
Bioorganic & Medicinal Chemistry Letters 17 (2007) 4049–4052
Synthesis of 7-thiaarachidonic acid as a mechanistic probe of
prostaglandin H synthase-2
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Abstract—The mechanism by which prostaglandin synthase converts arachidonic acid to prostaglandin G2, creating five new chiral
centers in the process, is still incompletely understood. The first radical intermediate has been characterized by EPR spectroscopy
but subsequent proposed intermediates have not succumbed to detection. We report the synthesis of 7-thiaarachidonic acid designed
to stabilize one of the proposed radical intermediates, which may allow its detection.
� 2007 Elsevier Ltd. All rights reserved.
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Figure 1. Proposed mechanism for the conversion of arachidonic acid

to prostaglandin H2. With the exception of radical I, no spectroscopic

evidence is currently available for any of the proposed intermediates.
Prostaglandin H synthase (PGHS, also called cyclooxy-
genase) catalyzes the conversion of arachidonic acid to
PGG2 through a radical cascade that is initiated via
hydrogen atom abstraction from the C13 position of the
substrate by an active site tyrosyl radical (Fig. 1).1–5

The resulting radical intermediate I is then proposed to
react with molecular oxygen to form peroxy radical II.6

A 5-exo trig cyclization onto the C8–C9 double bond
leads to formation of intermediate III, followed by a sec-
ond 5-exo trig cyclization to produce the [2.2.1] bicyclic
intermediate IV. This radical is proposed to undergo a
second reaction with oxygen to generate the peroxy radi-
cal intermediate V, which is converted to PGG2 by
abstraction of a hydrogen atom from tyrosine, thereby
regenerating the active form of the enzyme.6,7

Under anaerobic conditions, the initially formed radical
intermediate I has been characterized as a pentadienyl
radical in PGHS-2.8–10 Experimental observation of
subsequent radicals requires the presence of molecular
oxygen as a co-substrate, but under aerobic conditions
no radical intermediates are observed. Therefore the
proposed carbon-centered radicals II–V are not present
in observable concentrations during aerobic turnover. In
order to observe these radical intermediates, the rate
determining step would have to be altered by either
mutagenesis of the enzyme or modification of the
substrate.
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A primary kinetic isotope effect observed when tritium
was incorporated at the C13 position6 indicates that the
initial hydrogen atom abstraction is at least partially rate
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limiting. This is corroborated by computational studies,
which have concluded that the formation of intermedi-
ates IV and V requires similar activation energies as the
hydrogen atom abstraction from C13.11,12 These findings
imply that stabilizing either intermediate III or IV could
cause a shift in the rate determining step for the reaction
and allow detection of these intermediates.

Stabilization of carbon-centered radicals generated
during enzyme catalysis can be achieved in a number
of ways.13 Resonance delocalization using an adjacent
p-system has been frequently used.13–18 An alternative
approach involves incorporation of a sulfur atom adja-
cent to the radical site. This approach has been success-
fully used by Frey and co-workers to investigate the
reaction mechanism of lysine 2,3-aminomutase.19,20 In
these studies the stabilization provided by the sulfur
atom was estimated as �9 kcal/mol. The substantial sta-
bilization of an a-sulfide radical over an alkyl radical
has also been used in reversible addition fragmentation
chain transfer (RAFT) processes to retard the rate of
polymerization reactions.21–23

On the basis of these predicted thermodynamic stabili-
ties and the previously calculated barriers for conversion
of III to V we embarked on the preparation of 7-thiaar-
achidonic acid 1 (Fig. 2). It was envisioned that if 7-thia-
arachidonic acid was accepted by the enzyme, the
proposed reaction mechanism would lead to the genera-
tion of radical intermediate III 0, which would be stabi-
lized by the adjacent sulfur atom and possibly also by
additional resonance stabilization involving the C5–C6
alkene. Previous studies have shown that 7-thiaarachi-
donic acid is a reversible inhibitor of PGHS-1.24 Inhibi-
tion of the PGHS-2 isozyme, for which the pentadienyl
radical I has been characterized experimentally, has not
been investigated. The PGHS-2 active site is larger and
is more tolerant to alteration. For instance, acetylation
of Ser530 of PGHS-1 by aspirin abolishes all catalytic
activity, whereas acetylation of the corresponding
Ser516 in PGHS-2 does not prevent substrate binding
and hydrogen atom abstraction from C13.25–29 Similar
differences between the two isozymes have also been re-
ported for site directed mutants of active site
residues.27,30,31

The synthetic challenge for 7-thiaarachidonic acid lies in
the bis(Z-alkenyl)sulfide functionality in a molecule with
two additional non-conjugated Z-alkenes. The synthesis
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Figure 2. Structures of the synthetic target 7-thiaarachidonic acid 1

and the stabilized intermediate radical III 0.
of 7-thiaarachidonic acid has been previously reported
in the mid 1980s in 17 steps.24 With the development
in the intervening time of alternative methodologies,
we elected to use a different synthetic route to the target
compound. The most direct approach for the synthesis
of the bis(Z-alkenyl)sulfide moiety is the stereoselective
reduction of a bis(alkynyl)sulfide. Although to the best
of our knowledge the reduction of a bis(alkynyl)sulfide
has not been reported, several methods exist for reduc-
tion of a 1-alkynylsulfide. Using bis(hexynyl)sulfide 2
as a model system, several of these reduction conditions
were screened. DIBAL-H reduction of the diyne was
accomplished in moderate yield (55%), but the E/Z
selectivity was poor (1:1). Hydrogenation conditions
previously reported for the reduction of 1-alkynylsul-
fides or 1-alkynylsulfoxides were also explored. How-
ever, Lindlar’s catalyst32 and Wilkinson’s catalyst33 did
not produce the reduced product in appreciable yield.
Finally, alkynyl sulfide reduction utilizing a stoichiome-
tric amount of tantalum chloride and zinc metal was
attempted.34 This reaction yielded the reduced bis(hexe-
nyl)sulfide in 60% yield with very good stereocontrol as
only the (Z,Z)-isomer was observed by 1H and 13C
NMR spectroscopy.

The tantalum-promoted stereoselective reduction is
believed to proceed through initial formation of a low-
valent tantalum species.35 Addition of the alkyne then
generates a metallocyclopropene intermediate VI
(Fig. 3). The formation of such tantalum–g2-alkyne
complexes has been demonstrated by 1H and 13C
NMR spectroscopy as well as X-ray crystallogra-
phy.36,37 These air-sensitive intermediates can be hydro-
lyzed under basic conditions to yield the alkene,
generally in good yield.

The low-valent tantalum reduction was attempted next
on a more functionalized and asymmetric bis(alky-
nyl)sulfide. Treatment of alkynes 4 and 5 with n-butylli-
thium followed by slow addition of sulfur dichloride
yielded the unsymmetric bis(alkynyl)sulfide 6
(Fig. 4).38–40 Sulfide 6 was subjected to the tantalum-
mediated reaction conditions resulting in formation of
the bis(alkenyl)sulfide 7 in 65% yield and excellent stere-
oselectivity as only the Z,Z-isomer was detected by 1H
NMR spectroscopy. Interestingly, the reaction required
the presence of a terminal hexyne in order to afford
reproducible yields of the product. This requirement
was discovered serendipitously because the initial
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Figure 4. Synthetic scheme for the preparation of 7-thiaarachidonic

acid and its deuterium-labeled analogs.
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attempt at reduction of 6 was conducted with substrate
that still contained some 4. Subsequent reactions with
pure 6 were unsuccessful unless 1-hexyne was added.
Previous experiments have demonstrated that alkynyl-
sulfides react faster than terminal alkynes with low-
valent tantalum metal.41 Thus, the role of 1-hexyne in
the reaction is not understood.

The synthesis of 7-thiaarachidonic acid was completed
as depicted in Figure 4. Deprotection of 7 with a
1.0 M solution of tetrabutylammonium fluoride affor-
ded alcohol 8 in good yield. This alcohol was reacted
with triphenylphosphine and bromine to produce bro-
mide 9, which required rapid chromatographic purifica-
tion as the compound was unstable to silica gel. Heating
of the bromide with triphenylphosphine afforded phos-
phonium salt 10.

cis-3-Nonenal was synthesized by oxidation of cis-3-
nonenol with Dess-Martin periodinane in quantitative
yield.42 A Wittig reaction between phosphonium salt
10 and cis-3-nonenal under Z-selective conditions43,44

yielded tert-butyl thiaarachidonate 11, which was depro-
tected with a 1.0 M aqueous solution of lithium hydrox-
ide and DME (1:2, v/v). The resulting 7-thiaarachidonic
acid was purified by HPLC and isolated as a single
isomer. The 1H NMR spectrum of the compound was
consistent with the spectrum reported by Corey and
co-workers.24

One advantage of the tantalum pentachloride reduction
is the facile incorporation of deuterium at the C5–C9
alkene positions, which is advantageous for EPR char-
acterization of any substrate based radicals that may
be formed with PGHS or human lipoxygenases that also
use arachidonic acid as substrate for radical based trans-
formations.45,46 The reaction is believed to proceed by
basic hydrolysis of a metallocyclopropene intermediate.
This step is consistent with the observation that quench-
ing the reaction with a basic solution of deuterium oxide
results in deuterium incorporation at both alkene posi-
tions for 1,2-disubstituted alkynes.35,41 To test whether
this labeling strategy could be extended to bis(alky-
nyl)sulfides, the reduction of 6 was repeated, but a
1.0 M solution of sodium deuteroxide in deuterium
oxide was used during the hydrolysis step. The reaction
proceeded in good yield and stereocontrol. Based on 1H
NMR integration, the bis(alkenyl)sulfide 7a contained
97% deuterium at each alkene position. The remaining
synthetic steps were identical to the synthetic route for
the 7-thiaarachidonic acid. Deprotection with tetrabuty-
lammonium fluoride yielded alcohol 8a, which was
halogenated to form bromide 9a. Treatment with triphe-
nylphosphine yielded phosphonium salt 10a. A Wittig
reaction then afforded tert-butyl 7-thia(5,6,8,9-2H4)ara-
chidonate 11a in good yield. Final deprotection yielded
the desired 7-thia(5,6,8,9-2H4)arachidonic acid 1a,
which was purified by HPLC to afford the final
compound as a single isomer.

In summary, we have developed a new synthetic route to
7-thiaarachidonic acid that marks an improvement over
the previously reported route. Our unoptimized synthe-
sis of the target compound was completed in only seven
linear steps and allowed the rapid and convenient prep-
aration of deuterium-labeled analogs. EPR studies of
the interaction of these compounds with PGHS-2 and
human lipoxygenases are currently ongoing.
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