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Abstract

COX metabolites of 8,9-EET, previously observed as potent mitogenic lipid mediators, were
synthesized for the first time by using two synthetic approaches. These synthetic materials allow
for structural confirmation of COX metabolites of 8,9-EET and further study of their biological
roles.

Introduction

The omega-6 arachidonic acid (AA) is metabolized by three major classes of enzymes,
namely cyclooxygenases (COX), lipoxygenases (LOX), and cytochrome P450s (CYP), to
primarily produce biologically active prostaglandins (PGs), hydroperoxyeicosatetraenoates
(HPETES), and epoxyeicosatrienoates (EETSs), respectivelyl—3, These metabolites may
further be metabolized by COX, LOX, and CYP as well as other enzymes, giving rise to
secondary metabolites with alternative and/or more potent biological activities.

The CYP450 monooxygenase pathway produces epoxyeicosatrienoic acids (EETs), which
have a broad spectrum of biological activities including anti-inflammation, anti-
hypertension, analgesia, and cardioprotection.* Yet EETs could also be mildly
proangiogenic, protumorigenic, and prometastatic.>~9 Previous studies have suggested that
the protumorigenic and prometastastic activity attributed to EETs may actually be mediated
by their corresponding downstream metabolites and not by EETs. EETs are metabolically
unstable /n vivo and are primarily but not exclusively metabolized by soluble epoxide
hydrolase (SEH) to their corresponding 1,2-diols, which are generally biologically less
active.10 Besides, EETs has been shown to be metabolized by CYP450, COX, LOX and
other enzymes, producing secondary metabolites that have less well understood biological
activity. For example, Teder er a/11 recently showed that 14,15-EET is a substrate for human
15-LOX-1 and murine 12-LOX, giving a mixture of isomers containing a hydroperoxy group
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at positions 5, 8 and 12. However, these metabolites have not been found /in vivo yet and
their biological significance remains unknown.

Metabolism of EETSs has also been demonstrated to occur through CYP450 enzymes,
leading to the formation of diepoxyeicosadienoic acids? and hydroxyepoxyeicosatrienoic
acids.13 Diepoxyeicosadienoic acids are further hydrolyzed by sEH into corresponding
tetraols or dihydroxytetrahydrofuranes,12-14 which were shown to be vasoactivel® and
influence intracellular calcium concentration. Hydroxyepoxyeicosatrienoic acids, formed by
w or w-1 CYP450 hydroxylation of EETs, were shown to be high affinity (low nM) ligands
of peroxisome proliferator-activated receptor-a (PPAR-a) and might play a role in
transcription regulation.16

Results and discussion

It has been reported that 5,6- and 8,9-EET can be metabolized by COX,17-20 however little
is known about biological roles of these metabolites. It has been shown that COX
metabolism of 5,6-EET results in formation of vasoactive 5,6-epoxy-PGE; and inactive 5-
hydroxy-PGl4.17 Two studies have also demonstrated metabolism of 8,9-EET by COX,
leading to the formation of the 11-hydroxy-8,9-EET (8,9,11-EHET) which has been shown
to be a renal vasoconstrictor and a potent glomerular mitogen, at least an order of magnitude
more potent than the 8,9-EET.18.20

Despite the limited evidence describing the biological activity arising from COX products of
EET, we have recently shown through use of COX and sEH inhibitors that the tumor growth
and metastasis attributed to EETSs is highly dependent on COX. In this study, dual inhibition
of COX and sEH suppressed tumor growth and metastasis whereas inhibition of sEH alone
has an opposite effect.2! This may suggest that the protumorigenic and metastastic activity is
due to the downstream metabolites formed from COX. Results from this study motivated us
to further investigate the link between the COX and sEH metabolic pathways by
characterizing some of the products that form from EETs by the action of the COX enzymes.

Zhang et al. were the first to show that 8,9-EET metabolized by COX from ram seminal
vesicles to form hydroxylated products.2% The authors showed that while COX-1 catalyzed
hydroxylation of 8/#9S-EET to form two products (11/- and supposedly 15R-(OH)-8R95
EETS), only one product was observed for the 85,9R-EET enantiomer (11/7-(OH)-85,9~-
EET). Thus three products were expected from enzymatic hydroxylation of (+)-8,9-EET by
COX. To assure accurate structural elucidation of the COX products of 8,9-EET by
comparison of the UHPLC retention times and coelution experiments with synthetic
standards, a UHPLC method able to separate diastereomers of 11- and 15-EHET needed to
be developed. The requirement for a method which can separate all isomers of a biological
product is not always met in the scientific literature. However, separation of all isomers is
essential for structural confirmation and, in the absence of such an LC-MS method,
comparing retention times and/or coelution with synthetic standards does not prove the
identity of the biological product.
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Since a total of 8 isomeric products are possible for the hydroxylation reaction of (z)-8,9-
EET with COX enzymes (2 regioisomers x 2 diastereomers x 2 enantiomers), we decided to
perform the determination of absolute stereochemistry in two steps. First, we developed a
LC-MS method able to separate the regioisomers and diasterecisomers of the hydroxylated
products of 8,9-EET then determined the relative stereochemistry of products corresponding
to each chromatographic peak. The question of absolute stereochemistry of the enzymatic
products was then addressed by analyzing separately product mixtures obtained from
reactions of enantiomerically pure 82,95 and 85,9R-EETs with COX enzymes.

Since COX catalyzed enzymatic hydroxylation of (+)-8,9-EET was expected to produce
only three hydroxylated products, an alternative source of both diastereomers of 11- and 15-
EHETSs was needed. Free radical oxidation of (+)-8,9-EET in biomimetic fashion might be
such a source, however the hydrogen atom abstraction at the bisallylic position at C-13
followed by the addition of molecule of oxygen at C-11 or C-15 may give mixture of kinetic
(Z,E) and thermodynamic (£, £) conjugated diene products depending on the hydrogen atom
donor present in the reaction mixture.2223 Thus, an appropriate hydrogen donor/radical
carrier that allows for selective hydrogen abstraction at bisallylic position at C-13 and
trapping of the kinetic Z, £-conjugated diene peroxyls have to be used. Punta et a/. showed
that free radical autoxidation of methyl linoleate in presence of Armethyl-benzohydroxamic
acid (NMBHA) as hydrogen donor/radical carrier lead to exclusive formation of the 9- and
13-trans, cis hydroperoxides.24 Subjection of ()-8,9-EET to this reaction conditions
followed by /n situ hydroperoxide reduction with triphenylphosphine resulted in racemic
mixture of isomeric hydroxy EETs (Scheme 1) in roughly equimolar ratio.

The mixture of eight isomeric EHETS (2 regioisomers x 2 diastereomers x 2 enantiomers)
produced from autoxidation was then used as a standard to optimize the UHPLC conditions
to resolve the diastereomers of both 11- and 15-EHET (Figure S1). Unlike the results from
Zhang et al., which demonstrated a total of three COX products, the enzymatic
hydroxylation of (+)-8,9-EET with both COX-1 and COX-2 isoforms produced four
products. The enzymatic products all had similar retention times to the autoxidation
products, as observed in Figure S2. Furthermore, all enzymatic products had the same
MS/MS spectra as the autoxidation products. Fragmentation patterns of the enzymatic
products at 10.49 and 10.84 min were almost identical to the first two chemically produced
isomeric EHETS, having the characteristic fragment ion /m/z235.1351 resulting from an a-
fragmentation at C15 (see Supporting Information). Observation of this fragment suggests
that they are diastereomeric 15-EHETS. Similarly, the presence of the characteristic
fragment ion /m/z183.1040 is indicative of a-fragmentation at C11, and suggests that the
peaks eluting at 14.88 and 15.33 min are 11-EHETS.

The autoxidation of 8,9-EET produced a mixture having same products as the biological
oxidation of 8,9-EET, based on retention time and MS/MS fragmentation. Here, we present
an alternative individual total synthesis of 11- and 15-EHET regioisomers, for use as
analytical standards for structural elucidation and in /n vivo biological assays to understand
their biological activity.
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Our retrosynthetic analysis of 8R2,95,11R-EHET began with the disconnection of the
conjugated diene giving vinyl iodide 2 and propargylic alcohol 3 as potential precursors
(Scheme 2). Further simplification of the propargylic alcohol 3 via standard functional group
manipulations led to triyne 4 as a possible intermediate. Finally disconnection of the Csp-
Csp? bond as indicated in Scheme 2 revealed known building blocks: methyl 7-
bromohept-2-ynoate 5 and diynol 6.

The synthesis of 8/,9511R-EHET commenced by the construction of the coupling partners
5and 6. Although methyl 7-bromohept-5-ynoate 5 is commercially available it could be
easily prepared from much cheaper hexynoic acid with 53% overall yield in three steps as
shown in Scheme 3. Racemic diynol 6 was obtained by treatment of the
trimethylsilylpropynal with freshly prepared propargylzinc bromide. Lipase-catalyzed
kinetic resolution of the racemic alcohol 6 provided the /R enantiomer of the alcohol 6 in
45% yield and >96% ee. With 5 and 6 in hand the next step was to perform their coupling
under standard copper-catalysis conditions which yielded the triynol 4 in 63% yield.
Selective partial hydrogenation of two sterically unhindered triple bonds in the presence of
Brown catalyst NioB2° resulted in the formation of dienol 8. Stereoselective hydroxyl
directed vanadium-catalyzed epoxidation28 of 8 followed by cleavage of trimethylsilyl group
gave the diastereomeric mixture of epoxyalcohols 3 in 71% overall yield. The
diastereoselectivity of epoxidation of 8 is considerably lower compared to epoxidation of
similar substrates bearing an alkyl substituent instead of alkynyl. This could be explained in
terms of van der Waals repulsive forces between axial substituents for chair-like transition
state proposed by Mihelich er /.26 The van der Waals radius of acetylene carbons (1.7 A) is
considerably smaller compared to the methyl group (2 A) which translates to weaker van der
Waals repulsive forces and consequently a smaller free activation energy difference between
transition states A and B and poorer diastereoselectivity (Figure 1).

For the transformation of 3 into desired EHET methyl ester we exclusively considered
reactions that do not require protection of the hydroxy group present in 3. We first tested the
approach using Heck reaction as a key step. Partial hydrogenation of the terminal alkyne in 3
was performed in presence of the Brown catalyst. Although the over reduction of the
terminal alkyne could not be completely prevented in this case, it was significantly
diminished by shortening reaction times to few minutes. Thus an inseparable mixture of the
allylic alcohol with the over reduced product was then subjected to the Heck reaction with
vinyl iodide 7 under Jeffery conditions?’ to give the desired 8/,95,11R-EHET methyl ester
together with small amounts of #rans-trans diastereoisomer 10. The best yield of pure 9
obtained from this reaction after HPLC purification was 30%. However, high variability in
the reaction yield was noticed when repeating the reaction, which pushed us to look for
alternative approaches.

trans-Hydrosilylation/protodesilylation approach for the synthesis of (£)-olefins28:2° from
corresponding alkynes has gained much attention over the past decade because of extremely
mild reaction conditions and functional group tolerability that allowed for its use in
numerous total syntheses of natural products.30 After establishment of this method in our
laboratory on a model compound (Z)-pentadec-9-en-7-yn-6-ol, its applicability to the
synthesis of 8/,9511R-EHET was tested. Unfortunately, hydrosilylation of the Sonogashira
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product of 3a and 2 followed by protodesilylation of the intermediate with AgF resulted in
formation of the complex mixture containing less than 10% of the desired product 9.

We next turned our attention to the one-pot tandem Pd-catalyzed hydrostannylation/Stille
coupling procedure.3! Surprisingly, the reaction between 3 and 2 under these conditions
yielded a complex mixture of isomeric products in 20% overall yield (conditions are not
shown on the scheme). The NMR analysis of the major product after purification by HPLC
revealed it to be the frans-trans isomer 10 (Scheme 3) rather than the desired #rans-cis
product 9. Complex mixture of products obtained in this reaction is an indicator of poor
regio- and stereoselectivity of the first hydrostannylation step, which can be improved by
using alternative reaction conditions such as described by Darwish et al.32 Poor reaction
yield on the other hand can be improved by using copper-based catalytic systems,33 which
revealed to be superior to palladium based catalysts in multiple cases. Thus
hydrostannylation of 3 under Darwish conditions followed by CuTC mediated Stille
coupling provided diastereomeric mixture of EHET methyl esters 9 in 47 % yield for two
steps. 8R,95,11R-EHET methyl ester 9a and 85,9R,11 R-EHET methyl ester 9b were
separated by preparative reverse phase HPLC.

The retrosynthetic analysis for 8/29515R-EHET is presented by Scheme 4 and begins with
disconnection of the conjugated diene to give known vinyl iodide 1134 and epoxydiyne 12 as
possible precursors. 12 can be further retrosynthetically disconnected to hexynoic acid and
epoxy alcohol 13 that in turn can be traced retrosynthetically to propargyl bromide 14 and
propargyl alcohol as starting materials.

The synthesis of 8/,9515R-EHET began by copper catalyzed coupling between propargyl
bromide 14 and propargyl alcohol to give a diynol intermediate which was partially
hydrogenated to the allylic alcohol 15 in the presence of nickel boride (Scheme 5). Sharpless
asymmetric epoxidation of 15 proceeded smoothly and provided the corresponding
epoxyalcohol in 66% yield and 64% ee. The transformation of 13 into intermediate 12
turned out to be troublesome because the alkylation yield of hexynoyc acid dilithium salt
with the triflate derived from 13 was very sensitive to the THF/HMPA ratio, the sequence of
reagent addition, and the quenching procedure. Moreover, the triflate derived from 13 is
relatively unstable, especially as a solution in THF, and it should be used as soon as
produced. It is also worth mentioning that the formation of hexynoic acid dilithium salt in
the THF/HMPA mixture results in larger quantities of side products and lower yield of the
desired product as compared to the alternative procedure where the same salt is preformed in
pure THF followed by the addition of HMPA. Thus the alkylation of hexynoic acid dilithium
salt with freshly prepared triflate of 13 followed by esterification with trimethylsilyl
diazomethane and cleavage of trimethylsilyl group under basic conditions gave the desired
diyne 12 in 42% overall yield for three steps. Sonogashira coupling between 12 and vinyl
iodide 11 proceeded smoothly at room temperature forming the intermediate 16 which was
further transformed into the final product 82,95,15R-EHET methyl ester by partial
hydrogenation in presence of Brown catalyst.2

Synthesized EHET methyl esters were converted into corresponding free acids by hydrolysis
with either sodium hydroxide or carboxylesterase 2 (CES 2). Synthetic 8/7,95,11R-EHET,
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8S9R,11R-EHET and 8R9515R-EHET have indistinguishable retention times as compared
to the COX metabolites eluting at 14.88, 15.33 and 10.84 min, respectively. Moreover, the
synthetic EHETS co-elute with COX products when injected together, as presented in
Figures S4 and S5. The MS/MS fragmentations between the synthesized products and those
produced from COX enzymes are identical (See supporting information). Overall, the
identical retention times and identical fragmentation patterns between the synthetic 11- and
15-EHET and enzymatically produced EHETS provide strong evidence for regio- and
relative stereochemistry assignment of EHETS corresponding to each chromatographic peak.

To elucidate absolute stereochemistry of the enzymatic products, COX mediated
hydroxylations of enantiomerically pure 87,95 and 85,9 R-EETs were performed separately
(see SI). Since the stereochemistry at epoxide is fixed, only regio- and diastereomeric
products are expected in these reactions. Known absolute stereochemistry at the epoxide
together with determined relative stereochemistry of the products from UHPLC-MS
experiments allow determination of the absolute stereochemistry of each product formed. As
can be seen from the Figure S3, oxygen addition to C11 of the pentadienyl radical inside the
COX active site is highly stereospecific occurring exclusively from the pro-R side. This
result correlates well with literature data on stereoselectivity of the COX oxygenation
reactions.3® On the other hand the stereoselectivity of the oxygen addition to C15 is very
poor. Reaction of 85,9R-EET with the COX-1 enzyme is highly regio- and stereo-selective
producing almost exclusively 85,9/,11R-EHET, while hydroxylation of 8/R9SEET results
in the formation of 8/2,95,11R-EHET as a major product together with smaller but similar
amounts of the 82,95, 15R-EHET and 8/7,95,155-EHET isomers. Similarly, enzymatic
hydroxylation by COX-2 of 85,9R-EET is more regioselective compared to 8/, 9S-EET,
however, unlike the reaction with the COX-1 enzyme, formation of the noticeable amounts
of 859K, 15R-EHET and 85,9R,155-EHET was observed in this case.

Conclusions

In summary, we synthesized a mixture of all eight 11- and 15-EHETS through biomimetic
free radical autoxidation of (+)-8,9-EET. An optimized UHPLC method has been developed
for the separation of the diastereomeric mixtures of 8,9,11-EHET and 8,9,15-EHET. To
determine relative stereochemistry of the EHET products within each chromatographic peak
a short and easy synthetic approach toward 8/2,95,11R-EHET, 859~ 11R-EHET and 8R,935,
15R-EHET was developed. Analysis of the COX hydroxylation products obtained from
enantiomerically pure 8,9-EETs with optimized LC-MS/MS method revealed that while
hydroxylation at C11 is highly stereoselective, poor stereoselctivity is observed for the
hydroxylation at C15 center. Both COX-1 and COX-2 enzymes have preference for
hydroxylation of 8,9-EETSs at C11 position with reaction being more regioselective for 85,
9R-EET enantiomer. The identity of the biological and autoxidation products formed from
8,9-EET and synthetic EHETSs was unambiguously supported by comparison of the retention
times, fragmentation patterns and co-elution experiments. The biological roles of EHETS are
currently under investigation in our laboratory.38
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Radical biomimetic oxidation of (+)-8,9-EET produce all 8 isomeric EHETs
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2) 2, Pd(OAc),, Cs,CO3,

EtzN, TBAB, <30% =

or Xy
1) 2, Et3N, Pd(PPh3),Cl,, Cul, 86% g

2) (Et0)38|H, [Cp'RU(MeCN)&]PFB HO 9a 8R,98,11R,14Z‘i50mer
9b 8S,9R,11R, 14Z-isomer

10 8R,9S,11R,14E-isomer

3) AgF, <10%

Scheme 3.
Synthesis of 8/,95,11R- and 859R,11R-EHET methyl esters
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2) KoCO43, MeOH, rt, quant.
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=
OH 1
o nucleophylic substitution
§— CO;Me

[ g—
J
.

Sonogashira 1b

12

U

\\:‘\ \/ <: \/i\/OH

13

Scheme 4.
Retrosynthetic analysis for 8/29S515R-EHET
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Scheme5.

1) HCCCH,0H, Cs,CO05, (-)-DET, Ti(OiPr),,

Nal, Cul, DMF, tt, 62% =M BuOOH, Ms 4A, .
14 = —_—
2)NijB, EDA, EtOH, 90%  \—_1pmg  CHCl, 66%

15
1) T,0, EtzN, CH,Cly;
2) 7, BuLi, THF/HMPA, o 11, EtsN,
TMSCHN,; R = — CO,Me  Pd(PPh;),Cl,,
3) K,CO3, MeOH, 42% <:\/—\H; Cul, 86%
— 12

%

— CO,Me

OH
17

Synthesis of 8/,95,15R-EHET methyl ester
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