of proline and [Bn,NH,][OCOCFs;] in a range of
solvents and under a variety of conditions (see the Supplementary
Information for full details). This time the reaction was successful;
selected data, illustrative of the process, is summarized in Table 1.
The reaction could be conducted at (unusually) low loadings of both
catalysts and at relatively high concentration (2 M) (entries 1-3 in
Table 1). The sequenced addition of the two catalysts and the timing
was critical to the success of the reaction: if [Bn,NH,][OCOCF;] was
present at the outset (entry 4 in Table 1), or not added at all (see earlier
discussion), the reaction failed. We spent some time investigating this
facet of the reaction because the low yield is a consequence of
oligomerization of the intermediate trialdehyde. As the concentration
of the trialdehyde builds up it is prone to undergo further aldol
reactions with succinaldehyde, leading to oligomers. The second
catalyst seemed to inhibit the initial proline-catalysed aldol reaction,
so consecutive addition of the two catalysts was required. The
optimum time to add the second catalyst was found to be dependent
on the amount of proline catalyst used: using just 2% proline, the yield
of the lactol 7 increased with increasing time before the addition of the
second catalyst (entries 5-8 in Table 1), peaking at around 10h. The
reaction could also be conducted with just 1% proline but considerably
longer reaction times were required (entry 9 in Table 1).

Table 1 | Effect of catalyst loading and time delay on yield

0 <;>‘002H OH
H Q/i

THF (2 M), room temperature SN

O~
(ii) [Bn,NH,][OCOCF,]
8 THF (1 M), room
temperature,14 h \O
7
Entry (S)-proline (mol.%) Time (h) Yield (%)

1 10 2 14
2 5 2 16
3 5 4 19
4 2 0 ~2
5 2 4 10
6 2 6 16
7 2 10 20
8 2 24 20
9 1 24 18

Reactions were carried out on 200 mg of succinaldehyde 8. ‘Time’ refers to the time before
[Bn2NH>][OCOCF3] (2 mol.%) was added and the reaction was diluted to 1 M. The yield is the NMR
(nuclear magnetic resonance) yield based on an internal standard (1,3,5-trimethoxybenzene); results
are an average of five reactions.
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Figure 4 | A concise asymmetric synthesis of PGF,, (1). Reaction conditions
are as follows (see the Supplementary Information for full details). (i), H,O, at
75°C for 4 h, then at 115 °C to distil MeOH and H,O. (ii), (S)-proline
(2mol.%), THF (2 M), at room temperature for 20 h, then [Bn,NH,][OCOCFs;]
(2mol.%), THF (1 M), at room temperature for 14 h. (iii), MeOH

(2.0 equivalents), amberlyst 15, MgSO,, CH,Cl,, at room temperature for 14 h.

The reaction was conducted at relatively high concentration, which
greatly assisted the scale-up of the reaction. Despite the low yield,
work-up and purification of the enal was straightforward as the
oligomeric side products could be largely removed by filtration, leaving
a relatively pure crude material. Partial purification through a plug of
silica gave the desired enal 7 in about 16% yield and with an enantiomeric
ratio of 99:1, on the multigram scale. The absolute stereochemistry of
the product was ultimately established through the synthesis of PGF,,,
(1) and follows from the List-Houk model for this type of reaction
(transition-state structure 22, Fig. 3¢)*. A mixture of diastereoisomers
of trialdehyde 10 was expected to be formed (a diastereoisomeric
ratio of about 3.6:1 was expected from results with the model com-
pound 16) but as the minor diastereoisomer cannot give the alternative
diastereomeric enal it must be consumed by the formation of oligomers.

The complete synthesis of PGF,, from commercially available
materials is shown in Fig. 4. Heating 2,5-dimethoxytetrahydrofuran
23 (41 g) in water followed by evaporation and extraction gave crude
dialdehyde*” which was directly subjected to the aldol reaction as
described above. The hemi-acetal 7 was converted into a 2:1 incon-
sequential diastereoisomeric mixture of methoxy acetals 24 which
were carried through the subsequent reaction sequence. On a large
scale (285 g of 23), further modifications were required owing to the
partial decomposition of the dialdehyde during the extended time
needed to remove the larger volume of solvent used for extraction.
Instead, we found that after distillation of the methanol (MeOH) and
most of the water, azeotropic removal of the remaining water using
2-MeTHF (2-methyltetrahydrofuran) provided a solution of the dia-
ldehyde in a solvent (2-MeTHF) that could be used directly in the aldol
reaction. Using this improved and simplified protocol, from 109.5 g of
inexpensive succinaldehyde we were able to obtain 15.0¢g of pure
methoxy acetal 24 in 14% yield over two steps. Conjugate addition of
the mixed vinyl cuprate®® 25 to 4.0 g of methoxy acetal 24 followed by
trapping with TMSCI (trimethylsilyl chloride) furnished the silyl enol
ether 26. Subsequent controlled ozonolysis followed by treatment with
NaBH, gave the alcohol 27 (4.6 g, 49% over two steps). As planned,
these two steps occurred with complete stereocontrol at the newly
created stereogenic centres. Finally, simultaneous deprotection of the
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(iv), 25 (1.1 equivalents), THF, then Me;SiCl, Et;N. (v), O3, CH,Cl,/MeOH
(3:1), —78 °C, then NaBH, (3 equivalents), at —78 °C to room temperature.
(vi), 1.5% aqueous HCl/THF (3:2), at room temperature for 16 h. (vii), (4-
carboxybutyl)(triphenyl) phosphonium bromide (6 equivalents), potassium
tert-butoxide (12 equivalents), THF, at 0 °C to room temperature. TBDMS,
tert-butyldimethylsilyl.

acetal and silyl ether with aqueous HCl followed by Wittig reaction with
the phosphonium salt 29 (ref. 29) gave 1.9g of the target molecule
PGF,,, (1), which was identical in all respects to the natural product™.
Thus, we have developed a short (seven steps) synthesis of
prostaglandin PGF,,, from inexpensive 2,5-dimethoxytetrahydrofuran
23. The key step is an organocatalytic aldol dimerization reaction
of succinaldehyde, which generates the bicyclic enal 7 in high
enantiomeric ratio and fully primed with functionality suitable to
introduce the required side chains directly. The aldol cascade required
proline to perform the first aldol reaction and a second catalyst
([Bn,NH,][OCOCF;]) to induce an intramolecular aldol reaction
and elimination. Although the aldol reaction was low-yielding, the
enantioselectivity was very high, isolation and purification was
straightforward and the reaction could be conducted on the multi-
gram scale. Its application in a short synthesis of the most complex
of prostaglandins, PGF,,, has been demonstrated. Indeed, the bicyclic
enal 7 is an ideal building block not just for the cost-effective synthesis
of the whole family of prostaglandins, but for also exploring the
chemical space around the ubiquitous five-membered carbocyclic ring
motif, where other biologically active molecules undoubtedly lie.

METHODS SUMMARY
Procedure for formation of methoxyacetal 24. A solution of succinaldehyde 8
(109.5 g, 1.27 mol) in 2-MeTHF (650 ml) was stirred at room temperature (20 °C)
(S)-proline (2.93g, 25.4mmol, 0.02 equivalents) was added and the reaction
stirred at room temperature for 20h. THF (650ml) was added, followed by
[Bn,NH,][OCOCF;] (8.43g, 254mmol, 0.02equivalents). The reaction was
stirred for a further 14 h. Celite (60 g) was added to the reaction and the volume
of the reaction mixture was reduced by three quarters under reduced pressure. tert-
Butyl methyl ether (TBME) (975 ml) was added slowly and with vigorous stirring
of the mixture. The mixture was stirred for 20 min before filtration of the resulting
solids. The solids were washed with TBME (3 X 150 ml) and the filtrate was
concentrated under reduced pressure. The material was purified by column chro-
matography (about 600 g silica), eluting with petrol/EtOAc (6:4 to 5:5), to give the
lactol 7 (as an approximately 2:1 mixture of diastereoisomers), as a brown oil.
This residue, containing 7, was dissolved in CH,Cl, (190ml) and stirred at
room temperature. MeOH (5.47 g, 6.90 ml, 170.6 mmol, 2.0 equivalents based
on about 13.4% of 7 detected by internal standard in the previous reaction) was
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added via syringe. Amberlyst 15 (1.22 g) and MgSO, (25.2 g) were added in one
portion and the reaction mixture was stirred at room temperature for 14 h. The
reaction mixture was filtered through a sinter funnel and the solids washed with
CH,Cl, (3 X 60 ml). The filtrate was concentrated under reduced pressure and
purified by column chromatography (about 300g silica), eluting with petrol/
EtOAc (9:1 to 4:1), to give the methyl acetal 24 (as an approximately 2:1 mixture
of diastereoisomers, 15.0g, 14.0% (over two steps from succinaldehyde)) as a
yellow oil. See the Supplementary Information for characterization data.
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