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Lipoxin A4 (LXA4) is a structurally and functionally distinct natural product called an eicosanoid,
which displays immunomodulatory and anti-inflammatory activity but is rapidly metabolized
to inactive catabolites in vivo. A previously described analogue of LXA4, methyl (5R,6R,7E,9E,-
11Z,13E,15S)-16-(4-fluorophenoxy)-5,6,15-trihydroxy-7,9,11,13-hexadecatetraenoate (2, ATLa),
was shown to have a poor pharmacokinetic profile after both oral and intravenous administra-
tion, as well as sensitivity to acid and light. The chemical stability of the corresponding E,E,E-
trien-11-yne analogue, 3, was improved over 2 without loss of efficacy in the mouse air pouch
model of inflammation. Careful analysis of the plasma samples from the pharmacokinetic assays
for both 2 and 3 identified a previously undetected metabolite, which is consistent with
metabolism by â-oxidation. The formation of the oxidative metabolites was eliminated with
the corresponding 3-oxatetraene, 4, and the 3-oxatrien-11-yne, 5, analogues of 2. Evaluation
of 3-oxa analogues 4 and 5 in calcium ionophore-induced acute skin inflammation model
demonstrated similar topical potency and efficacy compared to 2. The 3-oxatrien-11-yne
analogue, 5, is equipotent to 2 in an animal model of inflammation but has enhanced metabolic
and chemical stability and a greatly improved pharmacokinetic profile.

Introduction

Lipoxins are a structurally and functionally distinct
class of natural products called eicosanoids, which play
a key role in inflammation. Arachidonate-derived lipid
mediators such as prostaglandins or leukotrienes are
involved in the initiation and maintenance of inflam-
matory responses and are proinflammatory; however,
lipoxins are involved in the regulation and resolution
of inflammation and are anti-inflammatory.1 Since
lipoxin A4 (1, LXA4, Figure 1) was reported in 1984,2
the trihydroxytetraene structure has attracted the
attention of synthetic chemists, as seen in a number of
reported syntheses.3-6 The potent anti-inflammatory
and immunomodulatory activity of LXA4 has attracted
the attention of researchers for use as a treatment of
allergic asthma,7 T cell-mediated dermatoses, and in-
flammatory bowel diseases and as a gastroprotective
agent.8 Development of LXA4, however, has been limited
by its metabolic and chemical instability.

The metabolic instability of the natural product,
LXA4, is the result of a series of steps initiated by the
rapid oxidation of the 15(S) alcohol by prostaglandin
dehydrogenase (PGDH) to form inactive catabolites, as
15-oxo-LXA4 and 13,14-dihydro-LXA4.9 The initial de-

sign of metabolically stable LXA4 analogues focused on
identifying poor substrates for PGDH,10 which main-
tained potency in in vitro assays. The discovery that 15-
epi-LXA4, or aspirin-triggered LXA4, was equipotent in
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Figure 1. Lipoxin A4 and analogues.
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in vitro assays to LXA4 but was a poorer substrate for
PGDH provided support for the potential novel analogue
design. Several structural elements were combined in
2, methyl (5R,6R,7E,9E,11Z,13E,15S)-16-(4-fluorophen-
oxy)-5,6,15-trihydroxy-7,9,11,13-hexadecatetraenoate
(15-epi-16-(p-fluoro)phenoxy-LXA4, ATLa, ATLa2), which
has enhanced metabolic stability and was selected for
scale-up and further testing. The potent anti-inflam-
matory and immunomodulatory properties of 2 were
demonstrated in a series of in vivo models, including
an allergic airway inflammation model,11 a T-cell-
dependent skin inflammation model,12 a dextran sulfate
(DSS) induced colitis model,13 and an adaptive im-
munity model with 5-LO knockout mice.14 Taken to-
gether, these studies provide evidence that 2 can
directly or indirectly modulate T cell effector function
in the setting of Th1- and Th2-dependent inflammation
and adaptive immunity.

Although 2 has enhanced metabolic stability over
LXA4 in vivo, 2 is reported to be cleared within 15 min
after intravenous injection in the mouse.15 In addition,
2 shares the same trihydroxytetraene structure with
LXA4 and, therefore, has the same chemical stability
issues, light and acid sensitivity. LXA4 isomerizes to a
mixture of double bond isomers including the corre-
sponding E,E,E,E- or 11-trans-LXA4 in the presence of
light and decomposes to a mixture of products in the
presence of strong acid. To circumvent the metabolic and
chemical stability issues, we explored simple replace-
ments for the E,E,Z,E-tetraene unit that would main-
tain potency. Herein, we describe the results of our effort
to identify analogues of 2 that have increased metabolic
and chemical stability, improved pharmacokinetics, and
anti-inflammatory activity in vivo, which led to the
discovery of 5.

Chemistry

The structure of 2 and 3 can be characterized as a
linear chain of 16 carbons in which all but three carbon
atoms are either unsaturated or substituted with oxy-
gen. The 3-oxa analogues 4 and 5 differ in that all of
the carbon atoms in the chain are either unsaturated
or substituted with oxygen. As in the reported synthesis
of 2,16 the retrosynthetic analysis of the lipoxin ana-
logues is based on the Nicolaou synthesis of lipoxin A4

(1) and is shown in Scheme 1.17 This convergent
approach divides the molecule into three parts: an
enyne Wittig reagent (13),18 an aldehyde (11 or 12), and
a vinyl bromide unit (17). The stereochemistry at C5
and C6 is set with the starting sugar, 15 or 16, and the
stereochemistry at C15 is set by a chiral reduction. The
geometry of the C9-C10 double bond is established with
starting E-pentenynol, 14. The geometry of the C13-
C14 double bond is set by reduction of an acetylenic
alcohol (Scheme 2). The geometry of the C7-C8 and
C11-C12 double bonds is set during the synthesis.

Preparation of the vinyl bromide intermediate is
shown in Scheme 2. Weinreb amide 19 was prepared
from 4-fluorophenoxyacetic acid, 18, through the cor-
responding acid chloride. Treatment of amide 19 with
lithium acetylide gave ketone 20, which was reduced
with the chiral reducing agent R-Alpine-Borane.19 Al-
though the enantiomeric excess of 21 was typically in
the 60-70% range, material having >98% ee was
obtained by recrystallization of the corresponding dini-
trobenzoyl derivative (22). Hydrolysis of the dinitroben-
zoyl ester followed by bromination of the acetylene with
N-bromosuccinimide and silver nitrate gave the acetyl-
enic bromide 23.20 Reduction of the acetylenic bromide

Scheme 1. Retrosynthetic Analysis of Lipoxin Analogues
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with a lithium aluminum hydride/aluminum chloride
mixture gave the desired E-vinyl bromide 17.21

Lipoxin analogues 2 and 3 were prepared from
deoxyribose 15 via dienyne 9 using a procedure de-
scribed earlier16 (Scheme 1). Sonogashira coupling of
dienyne 9 and vinyl bromide 17 gave the complete
carbon skeleton as the trienyne 7.17 Hydrolysis of the
isopropylidene ketal under acidic conditions and methyl
ester under basic conditions gave 3. The relatively good
acid stability of the trien-11-yne unit was demonstrated
by the treatment of 7 with 1 N HCl needed to cleave
the ketal protecting group in good yield. Treatment of
deketalized 7 with activated zinc using the Boland
procedure22 gave 2.

Introduction of the 3-oxa group into the dienyne unit,
10, was accomplished as outlined in Scheme 3. Cyclo-
hexylidene ketal, 24, prepared from rhamnose, 16,23 was
reduced with sodium borohydride to triol 25. Selective
O-alkylation of the primary hydroxyl group using phase-
transfer conditions and tert-butyl bromoacetate gave
ether 26. The desired aldehyde, 12, was prepared by
oxidative cleavage of 26 using sodium metaperiodate.
Coupling of 12 and 13 yielded dienyne, 27, as a mixture
of E,E and E,Z isomers (Scheme 4). Iodine-catalyzed
isomerization to the E,E-dienyne 27 and removal of the
trimethylsilyl protecting group gave intermediate 10.
Palladium-catalyzed Sonogashira coupling of 10 and 17
followed by hydrolysis of the cyclohexylidene ketal gave
the corresponding tert-butyl ester 28. As in the case of
esters of 3, the trienyne unit was stable to acid over a
24 h period required to cleave the ketal. Base-catalyzed
ester hydrolysis gave 5. Reduction of 28 with activated
zinc22 gave the E,E,Z,E-tetraene and subsequent ester
hydrolysis yielded 4.

Identification of Metabolite

Since the report15 that 2 is cleared from the mouse
within 15 min after intravenous injection, using a dose
of 2 µg per mouse, the pharmacokinetic parameters of
2 and related analogues were evaluated in the rat at a
dose of 5 mg/kg (about 1 mg per rat). The results are
shown in Table 1. Evaluation of the pharmacokinetic
parameters of 2 in the rat was complicated by the rapid
hydrolysis of the methyl ester in rat plasma to the
corresponding carboxylic acid, 29 (see Figure 2). The

Scheme 2. Preparation of Vinyl Bromide 17a

a (a) (COCl)2, DMF, ether; (b) MeON(H)Me‚HCl, sat. K2CO3(aq), EtOAc, 0 °C, 73% from 18; (c) HCCMgBr, THF, 40 min, 91%; (d) R-Alpine-
Borane, 97% (e) 3,5-dinitrobenzoyl chloride, TEA, DMAP, CH2Cl2, 0 °C, 1-2 h, followed by recrystallization, 54%; (f) K2CO3, MeOH,
THF, 3.5 h, 80%; (g) NBS, AgNO3, acetone, 99%; (h) AlCl3, LiAlH4, ether, 81%.

Scheme 3. Synthesis of Aldehyde 12 from Rhaminosea

a (a) H2SO4, Cu(II)SO4, cyclohexanone, room temp, 16 h, 57%;
(b) NaBH4, MeOH, 3 h, room temp, 88%; (c) toluene, 25% NaOH(aq),
Bu4N, HSO4, tBu bromoacetate, 44%; (d) H2O, acetone, NaIO4,
92%.

Scheme 4. Synthesis of 3-oxa-lipoxin Analoguesa

a (a) BuLi, THF, 30-0 °C, 3 h; (b) I2, CH2Cl2, 1 h, 49% from 12; (c) TBAF, THF, 99%; (d) (Ph3P)4, Et2NH, CuI, THF, 17, 50%; (e) AcOH,
H2O, EtOAc, 58%; (f) Zn, AgNO3, Cu(II)(OAc)2, MeOH, H2O; (g) NaOH, H2O, MeOH.
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calculated phamacokinetic parameters for 2 listed in
Table 1 were obtained by dosing 2 but analyzing the
plasma samples for 29. The half-life of 2 and 29 were
about 15 min, in agreement with the data reported in
mice.15 Careful analysis of the plasma samples indicated
the presence of a metabolite, which had a molecular
weight 2 mass units lower than that of 29. Since
compound 2 was designed to minimize all the known
major metabolic routes, the identification of a new
metabolite by LC/MS-MS was unexpected. The UV
spectra of both 29 and the metabolite were identical,
which is consistent with an intact E,E,Z,E-tetraene
chromaphore9 and minimal structural modification. Two
structures were consistent with the data: 30 and 31 (see
Figure 2). Since the metabolite was stable to treatment
with sodium borodeuteride in methanol, the 5-oxo
structure, 31, could be ruled out and the structure of
the metabolite was assigned as the 2,3-dehydro ana-
logue 30. Attempts to isolate 30 from in vitro metabo-
lism studies, such as liver microsomes, for a more
complete structural determination were unsuccessful.
By analogy to lipid metabolism in the prostaglandin24,25

and leukotriene26 fields, we propose that 30 would be
formed as the first step in the â-oxidation of 2. Consis-
tent with the proposal, the corresponding 2-mass-unit-
lower metabolite was observed during a pharmacoki-
netic assay of 3 in rats but not in 3-oxa analogues 4
and 5, which were designed to eliminate this pathway.27

The phamacokinetic parameters for tetraene analogue
2 is characterized by rapid clearance and relatively short
half-lives after both oral gavage (po) and intravenous
injection (iv). The corresponding trienyne analogue, 3,
had similar properties after iv administration but a
significantly better effective half-life after oral admin-
istration. The elimination of the â-oxidation pathway
had a minimal impact on the pharmacokinetic profile

of 4 compared with 2, 29, or 3. In contrast, trienyne 5
had a significantly improved half-life and a significantly
reduced clearance after both po and iv dosing in the rat.
The similar F values in the rat for 2 and 5 hide the
improved pharmacokinetic parameters of 5 as deter-
mined by the area under the curve value, AUCall after
iv dosing. Comparison of the corresponding pharmaco-
kinetic parameters for 2 and 5 in the dog after iv dosing
(2 mg/kg) are complicated by the incomplete ester
hydrolysis of 2. Comparison of the pharmacokinetic
parameters for 5 in the dog versus the rat shows a slight
increase in the iv half-life from 2.3 to 2.7 h (2 mg/kg)
and a slight increase in the po half-life from 2.2 to 3.2
h (2 mg/kg). Similar improvements in Cmax and Tmax
values after oral dosing increased the F value for 5 in
the dog to 40.

In Vivo Models of Inflammation. Analogue 2 has
been shown to be efficacious in the TNFR-induced
murine dorsal air pouch model, which is an acute
experimental model of inflammation.28-30 The model is
characterized by cellular infiltration into a localized
area, i.e., air pouches raised on the dorsal area of mice.
Once the air pouch is established and stabilized, an
injection of TNF-R induces a temporal infiltration of
inflammatory cells into the air pouch. The infiltrate is
predominantly composed of proinflammatory neutro-
phils but also contains eosinophils and smaller numbers
of mononuclear cells (monocytes and T- and B-lympho-
cytes). Four hours after injection of the compound and
TNF-R, the cells were harvested from the air pouch for
enumeration and differential count analysis. As seen in
Figure 3, compounds 2 and 3 showed a significant
decrease in the total number of cells and neutrophils
infiltrating into the air pouches at similar doses of 10
ng/pouch compared with vehicle-treated mice.

Topical efficacy for native LXA4, 1, and 2 has been
demonstrated in several models of skin inflammation.12

The calcium ionophore model was chosen to compare
3-oxa analogues 4 and 5 with 2. In this model, calcium
ionophore A-23187 with or without anti-inflammatory
agents is applied topically to the ears of a mouse, which
induces acute inflammation with edema and granulo-

Figure 2. Proposed metabolites of 2.

Table 1. Pharmacokinetic Data in the Rat after iv (n ) 3, 3
mg/kg) and po (n ) 3, 5 mg/kg) Dosing

iv po

compd T1/2, h
Cl,

(mL/mg)/kg
AUCall,

(h‚µg)/mL T1/2, h Cmax Tmax, h F, %

2 0.3 51 1.0 0.5 0.2 0.5 12
29 0.2 28 1.8 1.1 0.3 1.0 13
3 0.1 58 0.9 1.8 0.2 0.5 28
4 1.3 50 1.0 1.1 0.04 0.5 4
5 2.3 7 7.0 2.2 0.4 1.3 14

Figure 3. Tetraene and trienyne lipoxin analogues are both
anti-inflammatory in vivo. Analogues 2 and 3 were tested for
local anti-inflammatory effects in the murine dorsal air pouch
model of TNF-induced inflammation, as described in “Experi-
mental Section” and ref 29. The figure shows the effect of 10
ng of locally delivered analogues on total leukocyte (grey bars)
and neutrophil (black bars) cell counts in the pouch exudate 4
h following TNF administration. A robust and similar inhibi-
tory effect (∼50%) on TNF-induced leukocyte trafficking into
the pouch was observed for 2 and 3. Data are the mean ( SEM
from N ) 20 mice: (/) p < 0.05 versus vehicle; (//) p < 0.05
versus TNF.
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cyte infiltration that peaks at approximately 24 h. The
extent of granulocyte infiltration was determined using
the peroxidase assay. Elastase activity was used as a
measure of neutrophil infiltration. Anti-inflammatory
effects of a given compound were defined as inhibition
of edema formation (Figure 4A), peroxidase acitivity
(Figure 4B), and elastase activity (Figure 4C). The data
shown in Figure 4 clearly show that 2, 4, and 5 inhibited
edema formation and neutrophil and granulocyte infil-
tration in a dose-dependent manner. In addition, neu-
trophil and granulocyte infiltration was completely

inhibited at the highest dose tested (600 µg/cm2). The
IC50 for 4 and 5 on all three topical efficacy parameters
was <300 µg/cm2.

Conclusion
The natural product, lipoxin A4, has immunomodu-

latory and anti-inflammatory activity but is rapidly
metabolized to inactive catabolites in vivo. Chemically
and metabolically stable LXA4 analogues of 2, which are
equipotent in animal models of inflammation, have been
reported. The synthesis of the trienyne and tetraene

Figure 4. 3-Oxa-lipoxin analogues are potent topical anti-inflammatory agents. Acute mouse ear skin inflammation was induced
by topical application of 0.1% w/v calcium ionophore in isopropylmyristate, as described in “Experimental Section” and ref 12.
Inflammation was measured after 24 h. Data for vehicle control (open bars), ionophore control (black bars), and treatment by
topical coapplication of 5 (gray bars), 4 (gray hashed bars), and the positive control 2 (stippled bars) are shown at doses of 100,
300, and 600 µg/cm2. Dose-dependent anti-inflammatory effects were observed on edema (ear weight, panel A), total leukocyte
infiltration (peroxidase activity, panel B), and neutrophil infiltration (elastase activity, panel C). ED50 was <300 µg/cm2 for 5 and
4 on all endpoints. Data are the mean ( SEM with N ) 8-to 10 mice for all groups, except N ) 5 for 600 µg/cm2 dose of 2: (/)
p < 0.05 versus ionophore control.
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analogues is described in both the carbon and 3-oxa
series. In the carbon series, we demonstrated that the
tetraene unit is not needed for efficacy in the air pouch
model of inflammation. On the basis of the identification
of a new metabolic route for 2, the â-oxidation-resistant
3-oxa series was developed (trienyne, 5, and tetraene,
4) with anti-inflammatory activity comparable to that
of 2 in cutaneous inflammation. On the basis of the
increased acid, metabolic, and UV stability, equivalent
anti-inflammatory activity, improved pharmacokinetic
parameters, and ease of synthesis, 5 has pharmaceutical
properties suitable for clinical development. Taken
together, the results provide new insights on the in vivo
catabolism of lipoxins and structure-activity relation-
ships essential for in vivo actions. The 3-oxa-based
lipoxin A4 analogues provide superior pharmacophores
with which to explore preclinical and clinical concepts
in immunomodulation.

Experimental Section

All starting materials not described below were purchased
from commercial sources. All reagents and solvents were used
as received from commercial sources without additional pu-
rification. Elemental analyses were performed by Robertson
Microlit Laboratories (Madison, NJ), and results were within
(0.4% of the calculated values. Proton NMR spectra were
recorded with a Varian XL-300 spectrometer at 400 MHz
proton and were consistent with the assigned structures.
Carbon-13 NMR spectra at 100 and 125 MHz were obtained
on a Varian XL-300 spectrometer and the Bruker Avance 500
spectrometer. HPLC was performed with a Rainin SD-1
Dynamax system and a C-18 reverse-phase Dynamax 60A
column using a gradient of methanol (0.1% TFA) or acetonitrile
(0.1% TFA) in water (0.1% TFA). The enantiomeric excess of
21 was determined by HPLC analysis on the corresponding
dinitrobenzoate, 22, using a Diacel Chiralpak AD (4.6 mm ×
250 mm, 60% 2-propanol/hexane, 1 mL/min), which separates
the (R) (11.5 min) and the (S) (19.3 min) enantiomers.

Identification of the Metabolite of 2. Since 2 is rapidly
metabolized in plasma to the corresponding acid 29, the
standard analytical protocol for analysis of 2 in biological
samples was developed for 29. Analytical quantification was
carried out using LXA4 as an internal standard using a C18
column (Waters XTerra RP18, 5 µm, 2.1 mm × 50 mm) and a
10-80% “A” in “B” gradient over 2 min (6 min total run time).
Solvent “A” was water with 0.1% formic acid, and solvent “B”
was acetonitrile with 0.1% formic acid. The MS-MS method
monitored the m/e ) 403-111 (negative ionization conditions).

N-Methoxy-N-methyl-2-(4-fluorophenoxy)ethan-
amide (19). Oxalyl chloride (60 mL, 686 mmol) and a catalytic
amount of dimethylformamide were added to a stirred suspen-
sion of 2-(4-fluorophenoxy)ethanoic acid (18, 97.3 g, 572 mmol)
in dichloromethane (500 mL). After 22 h, the mixture was
concentrated under vacuum to obtain 108 g of the correspond-
ing acid chloride as a yellow oil in quantitative yield: 1H NMR
(CDCl3) δ 4.90 (s, 2H), 6.84 (m, 2H), 6.99 (m, 2H) ppm. The
residue was added slowly to a stirred suspension of N,O-
dimethylhydroxylamine hydrochloride (55.80 g, 572 mmol) in
saturated potassium carbonate and ethyl acetate (375 mL). A
moderately exothermic reaction occurred. After 20 min, the
reaction mixture was partitioned between water and ether.
The ether layer was washed with 1 M hydrochloric acid and
saturated sodium chloride, dried over magnesium sulfate, and
concentrated under vacuum to give 19 as an off-white crystal-
line solid, 113.05 g (73% yield from starting acid): 1H NMR
(CDCl3 ,400 mHz) δ 3.21 (s, 3H), 3.73 (s, 3H), 4.75 (s, 2H),
6.87 (m, 2H), 6.95 (m, 2H) ppm.

4-(4-Fluorophenoxy)-1-butyn-3-one (20). A solution of 19
(20.00 g, 74 mmol) in THF (100 mL) was cooled in an ice bath
as a solution of ethynylmagnesium bromide (0.5 M in THF,
508 mL, 254 mmol) was added. After an additional 30 min at
0 °C, the reaction mixture was poured into a vigorously stirred
mixture of 1 M NaH2SO4 (1700 mL) and ether (1 L). The layers
were separated, and the aqueous layer was then extracted with
ether (700 mL). The combined organic phases were washed
with brine and dried over MgSO4, filtered, and concentrated
under vacuum. The residue was purified by eluting through a
plug of silica gel (10 cm × 3 cm) with 1:4 ether/petroleum ether
to afford 27.65 g (91% yield) as a low-melting solid: 1H NMR
(CDCl3) δ 3.40 (s, 1H), 4.70 (s, 2H), 6.85 (m, 2H), 7.0 (t, 2H)
ppm.

(3S)-4-(4-Fluorophenoxy)-3-hydroxy-1-butyne (21). A
solution of R-Alpine-Borane (0.5 M in THF, 930 mL, 465 mmol)
was evaporated to dryness under vacuum to give about 150 g
of a thick syrup. Neat 20 (27.6 g, 155 mmol) was added, and
the reaction mixture was stirred for 2 days. The reaction
mixture was cooled to 0 °C, and acetaldehyde (26 mL, 465
mmol) was added to quench the excess reagent. After being
stirred at ambient temperature for 2 h, the reaction mixture
was placed under vacuum and stirred first at 0 °C for 1 h,
then at 65 °C for 2 h. The reaction mixture was cooled to
ambient temperature, and ether (300 mL) was added under
nitrogen. Ethanolamine (30 mL, 465 mmol) was added drop-
wise at 0 °C, and the resulting reaction mixture was stored in
the freezer overnight. The resulting precipitate was removed
by filtration and washed with cold ether. The combined
filtrates were concentrated under vacuum. Purification by
flash chromatography on a 2.5 L column using a 10-25%
gradient of ethyl acetate in hexane gave 27 g (97%): 1H NMR
(CDCl3) δ 2.56 (s, 1H), 4.10 (m, 2H), 4.78 (m, 1H), 6.85 (m,
2H), 7.0 (m, 2H). This material was determined to be about
64% ee based on chiral HPLC of its 3,5-dinitrobenzoyl ester.
To a solution of 21 (about 490 mmol) in methylene chloride (1
L) was added, between -5 and 0 °C, 3,5-dinitrobenzoyl chloride
(125 g, 539 mmol), followed by slow addition of triethylamine
(10.8 mL, 77 mmol) and a catalytic amount of (dimethylamino)-
pyridine (20 mg). After being stirred for 40 min, the reaction
mixture was cautiously partitioned between methylene chlo-
ride and aqueous sodium bicarbonate. The aqueous layer was
extracted with dichloromethane. The combined organic layers
were washed with water and brine, dried over Na2SO4, filtered
through a pad of silica gel, and concentrated to give a tan solid.
Rapid recrystallization from a 99:1 mixture of methanol/acetic
acid (5 L) gave 101 g (54%) of the enantiomerically enriched
product as fluffy white needles. This material was determined
to have >98% ee by HPLC: 1H NMR (CDCl3) δ 2.65 (s, 1H),
4.40 (m, 2H), 6.05 (m, 1H), 6.90 (m, 2H), 7.0 (t, 2H), 9.15 (s,
2H), 9.25 (s, 1H) ppm. To a solution of 22 (10.35 g, 98% ee,
27.6 mmol) in THF (115 mL), was added methanol (115 mL)
and potassium carbonate (0.58 g). After being stirred for 3.5
h, the reaction mixture was quenched with acetic acid (2 mL).
The solvents were evaporated. The resulting slurry was
filtered, and the solid was washed with ether. The filtrate was
concentrated, and the filtration/ether wash sequence was
repeated to give 4.02 g (80%): 1H NMR (CDCl3) δ 2.56 (s, 1H),
4.10 (m, 2H), 4.78 (m, 1H), 6.85 (m, 2H), 7.0 (m, 2H).

(3S)-1-Bromo-4-(4-fluorophenoxy)-3-hydroxy-1-bu-
tyne (23). A mixture of 21 (2.5 g, 14 mmol), N-bromosuccin-
imide (2.74 g, 15.4 mmol), and silver nitrate (0.12 g, 0.7 mmol)
in acetone (70 mL) was stirred at ambient temperature. The
pale solution became cloudy over 30 min. The mixture was
concentrated. Filtration through a plug of silica gel, eluting
with 20% ethyl acetate in hexane, gave 3.6 g (99%) of a pale-
yellow oil: 1H NMR (CDCl3) δ 3.95-4.15 (m, 2H), 4.75 (m, 1H),
6.86 (m, 2H), 6.97 (m, 2H) ppm.

(1E,3S)-1-Bromo-4-(4-fluorophenoxy)-3-hydroxy-1-
butene (17). Aluminum chloride (2.79 g, 21 mmol) was added
in portions to a mixture of lithium aluminum hydride (1.06 g,
28 mmol) in ether (70 mL). A solution of 23 (3.6 g) in ether
(10 mL) was added cautiously. A vigorous reaction with
evolution of hydrogen gas was observed. The mixture was
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warmed to reflux in a water bath for 30 min. The reaction
mixture was cooled to 0 °C and treated sequentially with 2.8
mL of water, 2.8 mL of 15% NaOH, and 8.4 mL of water. The
resulting suspension was stirred for 10 min and filtered, and
the solids were washed with THF and ether. The filtrate was
concentrated to afford 2.94 g (81%): 1H NMR (CDCl3) δ 2.41
(t, 1H), 3.85 (dd, 1H), 3.99 (dd, 1H), 4.50 (m, 1H), 6.31 (dd,
1H), 6.52 (dd, 1H), 6.83 (m, 2H), 6.97 (t, 2H) ppm.

(2R,3R)-3-(1,2-Dihydroxypropyl)-1,4-dioxaspiro[4,5]-
decane-2-carboxaldehyde (24). Rhamnose hydrate (100 g,
0.55 mol) was converted into 92.3 g (0.31 mol, 57%) of
cyclohexylidene ketal as described earlier:23 [R]D +0.46 (10.49
mg/cc, MeOH); 1H NMR (CDCl3) δ 1.34 (d, 3H), 1.40 (m, 2H),
1.6 (m, 8H), 2.78 (d, 1H), 3.0 (s, 1H), 3.9 (m, 1H), 4.07 (m, 1H),
4.6 (d, 1H), 4.9 (m, 1H), 5.4 (s, 1H) ppm. Anal. (C12H20O5‚
0.5C6H10O1) C, H.

(2R,3S)-r2-(1-Hydroxyethyl)-1,4-dioxaspiro[4,5]decane-
2,3-dimethanol (25). A slurry of sodium borohydride (34.2
g, 0.9 mol) in methanol (400 mL) was cooled in an ice bath
and treated with a solution of 24 (92 g, 0.27 mol) in methanol
(200 mL). The reaction mixture was stirred for about 4 h before
the addition of acetic acid to adjust the pH to about 6 (about
120 mL). The reaction mixture was filtered. The filtrate was
concentrated to give a slightly yellow viscous oil. Treatment
of an ether solution with hexane gave 81.2 g (88%) of an off-
white solid after drying: 1H NMR (CD3OD) δ 1.28 (d, 3H), 1.43
(m, 2H), 1.7 (m, 8H), 3.42 (dd, 1H), 3.7 (m, 3H), 4.25 (m, 1H),
4.42 (dd, 1H) ppm.

1,1-Dimethylethyl [[(2S,3R)-3-(1,3-Dihydroxypropyl)-
1,4-dioxaspiro[4,5]dec-2-yl]methoxy]acetate (26). A mix-
ture of 25 (81 g, 0.32 mol) and tert-butyl bromoacetate (77 g,
0.39 mol, 1.2 equiv) in 1 L of toluene and 80 mL of aqueous
sodium hydroxide (25 wt %) was stirred as tetrabutylammo-
nium sulfate (7.8 g, 23 mmol, 0.07 equiv) was added. After
about 16 h, the reaction mixture was diluted with ethyl acetate
and saturated aqueous monobasic potassium phosphate. The
combined organic layers were dried and concentrated to give
a clear oil. Purification on silica gel using a step gradient of
ether in hexane (20-50%) gave 50.8 g (44%) of an oil: [R]D

+8.59 (10.30 mg/cc, MeOH); 1H NMR (CDCl3) δ 1.24 (d, 3H),
1.35 (m, 2H), 1.47 (s, 9H), 1.6 (m, 8H), 3.6 (m, 2H), 3.8 (m,
2H), 3.95 (m, 2H), 4.32 (m, 1H), 4.4 (m, 1H) ppm. Anal.
(C18H32O7‚0.2H2O) C, H.

1,1-Dimethylethyl [[(2S,3S)-3-Formyl-1,4-dioxaspiro-
[4,5]dec-2-yl]methoxy]acetate (12). A solution of 26 (50 g,
138 mmol) in acetone (350 mL) was treated with a solution of
periodate (50 g, 235 mmol, 1.7 equiv) in water (1.2 L). After
about 4 h, solvent was removed by distillation and the residue
was extracted with ethyl acetate (3 × 500 mL). The combined
organic layers were dried and concentrated under reduced
pressure without heating to give 40 g (92%) of a clear oil: [R]D

-1.14 (10.15 mg/cc, MeOH); 1H NMR (CDCl3) δ 1.38 (m, 2H),
1.42 (s, 9H), 1.61 (m, 8H), 1.73 (m, 2H), 3.52 (dd, 1H), 3.72
(dd, 1H), 3.88 (s, 2H), 4.38 (dd, 1H), 4.52 (m, 1H), 9.62 (s, 1H)
ppm. Anal. (C16H26O6) C, H.

1,1-Dimethylethyl [[(2S,3R)-3-[(1E,3E)-6-(Trimethylsi-
lyl)-1,3-hexadien-5-ynyl]-1,4-dioxaspiro[4,5]dec-2-yl]-
methoxy]ethanoate (27). A slurry of phosphonium salt (13,
67.1 g, 0.14 mol) in THF (875 mL) was stirred under nitrogen,
cooled in a dry ice acetonitrile bath (-30 °C internal), and
treated with a solution of nBuLi (66.5 mL, 0.133 mol, 2 M in
hexane) via dropwise addition. The reaction mixture was
allowed to warm to about 0 °C, then cooled back to about -30
°C. The reaction mixture was treated with a solution of 12
(40 g, 0.127 mol) in 125 mL of THF. After 1 h, the reaction
was diluted with saturated potassium phosphate (pH 5). The
aqueous layer was washed with ether (3×). The combined
organic layers were washed with water and brine, dried, and
concentrated. Impurities were precipitated from an ether
solution with hexane. The concentration of the filtrate gave
50.29 g of a 2:1 mixture of E,Z to E,E isomers by NMR
analysis. Z,E isomer: 1H NMR (CDCl3) δ 0.15 (s, 9H), 1.3 (m,
2H), 1.4 (s, 9H), 1.6 (m, 8H), 3.45 (m, 2H), 3.92 (m, 2H), 4.34

(m, 1H), 5.02 (m, 1H), 5.48 (dd, 1H), 5.6 (d, 1H), 6.16 (dd, 1H),
6.82 (dd, 1H) ppm. The residue was dissolved in methylene
chloride (400 mL) and was treated with iodine until a red color
persisted. After about 1 h, the reaction mixture was treated
with an aqueous solution of sodium hydrosulfite, dried, filtered,
and concentrated. Purification by chromatography on silica gel
using using a gradient of ether in hexane gave 27.8 g (49%) of
the desired product: [R]D -19.10 (10.88 mg/cc, MeOH); 1H
NMR (CDCl3) δ 0.15 (s, 9H), 1.3 (m, 2H), 1.4 (s, 9H), 1.6 (m,
8H), 3.45 (m, 2H), 3.92 (m, 2H), 4.34 (m, 1H), 4.62 (m, 1H),
5.54 (d, 1H), 5.72 (dd, 1H), 6.26 (dd, 1H), 6.56 (dd, 1H) ppm.
Anal. (C24H38SiO5‚0.4H2O) C, H.

1,1-Dimethylethyl [[(2S,3R)-3-[(1E,3E)-1,3-Hexadien-5-
ynyl]-1,4-dioxaspiro[4,5]dec-2-yl]methoxy]ethanoate (10).
A solution of 27 (27.8 g, 63 mmol) in THF (25 mL) was cooled
in an ice bath and treated with a solution of tetrabutylammo-
nium fluoride in THF (71 mL, 71 mmol, 1 M in THF). After
about 1 h, the reaction mixture was diluted with saturated
aqueous monobasic potassium phosphate and ether. The
aqueous layer was washed with ether (2×). The combined
organic layers were washed with saturated aqueous monobasic
potassium phosphate solution and brine solution, dried, and
concentrated to give 23.4 g (99%) of an oil: 1H NMR (CDCl3)
δ 1.3 (m, 2H), 1.4 (s, 9H), 1.6 (m, 8H), 3.02 (s, 1H), 3.5 (m,
2H), 3.96 (m, 2H), 4.38 (q, 1H), 4.66 (t, 1H), 5.54 (dd, 1H), 5.78
(dd, 1H), 6.33 (dd, 1H), 6.65 (dd, 1H) ppm.

1,1-Dimethylethyl [[(2S,3R)-3-[(1E,3E,7E,9S)-10-(4-Flu-
orophenoxy)-9-hydroxyl-1,3,7-decatrien-5-ynyl]-1,4-
dioxaspiro[4,5]dec-2-yl]methoxy]ethanoate (8). A solution
of 17 (16.6 g, 63 mmol), solid tetrakistriphenylphosphine-Pd-
(0) (3.67 g, 3 mmol), and Cu(I) iodide (1.2 g, 6.3 mmol) in
diethylamine (50 mL) and THF (800 mL) was stirred and
deoxygenated by bubbling argon through the mixture for 90
min. An argon deoxygenated solution of 10 (23 g, 63 mmol) in
200 mL of THF was added dropwise. After 2 h, the reaction
mixture was diluted with hexane (about 400 mL), treated with
silica gel (about 40 g), and filtered. The solid was washed with
a 1:1 solution of ether and hexane. The filtrate was concen-
trated to give 36.8 g of an oil. Purification by chromatography
on silica gel using a 15-50% gradient of ether in hexane gave
16.9 g (50%) as an oil: [R]D -21.17 (10.16 mg/cc, MeOH); 1H
NMR (CDCl3) δ 1.3 (m, 2H), 1.4 (s, 9H), 1.6 (m, 8H), 2.42 (s,
1H), 3.5 (d, 2H), 3.96 (m, 4H), 4.38 (q, 1H), 4.58 (m, 1H), 4.66
(t, 1H), 5.72 (m, 1H), 5.78 (dd, 1H), 6.03 (m, 1H), 6.16 (dd,
1H), 6.33 (dd, 1H), 6.58 (dd, 1H), 6.88 (m, 4H) ppm. Anal.
(C31H39FO7) C, H, F.

(5R,6R,7E,9E,13E,15S)-16-(4-Fluorophenoxy)-3-oxa-
5,6,15-trihydroxy-7,9,13-hexadecatrien-11-ynoic Acid (5).
A solution of 8 (1 g, 1.8 mmol) in acetic acid (50 mL) was
diluted with ethyl acetate (50 mL) and placed in a 55 °C oil
bath for 20 h. The reaction was complete by TLC analysis.
Acetic acid and ethyl acetate were removed by distillation
under high vacuum. The residue was diluted with water and
extracted with ethyl acetate (3×). The combined organic layers
were washed with water, saturated aqueous sodium carbonate,
water, and brine solution, dried, and concentrated to give 0.9
g of an oil. Chromatography on an HP-20 column, eluting with
a gradient of methanol in water, gave 0.5 g (58%) of 28 upon
concentration. The combined fractions were treated with 1 N
sodium hydroxide solution (2 mL) and concentrated. The
reaction was complete by TLC after about 1 h and the mixture
was placed on a column of CHP20P resin (75-150 µm,
Mitsubishi Chemical Corp.) and eluted using a gradient of
methanol in water to give 0.3 g (68%) of the desired product
that solidified upon standing: 1H NMR (CD3OD) δ 3.63 (m,
1H), 3.67 (m, 2H), 3.86 (dd, J ) 9.9, 6.7 Hz, 1H), 3.94 (dd, J )
9.7, 4.5 Hz, 1H), 4.11 (s, 2H), 4.15 (t, J ) 6.1, 1H), 4.50 (dd, J
) 5.4, 1.5 Hz, 1H), 5.76 (dd, J ) 15.3, 2 Hz, 1H), 5.95 (dd, J )
15, 6.6 Hz, 1H), 6.00 (dt, J ) 17, 2 Hz, 1H), 6.20 (dd, J ) 15.8,
5.5 Hz, 1H), 6.38 (dd, J ) 15.8, 10.8 Hz, 1H), 6.60 (dd, J )
15.8, 10.8 Hz, 1H), 6.95 (m, 4H) ppm; 13C NMR (100 MHz,
CD3OD) δ 69.1, 71.2, 73.2, 73.5, 73.9, 74.7, 90.7, 91.0, 112.2,
112.4, 116.7, 116.7, 116.9, 116.9, 131.9, 137.1, 142.4, 142.8,
156.5, 158.8, 174.5 ppm. Anal. (C21H23FO7‚0.2H2O) C, H, F.
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(5R,6R,7E,9E,11Z,13E,15S)-16-(4-Fluorophenoxy)-3-oxa-
5,6,15-trihydroxy-7,9,11,13-hexadecatetraenoic Acid (4).
Activated zinc was prepared from 10 g of zinc using the Boland
procedure.22 A solution of ester (0.25 g, 0.5 mmol) in methanol
(5 mL) was added to a slurry of activated zinc in a 1:1 mixture
of methanol to water (45 mL). The flask was stirred vigorously
under nitrogen for 24 h. The mixture was filtered through a
pad of non-acid-washed Celite 545, and the pad was rinsed
with methanol (3 × 25 mL). The fractions were combined,
condensed, and placed on a column of CHP20P resin. The
tetraene ester was eluted with a gradient of methanol in water
(20-100%) and treated with 1 N aqueous sodium hydroxide
(2 mL). After about 1 h, the reaction mixture was placed on
an CHP20P column and the product was eluted with a
gradient of methanol in water (20-100%) to afforded 65 mg
(30%) of the sodium salt, which solidified after concentration.
Since coupling constants could not be obtained on the sample
in methanol-d4, DMSO-d6 was used: 1H NMR (DMSO-d6) δ
3.20 (m, 1H), 3.48 (m, 2H), 3.5 (q, J ) 15.9 Hz, 1H), 3.88 (dq,
J ) 14.8, 4.8 Hz, 2H), 3.97 (m, 1H), 4.42 (m, 1H), 5.28 (d, J )
4.9 Hz, 1H), 5.82 (dd, J ) 14, 5.6 Hz, 1H), 6.00 (m, 3H), 6.32
(m, 2H), 6.55 (br s, 1H), 6.7 (dd, J ) 14, 9.9 Hz, 1H), 6.85 (dd,
J ) 15, 9.9 Hz, 1H), 6.94 (m, 2H), 7.09 (m, 2H); 13C NMR (125
mHz, CD3OD) δ 72.1, 72.2, 73.9, 74.2, 74.3, 75.3, 117.0, 117.2,
117.5, 117.5, 128.7, 129.5, 130.3, 131.6, 133.0, 133.3, 134.7,
135.4, 136.0, 157.1, 158.3, 160.2, 178.9. Anal. (C21H24FO7Na‚
0.8H2O) C, H, F, Na.

Cutaneous Model of Inflammation. The calcium iono-
phore induced model of acute inflammation was used as
described.12 Briefly, calcium ionophore A-23187 (10 µL, 0.1%
w/v), with or without the anti-inflammatory agent, was applied
topically to the dorsal surface of mouse ears, using isopropy-
lmyristate as the vehicle. The animals were euthanized after
24 h. Ear weight was used as an indicator of edema. The extent
of granulocyte and neutrophil infiltration was determined on
the basis of the measurement of peroxidase and elastase
activity, respectively, in mouse ear homogenates.

Air Pouch Model of Inflammation. The mice used in the
study were age-matched male Balb/c, 6-8 weeks old [pur-
chased from Sprague-Dawley] and were in groups of 20. On
day 0, all mice were anesthetized with 3% isofluorane. Dorsal
areas were shaved, cleaned with alcohol swabs, and injected
subcutaneously with sterile air (3 mL, passed through 20 µm
filter) near the tail. On day 3, all mice were injected with 3
mL of sterile air. On day 6, the air pouches of anesthetized
mice were injected sequentially with 900 µL of either 2 or 3
in 0.1% ethanol/PBS or vehicle and with 100 000 units of
recombinant mouse TNF-R (0.1 mL PBS; Boehringer Man-
nheim). Four hours after TNF injection, mice were euthanized
with carbon dioxide. Air pouches were lavaged three times
with 3 mL of sterile PBS. The cellular exudates were centri-
fuged for 15 min at 2000 rpm, and the resulting cell pellets
were resuspended in 1 mL of sterile PBS/10% BSA. The total
number of leukocytes, collected from the pouches, was counted
using a Coulter Z1 counter. Total neutrophils were enumerated
by differential cell counts on stained slides.
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