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ABSTRACT

Prostaglandin H synthase catalyzes the first committed step in the biosynthesis of prostaglandins and thromboxane. Herein we report the
synthesis of four site-specifically labeled arachidonic acids for investigation of the radical intermediate formed during this enzymatic reaction.
Two compounds were prepared using a common C9−C11 fragment, while another target was synthesized using a previously reported advanced
intermediate. An alkyne coupling followed by hydrogenation and Wittig reaction was used to prepare the final labeled substrate.

Prostaglandin H synthase, or cyclooxygenase (COX), cata-
lyzes the conversion of arachidonic acid into prostaglandin
H2 in the first committed step in the biosynthesis of pro-
staglandins and thromboxane (Scheme 1).1 These compounds

have been implicated in numerous processes affecting human
health, including inflammation and cardiovascular disease.

However, at present, the reaction mechanism for the oxida-
tion of arachidonic acid (AA) has not been fully elucidated.
The first step of the enzymatic reaction has been previously
shown to involve abstraction of a hydrogen from the C-13
position of AA by a tyrosyl radical.2,3 This results in forma-
tion of either a pentadienyl or allyl radical depending on the
conformation of the substrate when bound to the enzyme.

In previous work we have demonstrated the use of site-
specifically deuterium-labeled substrates to investigate the
structure of the original radical intermediate by using EPR
spectroscopy. These studies showed that in COX-2, the
isozyme linked to inflammation, the initial hydrogen abstrac-
tion leads to formation of a pentadienyl radical intermediate
spanning C11-C15.4 The EPR spectrum shows coupling of
the unpaired electron to six different hydrogens. Using
deuterium labeling, four of these were assigned to protons
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at C11, C13, C15, and one of the protons at C16. The
remaining two strongly coupled hydrogens were proposed
to be located at C10. Similar studies using the COX-1
isozyme produced a signal of unknown structure under
certain conditions,5 which possibly is associated with an allyl
radical. Herein we report the synthesis of two arachidonic
acids site-specifically labeled with13C at positions 11 and
15 that were designed to test the allyl radical hypothesis.
Furthermore, we prepared [10,10-2H2]-arachidonic acid to
confirm the location of the two remaining strongly coupled
protons in the signal observed in COX-2.

The labeled arachidonic acids described herein are also
useful mechanistic probes for the human lipoxygenases
(LOXs). A number of lipoxygenases in vertebrates are known
that differ in the regioselectivity of oxidation (Scheme 2).6

Their nomenclature is based on the position of hydroper-
oxidation of arachidonic acid.7 5-LOX abstracts an hydrogen
atom from C7 to generate 5-hydroperoxy-5Z,8Z,11Z,13E-
eicosatetraenoic acid (5-HPETE), the precursor to the leuko-
trienes that play key roles in inflammation and broncho-
constriction. The 8- and 12-LOX enzymes abstract a hy-
drogen atom from position 10 to produce hydroperoxides at
positions 8 and 12, respectively. At present, two 15-LOX
isozymes have been identified in humans, 15-LOX-18 and
15-LOX-2.9 The former protein has been implicated to play
a role in atherogenesis.10,11Both enzymes abstract a hydrogen
atom from C13 and produce 15S-HPETE.

Soybean lipoxygenase, a 15-LOX, has received much
attention for the unusually large kinetic isotope effects (KIE,

30-80) that are observed with either linoleic acid12 (LA) or
arachidonic acid13 as substrate. Holman and co-workers
showed that the human 15-LOX-1 also displays similarly
large isotope effects with linoleic acid.14 To date, however,
no studies have disclosed kinetic isotope effects of the human
lipoxygenases with their natural substrate, arachidonic acid.
The preparation of arachidonic acids deuterium-labeled at
C10 and C13 reported herein will allow such studies on 8-,
12-, and 15-LOX. We elected to prepare dideuterated
compounds instead of our previous syntheses of stereospe-
cifically mono-deuterium-labeled arachidonic acids4 since it
has been shown with soybean lipoxygenase that the large
primary kinetic isotope effect on abstraction of thepro-S
hydrogen atom leads to a decrease in stereospecificity of the
enzyme.15 That is, with [11S-2H]-LA as substrate, the enzyme
abstracts to some extent the hydrogen atom rather than the
deuterium atom from C11. Obviously, this provides difficul-
ties for assessing the KIE, and hence substrates labeled at
both enantiotopic positions were prepared that will alleviate
these complications.

The preparation of [10,10-2H2]-arachidonic acid and
[11-13C]-arachidonic acid proceeded via the same C9-C11
fragment2. For the former target, ring opening ofâ-propi-
olactone by methanol, followed by protection of the ensuing
alcohol withtert-butyldimethylsilyl chloride, yielded methyl
ester1 (Scheme 3). Quantitative deuterium incorporation at
the R-position was achieved by stirring with Na metal in
MeOD. Selective reduction to the aldehyde2a using
DIBAL-H afforded the C9-C11 fragment without detectable
loss in deuterium incorporation.

The synthesis of the C9-C11 fragment for [11-13C]-
arachidonic acid involved direct displacement of 2-chloro-
ethanol with [13C]-potassium cyanide followed by benzyla-
tion to afford nitrile 3 in good yield (Scheme 3). [13C]-
Potassium cyanide was chosen as the labeled starting material
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because of its commercial availability and relatively low cost.
Treatment of nitrile3 with a saturated HCl/MeOH solution,
followed by hydrolysis yielded methyl ester4 in good yield.
After deprotection and silylation, the methyl ester was
reduced to the aldehyde2b using DIBAL-H.

Wittig olefination of aldehydes2a and2b with phospho-
nium salt 516 employing salt-free conditions17 resulted in
dienes6 with 95:5 Z-selectivity (Scheme 4). The isomers
were not separated at this stage but carried on through the
synthesis; the minor isomers were removed by HPLC after
generation of the final arachidonic acid products. Deprotec-
tion of 6a and 6b using TBAF, followed by bromination
and refluxing with triphenylphosphine, afforded phospho-
nium salts7a and7b.

Phosphonium salt7c was required for the synthesis of
[13,13-2H2]-arachidonic acid. Its preparation started with the
protected alkyne8 (Scheme 5). Deprotonation with ethyl-

magnesium bromide followed by addition to deuterium-
labeled paraformaldehyde produced the protected pent-2-yn-
1,5-diol9 in good yield. This alcohol was reacted with carbon
tetrabromide and triphenylphosphine to yield propargyl
bromide10. A copper acetylide, formed by treating 1-hep-

tyne with ethylmagnesium bromide and copper(I) bromide,
was reacted with bromide10, yielding the skipped diyne11
in 86% yield. Hydrogenation in the presence of nickel(II)
acetate yielded skipped diene12, which was deprotected with
TBAF in acidic solution. The alcohol was subsequently
brominated and converted to phosphonium salt7c.

The three isotopically labeled phosphonium salts7a-c
were olefinated with aldehyde134 to afford the labeled
methyl arachidonates14 (Scheme 6). Hydrolysis with lithium
hydroxide followed by HPLC purification yielded the final
products, [10,10-2H2]- and [13,13-2H2]-arachidonic acid, and
[11-13C]-arachidonic acid.

The synthesis of [15-13C]-arachidonic acid was achieved
from commercially available [1-13C]-hexanoic acid. Follow-
ing esterification and lithium aluminum hydride reduction,
[1-13C]-hexanal was obtained by PCC oxidation. A Wittig
reaction between the labeled aldehyde17 and triphenylphos-
phonium salt16 yielded protected aldehyde18 in modest
yield (Scheme 7). Deprotection withp-toluenesulfonic acid

produced theâ,γ-unsaturated aldehyde, which was reduced
to alcohol19. Reaction with dibromotriphenylphosphorane
yielded labeled 1-bromo-non-3-ene, which was converted in
good yield to the phosphonium salt20. We previously
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reported a facile and high yielding synthesis of skipped
aldehyde21.4 Reaction of this aldehyde with phosphonium
salt 20 yielded [15-13C]-methyl arachidonate7d. Final
hydrolysis with lithium hydroxide yielded the target com-
pound, [15-13C]-arachidonic acid7d, in excellent yield.

Herein, we described the synthesis of four site-specifically
labeled arachidonic acids. The synthesis of both dideuterated
and13C-labeled compounds was carried out in high efficiency
and isotopic purity. These compounds can be used as mech-
anistic probes for cyclooxygenase and lipoxygenases. Specif-
ically, the dideuterated compounds can be employed for ki-
netic isotope effect studies with 12- and 8-LOX, which both
abstract hydrogen atoms from C10, and for 15-LOX and
COX-1 and COX-2, which abstract a hydrogen atom from
C13. Mechanistic studies of the labeled substrates with these
enzymes are underway and will be published in due course.
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