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Abstract: Two stereocontrolled, efficient, and modular syntheses of
eicosanoid lipoxin B4 (LXB,) are reported. One features a
stereoselective reduction followed by an asymmetric epoxidation
sequence to set the vicinal diol stereocentres. The dienyne was
installed via a one-pot Wittig olefination and base-mediated epoxide
ring opening cascade. The other approach installed the diol through
an asymmetric dihydroxylation reaction followed by a Horner-
Wadsworth-Emmons olefination to afford the common dienyne
intermediate. Finally, a Sonogashira coupling and an alkyne
hydrosilylation/proto-desilylation protocol furnished LXBs in 25%
overall yield in just 10 steps. For the first time, LXB4 has been fully
characterized spectroscopically with its structure confirmed as
previously reported. We have demonstrated that the synthesized
LXB4 showed similar biological activity to commercial sources in a
cellular neuroprotection model. This synthetic route can be
employed to synthesize large quantities of LXB,, enable synthesis of

new analogs, and chemical probes for receptor and pathway
characterization.

Introduction

Lipoxin B4 (LXB,) is a non-classic eicosanoid and member of
the specialized pro-resolving mediator (SPM) family of
polyunsaturated fatty acids, derived from arachidonic acid (AA)
through a series of oxidation steps by 5-lipoxygenase (5-LOX) and
12/15-LOX.I" Extensive chromatographic evidence along with
comparisons of biological activities to related eicosanoids led to the
structural and configurational assignment of LXB4*% and related
lipoxin A4 (LXA,) (Figure 1).B1 Both lipoxins have been associated
with the promotion of anti-inflammatory and pro-resolution processes
since their initial discovery in 1984.18 Of the two structurally similar
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lipoxins, LXA4 has been well-studied and shown to primarily bind to
the G-protein coupled formyl peptide receptor 2 (ALX/FPR2) and
GPR32, which initiates downstream anti-inflammatory effects.[”8l
However, endogenous receptors for LXB4 have so far not been
identified.  Additionally, spectroscopic analysis to confirm the
structure of LXB4 remains ambiguous, even though it has been the
subject of previous total syntheses and is reported to exhibit potent
bioactivities.[-1"

The first total synthesis of LXB4 was reported by Leblanc and
co-workers in 1985 via a chiral pool strategy from 2-deoxy-D-
ribose.l'?a LXB, and its all-trans isomer were reported in order to
assign the stereochemistry relative to an authentic natural sample.
Shortly thereafter in 1986, Morris and co-workers utilized a very
similar strategy to synthesize LXB4 and its methyl ester for the same
purpose.'® In that same year, Nicolaou and co-workers
independently reported a stereocontrolled total synthesis of LXB,
and its isomers using Sharpless asymmetric epoxidation and
asymmetric reduction strategies to install the stereocentres in the
natural product.['*®! Since then, the Depezay and Spur groups have
also reported formal and total syntheses of LXB4.!'?*1 However,
previously reported syntheses to date are generally low yielding,
together with long synthetic routes and lack full spectral
characterization for LXB.,.

Recently, both LXA, and LXB, have been implicated in the
regulation of neuroinflammation and  neurodegeneration.'!
Specifically, therapeutic LXB, treatment was significantly more
potent and efficacious than LXA, in promoting direct neuroprotection
in a variety of neuronal cell types, and from acute and chronic injury
models of the neurodegenerative disease glaucoma.l'¥ Based on
these data, our group has initiated a drug discovery program to
study LXB, signaling. To enable the identification and deconvolution
of LXB4's putative biological targets, we have developed a novel and
efficient total synthesis of the natural product LXB4. This modular
and efficient synthetic approach has been used to synthesize
appreciable quantities of LXB,4, allowing us to study its role in
neuronal signaling mechanisms and evaluate its therapeutic
potential as a treatment for neurodegeneration. Finally, for the first
time, we have comprehensively characterized the structure of LXB4
using a combination of 1D and 2D 'H and *C NMR, high resolution
mass spectrometry and optical rotation, confirming that the structure
of LXBs; is indeed (5S,6E,8Z,10E,12E,14R,15S)-5,14,15-
trihydroxyicosa-6,8,10,12-tetraenoic acid (2), as shown in Figure 1.

(e}
OH OH OH
NF . OH % -
OH OH
(

1, lipoxin A4 (LXA,) 2, lipoxin B4 (LXB,)

Figure 1. Chemical structures of lipoxins A4 (1) and B4 (2).

Results and Discussion

Lipoxins differ in their aliphatic sidechains but share a
characteristic _and synthetically challenging conjugated tetraene
backbone with an E,Z E,E-configuration (Figure 1), alongside three
key alcohol stereocentres. Formal and total syntheses of LXB4 have
been previously reported using stereospecific, 129
enantioselective'?*" and chiral pool synthetic strategies.['?fl
However, we required a robust and modular synthesis of LXB, to
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both provide unambiguous spectroscopic evidence for its structure,
and to enable the future exploration of synthetic analogs for
structure-activity relationship (SAR) studies to probe the biological
function of LXB4 in neuroprotection and neurodegeneration.

Based on our retrosynthetic analysis, a Z-selective semi-
hydrogenation of alkyne 3 was envisaged to afford LXB4 (2) as
depicted in Scheme 1. Intermediate 3 would be constructed via a
Sonogashira coupling of two key fragments, dienyne 4 and vinyl
iodide 5. Two routes relying on carbonyl olefinations of
functionalized aldehydes were envisioned to dienyne 4, whereas
vinyl iodide 5 can be synthesized from commercially available
starting materials following a literature route.l'™™ The first route to
dienyne 4 depended on a Wittig olefination between phosphonium
salt 6 and aldehyde 7, itself the product of a Wittig one-carbon
homologation/isomerization cascade on epoxy aldehyde 11. We
initially elected to define the stereochemistry of the vicinal diol
moiety via asymmetric carbonyl reduction and Sharpless asymmetric
epoxidation process,!'® and constructed 11 from hexanoyl chloride
12 using an approach similar to that taken by Kobayashi and co-
workers in their syntheses of hydroxyeicosatetraenoic acids
(HETEs)'" and resolvins.l'®'® An alternative route to dienyne 4
depended on the Horner-Wadsworth-Emmons (HWE) reaction of
phosphonate 9 with aldehyde 8; similar olefinations have been used
in the syntheses of various other triene and tetraene natural
products and derivatives.?°9 In turn, it was anticipated that
aldehyde 8 could be prepared in a few steps from octenal, with the
alcohol stereocentres installed in the first step via an organocatalytic
asymmetric dihydroxylation.?"!
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Scheme 1. Retrosynthetic analysis of LXBa (2).

The synthesis of advanced intermediate epoxy aldehyde 11
was initially achieved from hexanoyl chloride. Addition of PMB-
protected propargyl alcohol to hexanoyl chloride 12 afforded
alkynone 13 in 76% yield. The use of readily available acyl chlorides
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highlights the modularity of this approach, as any aliphatic acyl
chloride can be incorporated for SAR studies. Asymmetric reduction
of 13 using (S)-alpine borane gave the propargyl alcohol 14 in 91%
yield and 92% e.e., which was followed by a selective reduction to
the E-olefin in 75% yield using Red-Al. The desired epoxy alcohol 16

A
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was then obtained in 77% yield using Sharpless asymmetric
epoxidation conditions. The resulting alcohol was protected as the
TIPS ether 17, which was subjected to sequential PMB removal with
DDAQ followed by a DMP oxidation to the desired epoxy aldehyde 11
in excellent yields.

PMBO™
o n-Buli, chlz S) -Alpine borane Red Al OH
mm THF, -78°C >t PMBO THF, o c >t PMBO PhMe it pMBO\/\)\/\/\
hexanoyl chioride (12) ofn 13 (76%) 4.(91%, 92% e.e.) 15 (75%)
Ti(OPr)s, t-BUOOH ooa
i r)g, t-Bu aq. CH,Cl,
L-(+)-DIPT oH TIPSCI, DMAP Qrips t2h Qrips
P L emBo o~ I~ L PMBO - — D | o .
CH,Cl,, -40 °C & DMF, 0°C > 1t & 2) DMP, NaHCO, &
ol 16 (77%, >99% e.e.) on 17 (65%) CHaCl, 1, 1R 44 (89% over two steps)
aq. workup OTIPS
10, KO'Bu /\/\)OIP/S\/\ or silica gel /\/\/TP/S\/\ /\/\/CCP/S\/\
—_— z
THF,0°C 1t | MeO™™ hydrolysis 7S 0P
18 9 (not isolated) 20 OH
7 (50%, single diastereomer)
™S oTIPS ™S oTIPS
6 NaHMDS \/\/\/k/\/\ ——TIFSC" DMAP \/\/\)\/\/\
THF, it, 1 h Y DMF, 0°C - rt 7R
,. OH it oTIPS
21 (72%, 3:1 E/2) 22 (68%, 3:1 E/2)
Ar
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Scheme 2. A) Synthesis of common dienyne intermediate 22 from hexanoyl chloride 12 via an asymmetric reduction with (S)-alpine borane followed by a
Sharpless asymmetric epoxidation sequence and a proposed one-pot Wittig olefination/base-mediated epoxide ring opening cascade. B) Synthesis of common
dienyne intermediate 22 from octenal 13 via an asymmetric dihydroxylation with Jergensen’s catalyst and a Horner-Wadsworth-Emmons reaction. PMB-: p-
methoxybenzyl-; Bu-: butyl-; THF: tetrahydrofuran; rt: room temperature; o/n: overnight; PhMe: toluene; L-(+)-DIPT: (+)-diisopropyl L-tartrate; TIPS-:
triisopropylsilyl-; DMAP: 4-dimethylaminopyridine; DMF: dimethylformamide; DDQ: 2,3-dichloro-5,6-dicyano-1,4-benzoquinone; aq.: aqueous; DMP: Dess-Martin

periodinane; TMS-: trimethylsilyl-; Me-: methyl-; PTSA: p-toluenesulfonic acid.

With aldehyde 11 in hand, a Wittig olefination with
(methoxymethyl)triphenylphosphonium chloride 10 furnished the
desired hydroxy enal 7 in 50% isolated yield in one step, instead of

yielding the expected homologated epoxy aldehyde 19 (Scheme 2A).

We initially proposed to access 7 from a base-mediated epoxide
ring-opening of 19; however, we observed that the enol ether
product of the olefination reaction 18 was hydrolyzed during
aqueous workup or silica gel chromatography to the corresponding
enol 20, which presumably undergoes an acid or base catalyzed
rearrangement, simultaneously forming the enal system and opening
the epoxide to fruitfully give 7 as a single diastereomer in moderate
yield. Synthesis of the TMS-protected dienyne fragment 22 was
completed by a Wittig olefination on hydroxy enal 7 with
commercially available ylide 6, followed by a TIPS protection to
furnish the globally protected advanced intermediate as a single

diastereomer with a 3:1 E/Z ratio (Scheme 2A) (49% over two steps).

While the synthesis of fragment 22 was achieved from
hexanoyl chloride in 10 steps, the modest E/Z ratio and overall yield
(6%) prompted the exploration of an alternative route that would
reduce the number of steps, while remaining amenable to the

incorporation of varying aliphatic chains for future SAR studies. Thus,

a route that hinges on an organocatalytic asymmetric dihydroxylation
of readily available enals was designed (Scheme 2B).2" Starting

from octenal 13, the asymmetric dihydroxylation proceeded via an
epoxyaldehyde intermediate 24 that was formed upon treatment of
13 with the second generation Jgrgensen catalyst (23) and hydrogen
peroxide; chloral hydrate acted as a phase transfer catalyst for this
first step.?*24 While epoxide 24 can be isolable, it can also be
directly converted to trans diol 25 by the addition of excess sodium
methoxide with concurrent protection of the aldehyde as a dimethyl
acetal.?"! Although the conversion of 13 to 25 is reported as a one-
pot procedure, we decided to add a peroxide quenching step to
eliminate the possibility of any base-catalyzed epoxidation of
trace/unconverted octenal, which would negatively impact the e.e. of
25. Using this modified procedure, 25 was isolated as a single
diastereomer in 80% yield and >99% e.e. (see Supporting
Information) following simple aqueous workup. Subsequent
protection of the diol with excess TIPSOTf gave the globally
protected intermediate 26 in 80% yield. Chemoselective
transacetalization of the dimethyl acetal to yield aldehyde 8 was
achieved using catalytic PTSA in acetone and very mild heating. The
completion of the dienye intermediate from aldehyde 8 proceeded
via a HWE reaction with phosphonate 9 followed by an isomerization
of the resulting protected dienyne using catalytic iodine.?® Indeed,
similar olefination-isomerization strategies have been successfully
used in the synthesis of other conjugated polyenes and lipoxin
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analogues.[12¢:200£200-1 |5 oyr hands, the HWE reaction of aldehyde
8 yielded the desired dienyne in 11:10 E/Z ratio, but isomerization
using trace iodine in benzene gave 22 in a 13:1 E/Z ratio and 81%

oTIPS
K,COs5

MeOH/CH,Cl,, tt
2h

N

oTIPS

TBAF Meo)j\/\/\/wvw de LioH

THF t OH
28 (86%) 29 (10%)
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isolated yield over two steps. This alternative route from octenal 13
was achieved in 5 steps with a much improved 50% overall yield.

5
PA(PPh;); (5 mol%) Q omPs s
Cul (10 mol%)
MeO ™
+BuNH,, rt, 20 min. 2N
4(99%) 27 (89%) OTIPS

Boland reduction

o OH
- OH conditions
O% —————%—— LXB,4 (2)
OH

3 (99%)

THF/HZO it

Scheme 3. Synthesis of triol intermediate 3 via Sonogashira coupling and attempted conversions to LXB. via semi-hydrogenation. TBAF: tetra-n-butylammonium

fluoride.

Having established two viable routes to the desired dienyne
intermediate, the carbon backbone of LXB4 was achieved smoothly
with the quantitative removal of the TMS group followed by
Sonogashira coupling of enyne 4 with vinyl iodide 5,!1520m-a.26]
yielding the coupled product 28 in 89% yield (Scheme 5). The TIPS
groups were globally removed with TBAF delivering the triol 28 in
good vyield, followed by hydrolysis of the methyl ester to give the
penultimate product 3. The corresponding lactone 29 was also
isolated in low quantities but it can easily be converted back to the
methyl ester 28 or directly hydrolyzed to 3.2

With 3 in-hand, various conditions were explored to the
synthesis of LXB4 via reduction of the internal alkyne (Scheme 5).
Unfortunately, various conditions using a Boland reduction of 2 failed
to generate the desired E,ZE,E-conjugated tetraene, contrary to
previous reports on similar internal alkynes.?*%2"-32 |n our hands,
the Boland reduction conditions led to starting material recovery.
Next, we explored semi-hydrogenation to generate the delicate
tetraene system. Unfortunately, no reduction was observed when
using P-2 Ni with ethylene diamine.®334 As well, the use of various
poisoned Pd catalysts, including Lindlar's catalyst, consistently
produced a mixture of LXB4, residual starting material, and over-
reduced by-products that were difficult to separate. Attempts to tune
the reactivity by modifying the Pd source, additives, and solvent
sources were unsuccessful; thus, we opted to pursue alternative
conditions for installing the tetraene system. We were inspired by the
Karstedt alkyne hydrosilylation/proto-desilylation approach used by
Hansen and co-workers in their 'synthesis of resolvin D1
congeners.?%%3 Treatment of globally protected 27 with Karstedt's
catalyst and ethoxy(dimethyl)silane led to a mixture of hydrosilylated
regioisomers 30a & 30b. The regioisomers were subjected to a
global silyl deprotection followed by hydrolysis to furnish LXB4 in
56% isolated yield over three steps via semi-preparative HPLC

purification. (Scheme 4).

LXB, (2, 56% over three steps)

Karstedt's cat.
(2 mol%)
MEZS|HOEI R!

PhMe, rt, o/n

TIPSO
OTIPS

2) LiOH
THF/H,0, 1t
1h

OTIPS
30a; R" = SiMe,OEt, R? = H
30b; R' = H, R? = SiMe,OEt

Scheme 4. Synthesis of LXB4 (2) via hydrosilylation/proto-desilylation of 27.
Karstedt’s catalyst: platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane.

Instability of LXBs presented a substantial obstacle in its
synthesis and purification. LXB,4 is highly unstable to air and light,

and rapid degradation was observed when LXB, was stored as a
solid even at low temperature (20 °C). Telescoping the final
transformations from 27 to 2, preventing light exposure, and storing
all crude intermediates in a methanol solution were required to
obtain LXB; of sufficient purity. LXB4 could be stored as a solution in
methanol or ethanol at —20 °C for several weeks or at —80 °C for one
to three months before substantial degradation was observed. Using
this route, we were able to synthesize 100-200 mg (~0.25-0.5
mmol) of LXBs. However, because of the instability of LXB,
synthesis of 2 on larger scales is not prudent. Instead, we were able
to generate the advanced intermediate 27 on an approximately 1
mmol scale. This intermediate can be stored at —20 °C for at least
six months with minimal decomposition and can be used to rapidly
generate pure LXB,.

In conducting a review of the literature around the synthesis of
LXB4, we were surprised to discover that incomplete spectroscopic
data have been reported for this natural product. 'H NMR, mass
spectrometry, IR, UV, and optical rotation data have been reported
for the LXB4 methyl ester (LXB4-ME), but data provided for the free
acid was non-existent. Given the advances in analytical
instrumentation since the total synthesis of LXB4 was first reported,
we were able to obtain extensive spectroscopic data ('H, *C, COSY,
HSQC, NOESY, and HMBC), high-resolution mass spectrometry,
HPLC, and optical rotation for this natural product. We were gratified
to observe that the spectra for the material we obtained were
consistent with the proposed structure of LXB,4, and also matched
the spectral data previously reported for similar tetraene systems,
primarily LXB4-ME [l LXA4,13"29 resolvin D1,1'® and resolvin D2.
Furthermore, we have been able to resolve several NMR peaks at
6.38, 6.28, 5.83, and 5.73 ppm as doublet of doublets which were
previously assigned as multiplets in the spectra of LXBs-ME (see
Supporting Information). To further confirm the structure of LXB,, our
synthesized material (UHN) was compared to a commercial sample
(Cayman Chemical)®! and found to be identical by HPLC (mobile
phase: acetonitrile + 0.1% TFA and MilliQ water + 0.1% TFA,
gradient from 10:90—95:5, retention time 9.97 min for 2, 9.95 min for
commercial sample) and HRMS (ESI HRMS calculated for
CxoH320sNa [M+Na]*, predicted m/z 375.2147, found 375.2152,
commercial sample 375.2165).57

In order to confirm the bioactivity of this material, we tested its
neuroprotective effects in a neuronal injury model. Recent clinical
failures of a variety of neuroprotection trials have intensified interest
in new treatment strategies. Evidence is accumulating that lipoxins
and other lipid mediators can have an important impact on
neuroinflammation and neuronal survival.l'**® We previously
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reported that in addition to their known pro-resolution functions,
lipoxins demonstrate an exciting novel protective bioactivity directly
on neurons." In particular, LXB, was surprisingly 20-fold more
potent than LXA, in an established neuronal injury model,['*3¥ and
also active in a variety of primary neurons, including cortical and
hippocampal cells, and retinal ganglion cells. These broad
neuroprotective effects were subsequently correlated with
demonstrated LXB, efficacy in vivo using both acute and chronic
models of retinal ganglion cell death associated with the common
neurodegenerative disease glaucoma, a leading cause of vision loss
and blindness worldwide.“%*%? Yet the lack of efficient syntheses of
LXB,s coupled with the expensive cost from commercial sources
(USD$806/100ug, Cayman Chemical)®*®! have made this new
mechanism of action challenging to modify and study. In this regard
with our new synthetic route towards LXB,s, we profiled the
neuroprotective activity of newly synthesized LXB, (UHN) and
compared it against the commercial source.®® For this assay, HT22
neuronal cells were pre-treated with LXB, from both sources
(commercial vs. in-house), followed by a glutamate challenge to
induce excitotoxic cell death.'! Cell viability was then measured
using an XTT assay. Both commercial and in-house samples of
LXB4 were significantly neuroprotective in this assay, demonstrating
a similar three-fold recovery in neuronal survival at 1 uM (Figure 2A).
In a parallel dose-response experiment, the ECs, of the newly
synthesized LXB,4 was determined to be 292.8 nM (Figure 2B).

14] ECsp=2028uM

Cell protection (fold change)
~
Cell protection (fold change)

T T T y
N 1 10 100 1000 10000
[LXB4] (nM)

Figure 2. In vitro validation studies between synthesized LXB4 vs. commercial
LXB4 from Cayman Chemical. A) HT22 cells were treated with 1uM of LXBa
from either a commercial source (Cayman) or internally synthesized (UHN).
Both showed significant protection in a glutamate injury model (n=8, *p<0.05,
bars are S.E.). B) A dose response curve for the internally synthesized LXB4
(UHN) in the same assay indicates an ECso of 292.8 nM (n=8, bars are S.E.).

In the interests of further characterization of LXB, bioactivity,
we are pursuing screening technologies that required the ligand
(LXB4) to be radiolabelled with tritium. We envisaged incorporating
tritium in the last synthetic step from advanced intermediate 3 via
hydrogenation with tritium gas (Scheme 5). Although the
transformation resulted in a mixture of unreacted LXB,, tritiated-LXB,,
and over-reduced LXBy4, the desired tritiated product 2T was isolated
in small quantities via semi-preparative HPLC purification with 96%
radiochemical purity along with trace amounts of over-reduced
material  (see = Supporting  Information).  Nonetheless, the
radiolabelled sample contained sufficient specific activity of 37
Ci/mmol, exceeding the 20 Ci/mmol required to screen >6,200
human plasma membrane monomers, heterodimers, and secreted
proteins within the panel.*®¥ Results of this study, along with target
identification and deconvolution using photoaffinity-labelled LXB4
and aromatic mimics, will be described in subsequent upcoming
publications by our group.
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Scheme 5. Synthesis of tritiated LXB4 (2T) via hydrogenation with Lindlar's
catalyst and tritium gas.

Conclusion

In summary, we have developed a stereocontrolled and
modular total synthesis of LXB,to facilitate target deconvolution and
advancement of SAR studies. The chromatographic data of LXB4
are consistent with previous reports"22°¢ and commercial
sources.®® More importantly, we have now reported unambiguous
spectroscopic data to confirm the configurational structure of LXB4 to
be (5S,6E,8Z,10E,12E,14R,15S)-5,14,15-trihydroxyicosa-6,8,10,12-
tetraenoic acid.*”! Two routes to the advanced enyne intermediate 4
were developed, both of which will allow for the preparation of future
derivatives with varying aliphatic chains. Coupling of 4 with known
vinyl iodide 5 proved an excellent strategy for building the carbon
backbone of LXB4. Moreover, we have explored several strategies
for the conversion of the internal alkyne precursors (3 or 27) to the
sensitive tetraene system of LXBj,. Ultimately, the
hydrosilylation/proto-desilylation protocol with Karstedt's catalyst
yielded the desired tetraene system of the natural product. Final
hydrolysis furnished 100-200 mg of the natural product LXB4 in 10
steps with an overall yield of 25%, constituting the shortest, most
efficient route of this natural product to date. With this new route in
hand, LXB4 analog synthesis, as well as the synthesis of LXBs-
derived chemical biology probes are currently underway to further
investigate the biological function of LXB, in neuroprotection and
neurodegeneration. These analogs will also be used for target
receptor and pathway identification purposes, which will be the
subject of forthcoming reports.

Acknowledgements

This work was funded by a LAB150 grant administered through
Toronto Innovation Acceleration Partners (TIAP), the UHN
Foundation, and the Krembil Foundation. JMS holds the Dr. Graham
Trope Chair in Glaucoma Research. We thank Dr. Geneviéve
Seabrook for technical expertise and access to the Princess
Margaret NMR Core Facility for extensive NMR analysis of LXBg.
NMR spectrometers were funded by the Canada Foundation for
Innovation and the NMR Core Facility with the 700 MHz supported
by the Princess Margaret Cancer Foundation. We also thank Mr.
Bijan Mirabi (University of Toronto), Dr. Mark Lautens (University of
Toronto) and Dr. James McNulty (McMaster University) for access to
the polarimeter for measurement of optical rotation of LXB,.

Keywords: lipoxins ¢ natural products * pro-resolving lipid
mediators « total synthesis ¢ neuroinflammation

[1] C. N. Serhan, M. Hamberg, B. Samuelsson, Biochem. Biophys. Res.
Commun. 1984, 118, 943-949.

[2] C. N. Serhan, M. Hamberg, B. Samuelsson, Proc. Natl. Acad. U.S.A.
1984, 81, 5335-5339.

[3] J. Adams, B. J. Fitzsimmons, Y. Girard, Y. Leblanc, J. F. Evans, J.
Rokach, J. Am. Chem. Soc. 1985, 107, 464—469.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal

[4]

[s1

[6]

[71

[8]

[9]

[10]

[11]
[12]

[13]

[14]

[18]

[16]

[17]

[18]

[19]
[20]

C. N. Serhan, M. Hamberg, B. Samuelsson, J. Morris, D. G. Wishka,
Proc. Natl. Acad. Sci. U.S.A. 1986, 83, 1983-1987.

C. N. Serhan, K. C. Nicolaou, S. E. Webber, C. A. Veale, S. E. Dahlén,
T. J. Puustinen, B. Samuelsson, J. Biol. Chem. 1986, 261, 16340—
16345.

For the role of lipoxins in inflammation, see a) J. Pirault, M. Back, Front.
Pharmacol. 2018, 9, 1273; b) J. A. Chandrasekharan, N. Sharma-Wali,
J. Inflamm. Res. 2015, 8, 181-192; ¢) M. Romano, E. Cianci, F. Simiele,
A. Recchiuti, Eur. J. Pharmacol. 2015, 760, 49-63; d) C. N. Serhan, N.
Chiang, J. Dalli, B. D. Levy, Cold Spring Harb. Perspect. Biol. 2015, 7,
a016311; e) C. N. Serhan, Nature 2014, 510, 92—-101; f) B. D. Levy, C.
N. Serhan, Annu. Rev. Physiol. 2014, 76, 467-492; g) C. D. Russell, J.
Schwarze, Immunology 2014, 141, 166-173; h) A. Recchiuti, C. N.
Serhan, Front. Immunol. 2012, 3, 298; i) C. N. Serhan, Am. J. Pathol.
2010, 177, 1576-1591; j) C. D. Duffy, P. J. Guiry, Medchemcomm 2010,
1, 249-265; k) C. I. Svensson, M. Zattoni, C. N. Serhan, J. Exp. Med.
2007, 204, 245-252; 1) J. F Parkinson, Inflamm. Allergy — Drug Targets
2006, 5, 91-106; m) C. N. Serhan, Prostaglandins Leukot. Essent. Fat.
Acids 2005, 73, 141-162; n) B. McMahon, C. Godson, Am. J. Physiol. —
Ren. Physiol. 2004, 286, 189-201; o) A. Kantarci, T. E. Van Dyke, Crit.
Rev. Oral Biol. Med. 2003, 14, 4-12; p) C. Godson, S. Mitchell, K.
Harvey, N. A. Petasis, N. Hogg, H. R. Brady, J. Immunol. 2000, 164,
1663-1667.

F. S. Machado, J. E. Johndrow, L. Esper, A. Dias, A. Bafica, C. N.
Serhan, J. Aliberti, Nat. Med. 2006, 12, 330-334.

S. Fiore, J. F. Maddox, H. D. Perez, C. N. Serhan, J. Exp. Med. 1994,
180, 253-260.

T. Takano, C. B. Clish, K. Gronert, N. Petasis, C. N. Serhan, J. Clin.
Invest. 1998, 101, 819-826.

M. Romano, J. F. Maddox, C. N. Serhan, J. Immunol. 1996, 157, 2149—
2154.

J. F. Maddox, C. N. Serhan, J. Exp. Med. 1996, 183, 137-146.

For previous formal and total syntheses of LXBs, see a) Y. Leblanc, B.
Fitzsimmons, J. Adams, J. Rokach, Tetrahedron Lett. 1985, 26, 1399—
1402; b) J. Morris, D. G. Wishka, Tetrahedron Lett. 1986, 27, 803—-806;
c) K. C. Nicolaou, S. E. Webber, Synthesis (Stuttg). 1986, 6, 453—461;
d) A. Rodriguez, M. Nomen, B. W. Spur, J. J. Godfroid, T. H. Lee,
Tetrahedron Lett. 2000, 41, 823—826; e) C. Gravier-Pelletier, J. Dumas,
Y. Le Merrer, J. C. Depezay, Tetrahedron 1992, 48, 2441-2452; f) C.
Gravier-Pelletier, J. Dumas, Y. Le Merrer, J. C. Depezay, Tetrahedron
Lett. 1991, 32, 1165-1168; g) K. C. Nicolaou, B. E.'Marron, C. A. Veale,
S. E. Webber, C. N. Serhan, J. Org. Chem. 1989, 54, 5527-5535; h) M.
Alami, B. Crousse, G. Linstrumelle, L. Mambu, M. Larchevéque,
Tetrahedron Asymmetry 1997, 8, 2949-2958; i) K. C. Nicolaou, J. Y.
Ramphal, N. A. Petasis, C. N. Serhan, Angew. Chemie Int. Ed. English
1991, 30, 1100-1116.

C. Kim, I. Livne-Bar, K. Gronert, J. M. Sivak, Mol. Nutr. Food Res. 2020,
64, 1801076.

I. Livne-Bar, J. Wei, H. H. Liu, S. Algawlag, G. J. Won, A. Tuccitto, K.
Gronert, J. G. Flanagan, J. M. Sivak, J. Clin. Invest. 2017, 127, 4403—
4414.

R. E. Boer, J. A. Giménez-Bastida, O. Boutaud, S. Jana, C. Schneider,
G. A. Sulikowski, Org. Lett. 2018, 20, 4020-4022.

V. S. Martin, S. S. Woodard, T. Katsuki, Y. Yamada, M. lkeda, K. B.
Sharpless, J. Am. Chem. Soc. 1981, 103, 6237-6240.

Y. Suganuma, S. Tanabe, Y. Sugihara, Y. Kobayashi, Tetrahedron
2018, 74, 1151-1159.

M. Morita, S. Wu, Y. Kobayashi, Org. Biomol. Chem. 2019, 17, 2212—
2222.

M. Morita, Y. Kobayashi, J. Org. Chem. 2018, 83, 3906-3914.

For previous syntheses of related triene and tetraene natural products,
see a) K. C. Nicolaou, S. E. Webber, J. Ramphal, Y. Abe, Angew.
Chemie 1987, 99, 1077-1079; b) K. C. Nicolaou, C. A. Veale, S. E.
Webber, H. Katerinopoulos, J. Am. Chem. Soc. 1985, 107, 7515-7518;
c) K. Chauhan, R. K. Bhatt, J. R. Falck, J. H. Capdevila, Tetrahedron
Lett. 1994, 35, 1825-1828; d) M. Nazaré, H. Waldmann, Tetrahedron
Lett. 2000, 41, 625-628; e) D. Urabe, H. Todoroki, K. Masuda, M.
Inoue, Tetrahedron 2012, 68, 3210-3219; f) E. D. Phillips, H. F. Chang,
C. R. Holmaquist, J. P. McCauley, Bioorganic Med. Chem. Lett. 2003, 13,

6

[21]
[22]
[23]
[24]
[25]
[26]

[27]

[28]

[29]

[30]

[31]
[32]

[33]

[34]
[39]

[36]

[37]
[38]
[39]
[40]
[41]

[42]
[43]

10.1002/chem.202200360

WILEY-VCH

3223-3226; g) M. Nazaré, H. Waldmann, Chem. Eur. J. 2001, 7, 3363—
3376; h) W. J. Guilford, J. G. Bauman, W. Skuballa, S. Bauer, G. P.
Wei, D. Davey, C. Schaefer, C. Mallari, J. Terkelsen, J. L. Tseng, J.
Shen, B Subramanyam, A. J. Schottelius, J. F. Parkinson, J. Med.
Chem. 2004, 47, 2157-2165; i) K. C. Nicolaou, S. E. Webber, J. Chem.
Soc. Chem. Commun. 1985, 5, 297-298; j) A. R. Rodriguez, B. W.
Spur, Tetrahedron Lett. 2001, 42, 6057—6060; k) A. R. Rodriguez, B. W.
Spur, Tetrahedron Lett. 2012, 53, 6990-6994; |) A. R. Rodriguez, B. W.
Spur, Tetrahedron Lett. 2004, 45, 8717-8720; m) A. R. Rodriguez, B.
W. Spur, Tetrahedron Lett. 2012, 53, 86-89; n) D. Chemin, G.
Linstrumelle, Tetrahedron 1992, 48, 1943-1952; o) M. Treilhou, A.
Fauve, H. Veschambre, J. R. Pougny, J. C. Promé, J. Org. Chem. 1992,
57, 3203-3208; p) K. Gotz, J. C. Liermann, E. Thines, H. Anke, T.
Opatz, Org. Biomol. Chem. 2010, 8, 2123-2130; q) J. E. Tungen, L.
Gerstmann, A. Vik, R. De Matteis, R. A. Colas, J. Dalli, N. Chiang, C. N.
Serhan, M. Kalesse, T. V. Hansen, Chem. Eur. J. 2019, 25, 1476-1480.
t. Albrecht, H. Jiang, G. Dickmeiss, B. Gschwend, S. Grann Hansen, K.
Anker Jgrgensen, J. Am. Chem. Soc. 2010, 132, 9188-9196.

M. Marigo, J. Franzén, T. B. Poulsen, W. Zhuang, K. A. Jgrgensen, J.
Am. Chem. Soc. 2005, 127, 6964—6965.

R. L. Davis, K. L. Jensen, B. Gschwend, K. A. Jgrgensen, Chem. Eur. J.
2014, 20, 64-67.

W. Zhuang, M. Marigo, K. A. Jgrgensen, Org. Biomol. Chem. 2005, 3,
3883-3885.

See experimental details for the preparation of 22.

See experimental details for the preparation of 5.

J. Y. Sancéau, R. Maltais, D. Poirier, A. Marette, J. Org. Chem. 2019,
84, 495-505.

Y. P. Sun, S. F. Oh, J. Uddin, R. Yang, K. Gotlinger, E. Campbell, S. P.
Colgan, N. A. Petasis, C. N. Serhan, J. Biol. Chem. 2007, 282, 9323—
9334.

J. Li, M. M. Leong, A. Stewart, M. A. Rizzacasa, Beilstein J. Org. Chem.
2013, 9, 2762-2766.

S. R. Woodcock, S. G. Wendell, F. J. Schopfer, B. A. Freeman,
Tetrahedron Lett. 2018, 59, 3524-3527.

Y. M. A. Mohamed, T. V. Hansen, Tetrahedron 2013, 69, 3872-3877.
W. Boland, N. Schroer, C. Sieler, M. Feigel, Helv. Chim. Acta 1987, 70,
1025-1040.

C. A. Brown, V. K. Ahuja, J. Chem. Soc. Chem. Commun. 1973, 553—
554.

C. A. Brown, V. K. Ahuja, J. Org. Chem. 1973, 38, 2226-2230.

D. A. Rooke, E. M. Ferreira, Angew. Chem. Int. Ed. 2012, 124, 3279-
3284.

“Lipoxin B4 (LXB4, CAS Number: 98049-69-5) | Cayman Chemical,”
can be found under
https://www.caymanchem.com/product/90420/lipoxin-b4, n.d.

See experimental for the structural assignment of LXB4 based on 1D
and 2D NMR.

M. Tiberi, V. Chiurchiu, Front. Cell Neurosci. 2021, 15, 673549.

S. Algawlaq, I. Livne-Bar, D. Williams, J. D’Ercole, S. W. Leung, D.
Chan, A. Tuccitto, A. Datti, J. L Wrana, A. H. Corbett,, G. Schmitt-Uims,
J. M. Sivak, J. Biol. Chem. 2021, 296, 100118.

S. Algawlaq, J. G. Flanagan, J. M. Sivak, Exp. Eye Res. 2019, 183, 88—
97.

J. M. Sivak, Invest. Ophthalmol. Vis. Sci. 2013, 54, 871-880.

N. Zhang, J. Wang, Y. Li, B. Jiang, Sci. Rep. 2021, 11, 13762.
“Retrogenix Cell Microarray Technology | Charles River Laboraties,”
https://www.criver.com/products-services/discovery-services/screening-
and-profiling-assays/retrogenix-cell-microarray-
technology?region=3601.

This article is protected by copyright. All rights reserved.



Chemistry - A European Journal 10.1002/chem.202200360

WILEY-VCH

Entry for the Table of Contents

OTIPS o
, lipoxin B4
Sonogashira OH OH AN
coupling \ . T T owme
i OH j)\TIPS
y
7 L/\/\/k/\/\ N NN
7Y ™S S e
OH \\\/\/PO(DMe)z oTiPs
hydrosilylation Homer-Wadsworth-Emmo
proto-desilylation omer-Wadsworth-Emmons
olefination

Two stereocontrolled, efficient, and modular syntheses of eicosanoid lipoxin B4 (LXB,) are reported along with full spectral
characterization of the natural product for the first time. Synthetic LXB4 exhibited significant neuroprotection in a cellular model of
retinal ganglion cell survival assay. Our synthetic routes enable syntheses of new analogs and chemical probes for receptor and
pathway identification.

Institute and/or researcher Twitter usernames: @CMCDD_UHN

This article is protected by’copyright. All rights reserved.





