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Abstract

Over the last decades, extensive efforts have been devoted to gaining knowledge on the cellular
and chemical details of the inflammatory process. These efforts have established that resolution of
inflammation is regulated by actively and strictly controlled biosynthesis of several distinct
families of oxygenated polyunsaturated fatty acids, collectively termed specialized pro-resolving
lipid mediators. The potent ability of these compounds to initiate pro-resolving pathways of an
active inflammatory process and to promote the return to homeostasis have opened up important
new research areas.

Knowledge of the metabolism of the lipid mediators and their structural assignment is necessary
when it comes to developing new treatment strategies for inflammatory-related disorders. For this
reason, we wanted to investigate the w-oxidation, as part of the metabolism, of the specialized pro-
resolving lipid mediator PD1,.3 ppa. To establish the formation and structure of a C> mono-
hydroxylated metabolite of PD1,.3 ppa, a stereoselective synthesis of 22-OH-PD1,.3 ppa was
performed. Biological experiments involving matching between our synthetic material and
biosynthetic material confirmed the structure of 22-OH-PD1,.3 pra. Additionally, cellular studies
showed that 22-OH-PD1,.3 ppa is produced by w-oxidation of PD1,.3 ppa in human neutrophils and
human monocytes.

In a continuation of the above work, structural modifications made on PD1,.3 ppa resulted in the
design and synthesis of two analogues, termed 17S5-3-oxa-PD1,.3 ppa and 17R-3-0xa-PD1,.3 ppa.
These modifications were made on the basis of developing synthetic analogues with increased
metabolic stability while still retaining the desirable biological activity of PD14.3 ppa. Initial
biological experiments showed that 175-3-oxa-PD 1,3 ppa relieved neuropathic pain and itching in
vivo with similar potency to PD1,.3 ppa. Further biological testing of both synthetic analogues is
currently ongoing. In addition, a slightly modified total synthesis of PD 1.3 ppa was achieved.

Several of the synthetic methodologies employed in the above syntheses were used to develop a
convergent and stereoselective synthesis of the anti-inflammatory and pro-resolving lipid mediator
RVEI1. The key steps in this synthesis were the Nagao acetate-aldol reaction, a Z-selective Boland
reduction and a Z-selective Wittig reaction. In addition, the structure of our synthetic material was
confirmed by matching experiments with authentic RvE1. Biological evaluations of this material
are ongoing.
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Chapter 1 Introduction
1.1 Introduction to polyunsaturated fatty acids

Polyunsaturated fatty acids (PUFAs) are important molecules that participate in a number of
physiological processes. In addition to being essential structural components of biological
membranes, PUFASs serve as precursors to a variety of biologically active signaling molecules.!*

Two major classes of PUFAs are the n-6 and the n-3 unsaturated fatty acids. This classification
refers to the position of the first double bond relative to the terminal methyl (n) carbon in the fatty
acid chain (Figure 1.1). Linoleic (LA, 1) and a-linolenic acid (ALA, 2) are the simplest n-6 and n-
3 PUFAs, respectively. These are essential nutrients that cannot be synthesized by the human body,
and thus have to be obtained through the diet.>°

Once consumed in the diet, the above-mentioned fatty acids can be converted to the longer chain
PUFAs. LA (1) is a precursor to arachidonic acid (AA, 3), whereas ALA (2) is a precursor to other
important n-3 fatty acids, such as eicosapentaenoic acid (EPA, 4) and docosahexaenoic acid (DHA,
5).!

LA (1) ALA (2) AA (3)

Figure 1.1 Chemical structure of LA (1), ALA (2) and AA (3).



1.1.1 Eicosapentaenoic acid, docosahexaenoic acid and n-3 docosapentaenoic acid:
chemical structures and biological significance

In humans, the longer chain n-3 PUFAs are biosynthesized from ALA (2) by a consecutive series
of enzymatic desaturation and elongation steps. A simplified outline of this process is illustrated
in Scheme 1.1. Elongation and desaturation of ALA (2) generates EPA (4). This fatty acid is further
converted to DHA (5) via n-3 docosapentaenoic acid (n-3 DPA, 6) as an intermediate.”” Each
elongation step, catalyzed by elongase enzymes, increases the hydrocarbon chain by two carbon
units, and the desaturase enzymes introduce cis double bonds at specific positions towards the
carboxyl end of the fatty acid chain.'® !' From PUFA 6, two alternative pathways for DHA (5)
biosynthesis have been identified (Scheme 1.1). However, strong evidence suggests that the
longest pathway occurs in mammals to give 5 via subsequent elongation and desaturation followed
by one cycle of retro-conversion (B-oxidation, see Section 1.4.6).'°

1. A°~desaturase — — A’-desaturase — — — COzH
ALA (2,183) ——  » CO,H
2. Cqgelongase — — _ _

20:4 fatty acid EPA (4, 20:5)

lng elongase

— — CO,H C,, elongase — — COzH
24:5 fatty acid n-3 DPA (6, 22:5)
J A—~desaturase J A*~desaturase
— — — -oxidation — — —
24:6 fatty acid DHA (5, 22:6)

Scheme 1.1 Chemical structures and a brief outline of the conversion of EPA (4) to DHA (5) where n-3 DPA (6) is an
intermediate.

The critical roles of nutritional PUFAs, such as LA (1), were first demonstrated in 1929 when the
exclusion of fat from the diet of rats led to impaired function and increased mortality.'* '* These
studies, conducted by George Burr and his wife Mildred Burr, led to the discovery of essential
fatty acids.!* Since then, several studies on humans have documented the importance of consuming
n-3 PUFAs, such as EPA (4) and DHA (5), in treatment and prevention of several inflammatory-
related diseases,! including cardiovascular disease,'® rheumatoid arthritis,'® diabetes type 2,!” and
neurodegenerative diseases.!® The observed beneficial health effects are associated with the
production of, and relationship between, oxygenated n-6 and n-3 PUFAs — compounds that can
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regulate inflammatory processes.!® Enzymes involved in the biosynthetic conversion of PUFAs
during inflammatory conditions are discussed in the next section.

1.1.2 Polyunsaturated fatty acids as substrates for lipoxygenase and cyclooxygenase
enzymes

Two central enzyme groups responsible for the production of physiologically important lipid
mediators are lipoxygenases (LOX) and cyclooxygenases (COX), which catalyze the

stereoselective incorporation of molecular oxygen in PUFAs.?0-%2

Unlike the two established COX enzymes, which are expressed in most cells, lipoxygenases are
primarily active in cells of the immune system.”® LOX enzymes constitute a family of iron-
containing isozymes that catalyze the stereoselective incorporation of molecular oxygen in PUFAs
with one or more cis,cis-1,4-pentadiene systems to yield predominantly S-configured products
(Scheme 1.2).* 2° The lipoxygenation step is initiated by stereoselective hydrogen radical
abstraction, followed by rearrangement via resonance stabilization, oxygen insertion and finally
reduction to form a hydroperoxy product.?’ The hydroperoxy products formed can be further
enzymatically converted into a variety of biologically active lipid mediators, including
leukotrienes, lipoxins, resolvins, maresins and protectins.?®

Scheme 1.2 Free radical mechanism for lipoxygenation of a cis,cis-1,4-pentadiene system in a PUFA.?°

There are several different LOX isoforms expressed in humans, including 5-LOX, 12-LOX, 12R-
LOX, 15-LOX and 12/15-LOX.??> 2 The different isoforms are classified according to the position
where oxygen is incorporated into the chain of AA (3).?* % However, for scientists not working in
the LOX field, this nomenclature may turn out to be confusing and misleading. To clarify, the
human genome contains six functional LOX genes that encodes for six different LOX-isofoms,
and gene nomenclature is increasingly being employed when referring to a specific isoenzyme.**



Cyclooxygenases are enzymes involved in the conversion of AA (3) into the endoperoxide
prostaglandin Hz (PGH>, 14, Section 1.3.1), which is an intermediate in the biosynthesis of various
eicosanoids, including the prostaglandins (PGs) and thromboxanes.?’” COX-1 and COX-2 are two
COX isoforms identified. COX-1, which is expressed in most cells, catalyzes the formation of PGs
that are important for normal cellular functions, whereas COX-2 is expressed as a response to
inflammation and are involved in the formation of the pro-inflammatory PGs.?’ Selective
inhibition of COX-2 by non-steroidal anti-inflammatory drugs (NSAIDs) is therefore preferable
to relieve inflammatory symptoms like fever and pain. However, recent studies have shown that
inhibition of COX-2 with NSAIDs delays resolution of inflammation due to the important roles of
certain PGs in the lipid mediator class switch, a process further explained in Section 1.3.3.%® For
this reason, many NSAIDs are considered toxic to this crucial process (i.e. resolution toxic). On
the contrary, treatment with the NSAID aspirin, also known as acetylsalicylic acid (ASA), is
different. The mechanism of action by ASA is illustrated in Scheme 1.3, and involves covalent
modification of the serine residues 530 and 516 in the active site of COX-1 and COX-2,
respectively. Acetylation of these side-chains prevents the correct alignment of AA (3) within the
enzymes’ active site, and thus inhibits the formation of AA-derived eicosanoids. Unlike COX-1,
the catalytic region of COX-2 remains active to produce lipoxygenase-like products from PUFA
4-6 (Scheme 1.1), but with the oxygen insertion in the opposite R-configuration rather than S,

resulting in oxygenated lipid mediators with anti-inflammatory and pro-resolving properties.?*!

P
HN
enzyme
(0] O
%71/ j('\/ W/ inactivated
o o) o)
CO,H HN / cox
(0] OH
©/Ow/ * b'd WH\/ acetylation
o
© © \ HN
aspirin ser-530 in COX-1 E/OWH\/OW/ switched
ser-516 in COX-2 o 5 catalytic activity
COX-2

Scheme 1.3 Illustration of aspirin-acetylation of serine residues in the catalytic site of COX-1 and COX-2.

1.1.3 Enzymatic and biochemical oxidations of polyunsaturated fatty acids

Fatty acids are stored in the body as triglycerides or phospholipids, which are released upon
enzymatic hydrolysis and can be degraded to produce energy. Fatty acid degradation mainly occurs

through a process called p-oxidation.'!: 3

In this process, the fatty acid is activated as a fatty-acyl-coenzyme A (CoA) and transported from
the cytosol to the inner matrix of the mitochondria where B-oxidation occurs. The four steps in the



oxidation cycle with associated catalyzing enzymes are outlined in Scheme 1.4. Following
dehydrogenation and stereoselective hydration, the fatty acyl-CoA is oxidized at the B-carbon to
form a ketone. In the final step, addition of coenzyme A (HSCoA) cleaves the bond between the
a- and B-carbons in B-keto-acyl-CoA, catalyzed by a thiolase, resulting in a fatty-acyl-CoA
shortened by two carbon units and acetyl-CoA. Other products formed from one cycle of -
oxidation are the reduced form of the coenzymes flavin adenine dinucleotide (FAD) and
nicotinamide adenine dinucleotide (NAD).*

o FAD FADH, o H,O OH © NAD* NADH o o
B ¥, H
T AN R S~
SCoA  4cyl-CoA MSCOA enoyl-CoA MSCOA 3-hydroxy-acyl-CoA MSCoA
fatty-acyl-COA  dehydrogenase trans-A?-enoyl-CoA  hydratase  p-hydroxy-acyl-CoA dehydrogenase fB-keto-acyl-CoA
, HSCoA
R = saturated or unsaturated chain Cy, thiolase
(0] o
R
%SCOA )J\SCOA
fatty-acyl-CoA acetyl-CoA

Scheme 1.4 Outline of one cycle of B-oxidation of a fatty-acyl-CoA.

For saturated fatty acids, the cycle in Scheme 1.4 is repeated until only two acetyl-CoA units are
produced in the final step. When the fatty-acyl-chain is unsaturated, the location of a cis-double
bond may occur at three-carbon intervals, whereas the substrates in the -oxidation cycle have
trans-double bonds in conjugation to the carbonyl group.’? In these situations, two additional
enzymes are required in the process, namely 2,3-frans-enoyl-CoA isomerase and 2,4-dienonyl-
CoA reductase, as illustrated in Scheme 1.5. These enzymes catalyze the transformation of a cis-
double bond into a trans-double bond in the correct position for the -oxidation to continue. When
the oxidation cycle eventually reaches a new cis-double bond in Csz-position, the additional steps
in Scheme 1.4 are repeated.*’
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Scheme 1.5 B-oxidation of linoleoyl-CoA (7).3

1.2 Inflammation and resolution of inflammation

Inflammation is an innate, protective response by the body’s immune system to harmful stimuli or
invading pathogens.** The function of inflammation is to remove the cause of injury, followed by
tissue repair and restoration of function of the affected tissue.*®

The inflammatory response is a highly complex and strictly coordinated biochemical cascade of
events.’® Figure 1.2 illustrates the duration of an acute inflammatory response and the resolution
process. Following a microbial infection or tissue injury, pro-inflammatory mediators, such as
chemokines, cytokines and AA-derived eicosanoids (i.e. leukotriene B4 and prostaglandin E), are
produced by resident cells. These mediators stimulate vasodilation and vessel wall permeability
with concomitant recruitment and influx of leukocytes from the blood by chemotaxis, causing
edema.?® 3% 3¢ Polymorphonuclear neutrophils (PMNs) are the predominant first responders of
white blood cells required to eliminate invading pathogens and to remove damaged tissue by
phagocytosis. Nonetheless, destructive agents from the PMNs, intended to kill or neutralize
invaders, can accidently spill into the surrounding tissue and cause collateral damage, which
further increases the pro-inflammatory response in the stage known as acute inflammation.*’ This
biochemical response causes the classic signs of inflammation known as redness, heat, swelling

and pain.’®

Once the injuring stimulus has been removed, the inflammatory response needs to be terminated.
Termination of ongoing inflammation is initiated by lipid mediator class switching.?® 3 This
involves a transition in the biosynthesis of pro-inflammatory eicosanoids towards anti-
inflammatory and pro-resolving mediators that effectively promote resolution. The time between
peak inflammatory cell infiltration and the clearance of these cells and cellular debris from the
tissue site, leading to restoration of tissue homeostasis, is defined as resolution (Figure 1.2).>¢ This
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phase is characterized by the limitation of neutrophil infiltration and the removal of apoptotic
PMNs and debris through efferocytosis by monocyte-derived macrophages.* 4
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Figure 1.2 Outline of an acute inflammatory response from initiation to resolution.*!

Non-resolving inflammation results in an ongoing immune response that may develop into chronic
inflammatory disorders.> *! It has been recognized that chronic inflammation is an underlying
factor in the progression of a variety of diseases, including cardiovascular disease, diabetes, asthma
and neurodegenerative diseases. Several reviews have been published on this subject during the

last years,26: 28,4245

Like the onset, resolution of inflammation is an active and highly regulated process controlled by
locally produced mediators.”® 4 Several distinct families of anti-inflammatory and pro-resolving
mediators derived from n-3 PUFAs have been discovered, such as the resolvins, protectins and
maresins, collectively termed specialized pro-resolving lipid mediators (SPMs). These compounds
are agonists in resolution and mediate their actions through G-protein coupled receptors (GPCRs),
thereby actively stimulating resolution programs to limit the inflammatory response, promote
tissue restoration and enable regaining of physiology or function.?® Thus, advances in the
understanding of the mechanisms in resolution pathways and the lipid mediators involved can
provide new insight into the cause of chronic disorders and may contribute to the development of
pro-resolution therapeutics in treatment of chronic inflammatory diseases.?® 3



1.3 Introduction to oxygenated lipid mediators in inflammation

Inflammatory processes are regulated by several types of signaling compounds derived from the
oxygenation of PUFAs. As previously stated, PUFAs are key components of biological
membranes, and they are stored as esters in the phospholipid barrier of cells and organelles. During
the course of an inflammatory response, stored PUFAs are released from the membrane and
enzymatically converted into different classes of oxygenated bioactive lipid metabolites.*”** This
section will discuss metabolites derived from AA (3), namely the prostaglandins (PGs),
leukotrienes (LTs) and lipoxins (LXs), collectively known as the classical eicosanoids. Metabolites
derived from n-3 PUFAs are presented in the subsequent section.

1.3.1 Prostaglandins

Prostaglandins are formed by most cells in human tissue and are synthesized locally in order to
sustain homeostatic functions. At very low concentrations, PGs act as vasodilators, suppress blood
platelet aggregation, inhibit gastric acid secretion and regulate contractions of smooth muscle, in

addition to playing a key role in modulation of the inflammatory response.? 27 303!

Biosynthesis of the PGs is significantly increased during the early stages of inflammation, and
involves the sequential oxidation and reduction of membrane released AA (3) by COX-2 (Scheme
1.6).27-32 In the cyclooxygenase pathway, a phenol radical on tyrosine residue 385 in the enzyme’s
active site removes a hydrogen atom from the 13-position in AA (3), resulting in a radical that
combines with molecular oxygen to form a cyclic endoperoxide.>* > Insertion of another oxygen
molecule at Cis followed by reduction of the resulting hydroperoxy group forms PGH: (14). This
short lived intermediate can then be converted to all the 2-series of prostaglandins, including PGD»
(15) and PGE; (16), via cell-specific prostaglandin synthases.>
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Scheme 1.6 Outline of the biosynthesis of PGD: (15) and PGEz (16) catalyzed by COX-2.

Once produced, the pro-inflammatory PGs elicit the cardinal signs of inflammation, such as
redness and edema, which are caused by an increased blood flow to the inflamed tissue and
infiltration of leukocytes with the blood stream.?’ Later on in the inflammatory process, PGE: (16)
and PGD; (15) are able to upregulate the expression of enzymes necessary for LX biosynthesis,
thereby inducing the lipid mediator class switching and initiating the termination of acute
inflammation (see Section 1.3.3).%

1.3.2 Leukotrienes

The leukotrienes are a class of pro-inflammatory mediators produced in the early stage of
inflammation (Scheme 1.7). In this process, AA (3) is transformed into the epoxide leukotriene A4
(LTA4, 18) via 5S-HpETE (19) as an intermediate by the sequential actions of 5-LOX.> %7
Intermediate 18 can then undergo hydrolysis to yield leukotriene B4 (LTB4, 20), or conjugation
with glutathione to form leukotriene C4 (LTC4, 21), catalyzed by a hydrolase and LTC4 synthase
(glutathione S-transferase), respectively.? Unlike the prostaglandins, LTs are predominantly
produced by inflammatory cells, such as polymorphonuclear leukocytes, and were hence given the
name leukotrienes.> The last part of the name refers to the conjugated triene moiety in these
compounds.’®



5-LOX COH  5.L0X CO,H
AA (3)

5S-HpETE (19) LTA, (18)

lutathi
hydrolase glutathione
S-transferase
OH OH
N~ CO,H NN CO,H
N ____CsHyy S-Cys—Gly
I

Glu

LTB, (20) LTC4 (21)

Scheme 1.7 Outline of the biosynthesis of the leukotrienes LTA4 (18), LTB4(20) and LTC4 (21).

The LTs mediate their pro-inflammatory actions by interacting with distinct G-protein coupled
receptors (GPCRs) on the cell surface of leukocytes. Upon receptor binding, LTB4 (21) elicits a
chemotactic response in addition to inducing adhesion of leukocytes on endothelial cells, thus
facilitating rapid recruitment and transmigration of white blood cells, primarily neutrophils, into
the inflamed tissue. The cysteinyl-containing leukotrienes induce increased vascular permeability,
smooth muscle contraction and recruitment of eosinophils in inflammatory diseases, such as

asthma.? >%-!

1.3.3 Lipoxins

A third class of bioactive AA-derived eicosanoids is the lipoxins. These mediators were the first
of a growing number recognized to have anti-inflammatory and pro-resolving properties,® initially
identified in 1984 as a product formed by the actions of 15-LOX on AA (3).%% % Unlike PGs and
LTs that accelerate inflammatory processes, LXs are known to counter-regulate this process and
to initiate resolution of ongoing inflammation. Lipoxins, including lipoxin A4 (LXA4, 22) and
lipoxin B4 (LXBg4, 23, Figure 1.3), are able to prevent neutrophil migration and accumulation to
inflamed tissue and to induce neutrophil apoptosis.®> ® LXs have also proved to recruit and
activate macrophages to phagocytize dead cells and debris, which is essential to avoid tissue
damage and to resolve ongoing inflammation.%® Similar bioactions have been reported for the
aspirin-triggered lipoxins, which are formed in the presence of aspirin-acetylated COX-2 (AT-
LXAa4,24 and AT-LXBa, 25, Figure 1.3).67¢
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Figure 1.3 Structures of LXA4 (22) and LXB4 (23) and their aspirin-triggered forms (AT-LXA4 (24) and AT-LXB4 (25)).

Lipoxins are the first SPMs locally produced during the onset of an inflammatory process.”®

Notably, they are formed as a consequence of PGE> (16) and PGD; (15) promoting the expression
of 15-LOX, which is a key initiating enzyme in LX biosynthesis.>*: > PGE (16) also has the ability
to inhibit COX-activity and thus counteract the enhancement of acute inflammation by blocking
PG synthesis. This process ultimately results in a switch from the production of pro-inflammatory
to pro-resolving lipid mediators.’® In this way, physiological inflammation programs its own
resolution. Inhibition of COX-2 with NSAIDs leading to inhibition of PG biosynthesis therefore
delays resolution due to the important roles of certain PGs in the lipid mediator class switch.?®
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1.4 Specialized pro-resolving lipid mediators

Extensive research over the last two decades has established the inflammatory response to be an
active self-limited process, and not passive as previously believed.?” 4671 72 In 2000, Professor
Charles N. Serhan and co-workers at Harvard Medical School were the first to demonstrate that
resolution of inflammation is characterized by active biosynthesis of n-3 PUFA-derived lipid
mediators, the SPMs.”* ™ The discovery of SPMs is of particular interest, since these mediators
provide the first molecular basis for the many health beneficial effects associated with n-3 PUFA
consumption.?® Resolvins, maresins and protectins are three chemically distinct SPM-families
formed by stereoselective enzymatic oxygenation of PUFA 4-6 (Figure 1.4). The E-class of
resolvins are derived from EPA (4), whereas the D-class of resolvins, protectins, and maresins as
well as the recently described sulfido-conjugated-resolvins, -protectins, and -maresins (RCTRs,
PCTRs and MCTRs) are all derived from DHA (5). SPMs that originate from n-3 DPA (6) include
n-3 DPA-resolvins, -protectins, and -maresins.”

)

DHA (5) EPA (4) n-3 DPA (6) AA (3

| n-3 DPA n-3 DPA ,
. ) Lipoxins Prostaglandins
protectins resolvins
D-class
maresins

and RCTRs \ \ \

Maresins Protectins
and MCTRs and PCTRs

E-class

resolvins

Specialized pro-resolving lipid mediators Classic eicosanoids

Figure 1.4 Overview over the distinct SPM-families and classical eicosanoids derived from DHA (5), EPA (4), n-3 DPA (6) and
AA (3).75, 76

The SPMs are locally produced with the leukocyte exudate traffic and regulate the resolution phase
of ongoing inflammation. The key defined biological functions for all SPMs include cessation of
neutrophil infiltration to the site of inflammation and thereby reducing PMN-mediated tissue
damage, and increasing clearance of apoptotic cells and debris by activated macrophages through
efferocytosis. Moreover, the SPMs act via specific receptors as potent agonists in a stereoselective
fashion, thus minor differences in the configuration of these lipid mediators can result in
considerable changes in their potency.”’

To gain knowledge of biological functions that may be therapeutically beneficial, exact
determination of each SPM chemical structure is essential. Liquid-chromatography tandem mass
spectrometry (LC-MS/MS) based lipidomics is an extensively used method for the structure
elucidation of lipid metabolites isolated from inflammatory exudates, human cells and human
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tissue. 1> 2> 77 8 Matching retention times and fragmentation patterns of biological material with
material prepared by stereoselective synthesis has enabled the exact structure assignment and
biological evaluations of a number of SPMs, including those presented in the following sections.

1.4.1 E-class resolvins

In 2000, resolvin E1 (RvE1, 26) was the first n-3 PUFA derived SPM reported.”® This compound
was found to be biosynthesized in resolving inflammatory exudates from mice that were treated
with EPA (4) and aspirin, which provided the first evidence of the beneficial health effects of EPA
on a molecular level.”* 7 The name resolvin was assigned to this compound due to its pro-
resolving actions in the resolution phase of inflammation.”* Matching experiments with synthetic
standards have later confirmed the potent anti-inflammatory and pro-resolving bioactions of RvE1
(26), and the absolute configuration of the carbinols present in the structure was assigned
5S,12R,18R.2° After the discovery of RvE1 (26), two EPA-derived resolvins were later identified
and termed RVE2 (27) and RvE3 (28).8!- %2

The three resolvins can be generated from the common precursor 18R-HEPE (29), which is formed
from EPA (4) in the presence of aspirin acetylated COX-2 or cytochrome P450 (CYP450) as
illustrated in Scheme 1.8.3% 3 In human PMNs, the sequential actions of 5-LOX on intermediate
29, followed by enzymatic hydrolysis of the resulting epoxide 30 on Ci> produce RvEI (26),
whereas RVE2 (27) can be formed by the action of 5-LOX on 29 followed by reduction.® In the
case of RvE3 (28) formation, insertion of molecular oxygen at Ci7 in 29 via the 15-LOX pathway
results in a R-configured hydroperoxy intermediate that is reduced to the corresponding alcohol.®*
The enantiomer of intermediate 29, 18S-HEPE, has also proved to be endogenously produced and
subsequently converted to thel8S-epimers of RVE1-RVE3 in parallel biosynthetic pathways as

those presented below. 3% 8483
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Scheme 1.8 Outline of the biosynthesis of the E-class resolvins.

In addition to the collectively defined bioactions of the SPMs, the E-class of resolvins has shown
potent actions in reducing inflammatory pain, and RvE1 (26) has effectively treated periodontal
inflammation in animal models.?! #¢ For example, RvE1 (26) both diminished inflammation and
promoted tissue restoration in a rabbit model of periodontitis, which is a chronic bacterial-induced
gum condition that results in loss of connective tissue attached to the teeth and subsequent tooth
loss.%”> 38 There are two additional series of resolvins identified, which include mediators derived
from DHA (5) known as the D-class resolvins (RvD) and n-3 DPA-derived resolvins that possess

anti-inflammatory and pro-resolving properties.’* %

1.4.2 Protectins

In 2002, a new family of DHA-derived SPMs formed in murine inflammatory exudates and human
PMNs was discovered by the Serhan group.’® *° In this study, the most prominent product
identified was consistent with a dihydroxylated fatty acid termed protectin D1 (PD1, 31). The
name was given this compound due to its highly protective properties during inflammation, its
DHA-origin and the number 1 for its originality. PD1 is also referred to as neuroprotectin (NPD1)
when it is produced in the nervous system.’! PD1 (31) has been found in many tissues, such as the
retina, the lungs and the brain, and its biological properties have been widely investigated.?® > In
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addition to the fundamental anti-inflammatory and pro-resolving actions defined for the SPMs,
PDI (31) are able to promote regeneration of corneal nerves and restoration of corneal sensitivity
in eye inflammation,” to protect against diabetic kidney disease,”* and to effectively prevent
neuropathic pain induced by nerve trauma (e.g. surgery).”> Additionally, PD1 (31) has been found
to be generated in pulmonary tissue and to dampen airway inflammation.”®

The protectin family of SPMs is chemically characterized by a conjugated E,E,Z-triene moiety
flanked by two chiral secondary allylic alcohols positioned at Cio and Ci7, and this molecular
template has proved to be critical for potent functions (Figure 1.5).°” The exact structure of PD1
(31) was elucidated by matching endogenously produced material with several related isomers
prepared by organic synthesis. Consequently, the structure was determined as 10R,17S-dihydroxy-
docosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoc acid.”> In subsequent investigations, the A'>-trans
isomer of PD1 demonstrated to be inactive towards reducing human PMN transmigration in vitro,
and the 10S,17R-enantiomer of PD1 was inactive towards regulating neutrophil infiltration in
murine peritonitis, which emphasizes the important role of the double bond geometry and absolute
configurations of the carbinols in maintaining biological activity.?® > Aspirin-triggered PD1 (AT-
PDI, 32) is a 17R-epimer of PD1 (Figure 1.5) produced from DHA (5) in the presence of aspirin-
acetylated COX-2. AT-PD1 (32) shares many of the anti-inflammatory and pro-resolving
properties with its isomer PD1 (31), including reduction of PMN infiltration, and enhanced

apoptotic cell clearance by macrophage efferocytosis.?” %

AT-PD1 (32)

Figure 1.5 Chemical structures of PD1 (31), AT-PD1 (32) and 10-¢pi-PD1 (33).

Another PDl1-epimer with a 10S-configuration was synthesized during the stereochemical
assignment of PD1 (31), depicted as 10-epi-protectin D1 (10-epi-PD1, 33) in Figure 1.5. Although
this compound was a minor product found in human PMN extracts, it is interesting to note that 10-
epi-PD1 (33) was the most potent down-regulator of PMN infiltration in murine peritonitis

experiments compared to several synthetic isomers tested in vivo, including PD1 (31).%?
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1.4.3 N-3 docosapentaenoic acid derived protectins

In 2013, Dalli and co-workers reported that n-3 DPA (6) was converted by human leukocytes to a
novel class of SPMs during inflammation and resolution of inflammation.”® The structures of these
SPMs were elucidated based on UV and LC-MS/MS-based profiling and reported to share the
same structural features as the D-class resolvins, protectins and maresins, except the Z-double
bond between Cs4 and Cs (Figure 1.6).°” Although minor changes in the structural properties of the
SPMs can be of functional significance, the n-3 DPA-derived lipid mediators have proved to exert
the same potent bioactions as reported for the corresponding DHA-derived analogues.” *° The
structures of some of these compounds are presented in Figure 1.6, including resolvin RvD 1.3 ppa,
34), maresin 1 n-3 DPA (Marl,.3 ppa, 35), protectin D1 n-3 DPA (PD1,.3 pra, 36) and protectin D2
n-3 DPA (PD2,.3 ppa, 37). Our group has reported total syntheses of SPM 34, 35, 36 and 37.!00-103
Of note, the stereochemical assignment for naturally occurring 37 is proposed based on biogenic
evidence and has not yet been confirmed by matching studies between endogenous and synthetic
material.!**

CO,H

— CO,H
PD2,,3 ppa (37) Mar1,.3 ppa (35)

CO,H

Figure 1.6 Chemical structures of RvD 143 pra (34), Marls.3 pra (35), PD1n3 pra (36) and PD24:3 pra (37).

PD143pra (36) and PD2,,.3 ppa (37) are members of the n-3 DPA-derived protectin family of SPMs.
The latter compound was identified as an anti-inflammatory and pro-resolving lipid mediator
formed from the same biosynthetic intermediate as SPM 36 and named accordingly.” PD1,3 ppa
(36) was prepared by organic synthesis in 2014, and the two carbinol atoms were assigned to be
10R and 175 configured by matching studies.!®! Additionally, the potent anti-inflammatory and
pro-resolving actions of PD1n3 ppa (36) were confirmed, including significant attenuation of
neutrophil recruitment to inflamed tissue and stimulation of human macrophage phagocytosis and
efferocytosis.!’! Moreover, the first evidence that PD15,.3 ppa (36) regulates neuroinflammation was
recently published.'® In this study, using a mice model of epilepsy, SPM 36 demonstrated to
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promote resolution of neuroinflammation and to arrest epileptogenesis, resulting in a significant
reduction in the number of and time spent in epileptic seizures.'*

1.4.4 Other protectins: the sulfido-conjugates

In 2014 and 2015, Serhan and collaborators identified three new classes of peptide-conjugated
SPMs in Escherichia coli (E.coli) infected mice, human spleen and human blood from sepsis
patients.!% 197 These compounds, coined the resolvin- (RCTR), maresin- (MCTR) and protectin-
(PCTR) conjugates in tissue regeneration, were shown to accelerate tissue repair and tissue
regeneration on injured planarian (a type of flatworm), in addition to possessing anti-inflammatory
and pro-resolving bioactions with human cells in vitro.'° 197 The protectin conjugates involved in
tissue regeneration include PCTR1-PCTR3 (38-40).!°” The proposed biosynthetic conversion of
peptide conjugate 39 and 40 from 38 is outlined in Scheme 1.9. PCTR1 (38) in the presence of y-
glutamyl transpeptidase generates PCTR2 (39), which is further converted to PCTR3 (40) by a
dipeptidase.'?” The structure of PCTR1 (38) has been established through matching experiments

of biogenic 38 with material prepared by stereoselective synthesis.!%
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Scheme 1.9 Proposed enzymatic conversion of PCTR1 (38) to produce PCTR2 (39) and PCTR3 (40).

1.4.5 Biosynthesis of protectins

The biosynthesis of the DHA-derived protectins takes place in inflammatory exudates, resulting
in the formation of PD1 (31) and PCTRI1 (38), as outlined in Scheme 1.10.°” Each pathway to the
formation of mediator 31 and 38 involves the generation of epoxy-protectin 41, which was initially
disclosed as an intermediate in the formation of PD1 (31).° Later, the structure of epoxide 41 was
confirmed by matching endogenous and synthetic material. Additional incubation and matching
studies revealed that synthetic 41 was converted into both PD1 (31) and PCTRI1 (38) by human
macrophages, further implying epoxide 41 as a common intermediate in the production of these
two protectins.!%% 109

17



The biosynthesis of PD1 (31) commences with an oxygenation of the Ci7-position on DHA (5),
promoted by 15-LOX, into 17S-hydroperoxy DHA (17S-HpDHA, 42). This short-lived
intermediate is further converted by human leukocytes into epoxide 41, which by enzymatic
hydrolysis by the attack of water on C1o provides PD1 (31).> % The latter step is likely to occur
through a carbocation intermediate, formed by enzymatic ring opening of intermediate 41 (Scheme
1.10). This has been evidenced by the formation of the E.E,Z-triene under enzymatic actions
whereas the E,E,E-triene in addition to the formation of two diastereomeric water adducts on Cio
is formed under non-enzymatic conditions.!* 1% 119 Fyrthermore, conjugation of intermediate 41
with glutathione, catalyzed by a glutathione S-transferase, affords the 16R,17S-conjugate 38,

which can be converted to PCTR2 (39) and PCTR3 (40) as discussed in the preceding section.!'?”:
108

_ _ _ A _
0, .
OOH
DHA (5) 17S-HpDHA (42)

Enzymatic
hydrolysis

168,17 S-epoxy-protectin (41)

H

PCTR1 (38)

PD1 (31)

Scheme 1.10 Outline of the biosynthesis of PD1 (31) and PCTR1 (38) from DHA (5).

The biosynthetic pathway towards AT-PD1 (32) has been elucidated and is essentially the same as
the pathway outlined for PD1 (31) above.?’ In the first step, COX-2 in the presence of aspirin
catalyzes the stereoselective incorporation of oxygen at Ci7 in DHA (5) to yield 17R-HpDHA (43).
This intermediate is then further enzymatically transformed through an epoxide intermediate and
hydrolysis into the 17R-epimer 32 (Scheme 1.11).!!!
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Scheme 1.11 Outline of the biosynthesis of AT-PD1 (32) from DHA (5).

The biosynthetic pathway producing the n-3 DPA-derived protectins was initially proposed by
Dalli and co-workers in 2013, as outlined in Scheme 1.12.°° In this route, oxygen insertion at Ci7
in n-3 DPA (6), catalyzed by 15-LOX, affords hydroperoxide 44 that can be converted to epoxide
45 via intramolecular oxygen attack on Ci¢ and loss of water. Intermediate 45 can then undergo
enzymatic hydrolysis, either at Cio or Ci7, to generate PD1,3 ppa (36) or PD2,3 ppa (37),
respectively.

n-3 DPA (6)
Ozﬁ 15-LOX
o T CO,H ’ Enzymatic OH
A , _ hydrolysis PD1,.3 ppa (36)
O0H \
44 45

PD2;,.3 ppa (37)

Scheme 1.12 Outline of the biosynthesis of PD 143 ppa (36) and proposed biosynthesis of PD2n.3 ppa (37).104

The involvement of epoxide 45 as an intermediate in the formation of PD1,.3 ppa (36) was recently
confirmed by matching studies. In these investigations, enzymatic incubations demonstrated that
n-3 DPA (6) was converted to epoxide 45 by 15-LOX, and that synthetic 45 was converted to
PD1s3 ppa (36) by human neutrophils.!® Moreover, when synthetic 45 was incubated with
denatured neutrophils or phosphate buffered saline, a significant lower amount of SPM 36 was
produced, which supports the presence of a hydrolytic enzyme in the conversion of 45 to PD1,:3

ppa (36).1%4
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1.4.6 Enzymatic and biochemical oxidations of protectins

PDI1 (31), like other lipid mediators such as LTB4(20), undergoes m-hydroxylation to generate an
o-hydroxylated metabolite.”” !> While omega oxidation of LTB4 (20) results in loss of biological
activity, the resulting metabolite of PD1, termed 22-OH protectin D1 (22-OH-PD1, 46), has been
found to retain the ability of PD1 (31) to attenuate LTBs-induced chemotaxis in human PMNs,
and thus decrease leukocyte recruitment in vivo.!'> '3 Given the major known metabolic pathways
for oxygenated eicosanoid metabolites, 22-OH-PD1 (46) might be further oxidized to dicarboxylic
acid 47, followed by prospective p-oxidation (Scheme 1.13).!'*!1® However, further studies are
needed to investigate this hypothesis.

The first evidence that SPMs are subjected to biochemical B-oxidation was recently published.'!’
In this study, PD1 (31) was incubated with human hepatoma cell lines to investigate potential
hepatic biotransformations in humans. In these incubations, sequential formation of two prominent
metabolites was identified with concomitant decrease in PD1 (31) concentration. The metabolites
were identified as C-20-PD1 (48) and C-18-PD1 (49), which is consistent with products formed
by one and two rounds of B-oxidation of PD1 (31), respectively (see Scheme 1.13). The identities
of compound 48 and 49 were additionally confirmed by comparison of biologic material with
standards obtained through chemical synthesis. Nonetheless, only trace amounts of 22-OH-PD1
(46) were detected in the incubations, and the dicarboxylic acid 47 was not observed. These initial
findings suggest that, contrary to eicosanoids, the main metabolic pathway for PD1 (31) is not
from the w-end, but from the polar head. Interestingly, C-18-PD1 (49) was able to inhibit LTBs-
induced chemotaxis in human PMNs comparable with PD1 (31), whereas C-20-PD1 (48) was

ineffective.!!”

Scheme 1.13 outlines the different metabolic and proposed metabolic pathways for PD1 (31).!7
Other plausible oxidations may be through the actions of oxidoreductase enzymes on one of the
two allylic alcohols to produce the corresponding ketones 10-oxo-PD1 (50) or 17-ox0-PD1 (51),

which is known to occur in a number of SPMs. 812!
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Scheme 1.13 Metabolic and proposed metabolic pathways for PD1 (31).!7

Other protectins are likely to share the same metabolic fate as PD1 (31) or other lipid mediators,
although further studies are needed to substantiate this suggestion. Towards drug development
efforts, elucidating the biochemical pathways involved in the metabolic inactivation of protectins
can be useful to provide a basis for the design and synthesis of metabolically stable analogues that
mimic their potent bioactions.

1.5 Receptors activated by specialized pro-resolving lipid mediators

G-protein coupled receptors, also referred to as seven transmembrane proteins, are a large group
of membrane proteins that regulate an array of physiological responses such as vision, smell and
taste, among others.!?> 12> Activation of a GPCR by an external signaling molecule (i.e. agonist),
results in a conformational change of the receptor, which in turn activates internal downstream
signaling pathways, ultimately resulting in cellular responses.'?* As briefly mentioned, the SPMs
have been shown to exert their beneficial actions through GPCRs, and several SPM receptors have
been reported to date (see Figure 1.7).!2130 The A lipoxin and formyl peptide receptor 2
(ALX/FPR2) was the first of these receptors to be identified, which transduce the signals initiated
by LXA4 (22), and the D-class resolvins, such as RvD1, and RvD3. Additionally, the listed SPMs
signal through the GPCR termed GPR32, which is also activated by RvDS5.!3!> 132 Furthermore, the
leucine G-protein coupled receptor 6 (LGR6) was recently identified to be specifically activated
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by the SPM maresin 1 (Marl1).'?”'?* The SPM-receptor interactions reported for RvE1 (26) and
PDI (31) are discussed in the following sections.

LXA, RvD1, RvD3 RvD1, RvD3, RvD5 RVE1, RVE2 RVE1, RVE2 RvD2 NPD1 MaR1
ALX / FPR2 GPR32 ChemR23 BLT1 GPR18 GPR37 LRG6

| | | | | |

Resolution of inflammation, resolution of neuroinflammation, and resolution of pain

Figure 1.7 Illustration of SPM activation of respective GPCRs in regulating inflammatory processes.!

1.5.1 Resolvin E1

Resolvin E1 (26) exerts its bioactions through the Chemerin receptor 23 (ChemR23), which is
mainly expressed on immune cells, such as monocytes and macrophages.®® ' ChemR23 is a high
affinity RvE1-receptor (equilibrium dissociation constant, Kq = ~ 11.3 nM) that elicits pro-
resolution pathways upon binding.®* Stimulation of ChemR23 by RvE1 (26) has shown to down-
regulate the production of pro-inflammatory cytokines, including tumor necrosis factor-a (TNF-
).3° Moreover, RvE1-receptor binding has demonstrated to signal phosphorylation of two proteins
(Akt and ribosomal protein S6), which is a signaling pathway that ultimately results in enhanced
human macrophage phagocytosis.'** In addition to activating the ChemR23 receptor, RvE1 (26)
has been shown to regulate the activity of the B leukotriene receptor 1 (BLT1, see Figure 1.7
above), which is highly expressed on human PMNs.!*> 3¢ BLT1 is a high-affinity receptor for the
chemoattractant LTB4 (20). However, it’s been reported that RvE1 (26) compete with LTB4 (20)
for BLT1-binding by acting as a partial agonist while attenuating the pro-inflammatory signals
promoted by LTB4 (20), thus limiting LTBs-mediated PMN infiltration during an inflammatory
response.'?> 136 These findings indicate that RvE 1-receptor interactions counteract the production
and action of pro-inflammatory mediators in addition to stimulating clearance of inflammatory

lesions, which are all critical features in the resolution of inflammation.'3* 13
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1.5.2 Protectin D1

Initial investigations of PDI-receptor binding interactions, using radiolabeled-PD1, provided
evidence for cell type specific binding of PD1 (31) to human retinal pigment epithelial cells and
leukocytes. It was reported that radiolabeled PD1 (31) displayed high affinity and stereoselective
binding in these cells with Kg-values in the low nanomolar range.'*” Furthermore, in these
experiments, radiolabeled PD1 (31) did not compete with RvE1 (26) or LXA4 (22) for specific
binding with human PMNs, which provided the first evidence for interactions of PD1 (31) with
specific high affinity receptors that is not shared by ALX/FPR2, BLT1, or ChemR23. In 2018, it
was discovered that PD1 (31) elicits signaling responses via specific binding to the G-protein
coupled receptor 37 (GPR37), which is highly expressed in the brain.!?% 13139 In this report, PD1
(31) activation of GPR37 on human macrophages resulted in marked enhancement of macrophage
phagocytosis of fluorescent-labelled particles in vitro.'** Moreover, PD1-GPR37 interactions in
macrophage cultures suppressed the production of pro-inflammatory cytokines critically involved
in inflammatory pain, such as interleukin-1p (IL-1P), and increased the expression of anti-
inflammatory cytokines, including interleukin-10 (IL-10). Additional in vivo experiments using
mouse models confirmed the role of GPR37 in regulating macrophage phagocytosis and resolving
inflammatory induced pain.'?® These findings suggest that PD1 (31) contributes to the resolution
of inflammation and inflammatory pain by interacting with the GPR32 receptor.

1.6 Drug development using specialized pro-resolving mediators

Drug development refers to the process of bringing a new drug molecule into clinical practice once
a lead compound has been identified through the process of drug discovery.'** *! Drug
development is a complex, expensive and time-consuming process that requires extensive
interdisciplinary scientific collaboration — it is dependent on organic chemistry and synthesis,
pharmacology as well as comprehensive knowledge of biological systems.'*?

In drug discovery, initial basic research often occurs in academia, where research data generated
may propose that the inhibition or activation of a biological target, such as a protein or a pathway,
will result in a therapeutic effect in a disease of study.'** Thus, collaborations to identify potential
drug targets are not uncommon between academic researchers with expert knowledge of specific
biological pathways and scientists in the pharmaceutical industry.!** %> Since new drug molecules
are rarely discovered directly, drug discovery includes various approaches to identify new
substances, so-called lead compounds (or leads). A lead compound is a chemical compound that
exerts a desired biological activity by affecting a specific biological target. The lead is usually
optimized with respect to potency (pharmacodynamic effects), absorption, distribution,
metabolism, elimination and toxicity (pharmacokinetic effects) for safe and effective therapeutic

use in humans. 4

23



Interaction of a drug or a ligand with receptors resulting in biochemical and physiological effects
is known as pharmacodynamics. Upon receptor binding, an agonist activates the receptor to
produce a biological response, and the potency of that agonist is defined as the concentration
necessary to produce a defined level of a given biological activity (e.g. stimulating macrophage
efferocytosis in inflamed tissue). A potent agonist stimulates the activity at low concentrations,
which is often specified as the concentration necessary to produce half of the maximum response
(ECso-values). Nevertheless, for a drug or a ligand to be therapeutically useful, it must have
additional properties in addition to high potency to allow for absorption of the ligand into the
systemic circulation and/or distribution within the body to reach the target site without inactivation

or toxic side effects.!*®

The lead optimization process includes systematic synthetic alterations to the molecular structure
of the lead to identify structure-activity relationships (SAR) to the target, resulting in synthetic
analogues of the lead. The aim of SAR-studies is to provide structural information essential to
producing a biological response (i.e. the pharmacophore), and to show which part of the structure
that is not essential to that response. The former may then be altered to enhance potency, whereas
the latter can be removed or modified chemically to alter pharmacokinetic effects or to introduce
conformational rigidity. These modifications may then result in a drug candidate worthy of
extensive biological and pharmacological pre-clinical studies, which might be further developed

into a clinical drug ready for clinical trials in humans.!#®

As discussed in earlier sections, the SPMs are highly potent ligands for distinct GPCRs that have
shown great potential in pre-clinical animal models in resolving inflammation. Unlike traditional
anti-inflammatory drugs, such as COX inhibitors, the SPMs exert their actions with the apparent
absence of immunosuppressive effects (see Section 1.1.3 and Section 1.3.3 for details).!*> These
dual properties have attracted great interest in the SPMs as novel lead compounds in drug
discovery programs towards the development of new resolution-based therapeutics.’ 1%

Several SPM-analogues with increased metabolic and/or chemical stability have been synthetized,
and some of these analogues have entered clinical trial programs.!'!® 135 147-150 A notable example
is an analog of RvE1 (52, Figure 1.8), which has shown promising results for the treatment of
inflammation-based dry-eye disease in a phase 2 clinical trial, findings that are further investigated
in a phase 3 trial.!* Lipoxin analogues with increased metabolic resistance that retain the potent
bioactivity of their parent molecule have also been developed.!*® 151152 One of these analogues is
a benzo-fused ring mimetic of LXA4 (53, Figure 1.8), which has proved to promote tissue repair
and tissue regeneration in animal models of periodontitis.!* 133 Consequently, analog 53 is being
investigated in a phase 1 clinical trial for topical treatment of periodontal inflammation.'>*
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Figure 1.8 Chemical structures of RvE1 (26) and LX A4 (22) and the two synthetic analogues 52 and 53 in clinical trial programs.

1.7 Synthetic methods employed in total synthesis of specialized pro-
resolving lipid mediators

Organic synthesis has historically been applied as a tool for elucidating, confirming, and
replicating the molecules produced by nature.!> Since the SPMs are formed in minute amounts
from natural sources, organic synthesis is necessary to access larger quantities that will enable
exact structural assignments and thorough biological investigations.!*® The chemical structures of
the SPMs may seem to be very similar and simple looking. However, the synthesis, purification
and spectroscopic analysis of these mediators are demanding. Not to mention, these molecules are
sensitive towards chemical decomposition and the conjugated E,E,Z-triene moiety present in many
of the SPMs is prone to isomerization upon contact with heat, light, and acidity. Furthermore,
when a synthesis is performed, possible stereochemical or geometrical isomers can be formed that
are difficult to remove from the desired product.'>” ¥ For these reasons, reliable stereo- and regio-
controlled synthetic approaches are essential to their production. As previously mentioned, the
correct stereochemistry and double bond geometry is most often crucial for the SPMs to mediate
their bioactions. Multiple double bonds with E- and Z-configurations are present within these
structures, both as skipped Z-olefins and alkenes in conjugation. Some key methods applied to
construct alkenes and other functional groups are presented in the following sections.
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1.7.1 Wittig and Z-selective Wittig reactions

The Wittig reaction, named after the Nobel Laureate Georg Wittig, was discovered in 1954,'%° and
is an efficient and widely used method to construct alkenes from aldehydes and ketones.'®® In this
reaction, a phosphonium ylide reacts with the carbonyl compound to form an alkene with
phosphine oxide as the by-product. A very significant feature of the Wittig reaction is that the
stereoselectivity of the reaction is dependent on the substituents on the ylide. The different types
of ylides may be classified into three types. Stabilized ylides are those that have anion-stabilizing
substituents adjacent to the negative charge. These type of ylides favor the formation of E-alkenes.
Non-stabilized ylides are those without additional anion-stabilizing substituents, and preferentially
form Z-alkenes in the Wittig reaction, while semi-stabilized substituents (i.e. aromatic rings)
usually produce a mixture of E- and Z- products.'®! In addition to the choice of ylide, other ways
to enhance the selectivity for Z-configured alkenes are to perform the reaction at low temperatures,

in highly diluted solutions, and to use lithium-free conditions. 6% 162

The mechanism of the Wittig reaction is a debated subject, but the proposed mechanism illustrated
in Scheme 1.14 to form a Z-alkene is commonly agreed upon.'®*-1% This involves stereoselective
formation of a syn-oxaphosphetane intermediate (54) followed by stereospecific elimination to
yield the corresponding Z-configured alkene (55) with loss of triphenyl phosphine oxide (56). The
thermodynamic driving force in this reaction is the high affinity of phosphorous towards oxygen
to form the remarkably strong phosphorous-oxygen bond in the phosphine-oxide by-product.'®*
Under lithium-free conditions, strong evidence suggests that the first step in the Wittig reaction is
a [2+2] cycloaddition between the phosphonium ylide (57) and the carbonyl compound to form
the oxaphosphetane intermediate 54 directly.'®?

R': alkyl (non-stabilized ylide)
PhsP50O

+ 2 R,CHO 3 Dg
PhsP” "R’ =,

R" 'R2 *+ O=PPhg
R" “R2
57 54 55 56

Scheme 1.14 Proposed mechanism for the Wittig reaction.

The Wittig reaction has been employed in the synthesis of numerous SPMs and other unsaturated
natural products.'®1% Scheme 1.15 illustrates how Ogawa and Kobayashi utilized a Z-selective
Wittig reaction in their synthesis of RVE1 (26).!%° The C14-C;s olefin in RvE1 was formed by
deprotonating phosphonium salt 58 using sodium bis(trimethylsilyl)amide (NaHMDS) to form the
corresponding ylide, followed by a Wittig reaction between the ylide and aldehyde 59 to afford
the Z-configured alkene in intermediate 60.
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Scheme 1.15 Formation of a cis-olefin utilizing the Wittig reaction in the total synthesis of RVE1 (26) by Ogawa and
Kobayashi.'®

1.7.2 Cross-coupling reactions

Palladium and nickel catalyzed cross-coupling reactions, such as Heck,!”® Negishi,!”! Suzuki,!”
and the Sonogashira!” reactions, are valuable carbon-carbon bond forming methods for the
synthesis of both Z- and E-olefins. In these reactions, the stereochemistry of the starting alkenyls
is retained in the product as a result of the cross-coupling step being mainly stereospecific.!”* The
major impact of these reactions in organic synthesis led to the joint awarding of the 2010 Nobel
Prize in Chemistry to Richard F. Heck, Ei-ichi Negishi and Akira Suzuki for their work on
palladium-catalyzed cross-coupling reactions.'”

The powerful ability of transition-metal catalyzed cross-coupling reactions to forge carbon-carbon
bonds between functionalized substrates under mild conditions has resulted in wide application in
natural product synthesis.!” Due to the highly unsaturated nature of the SPMs, cross-coupling
reactions are frequently utilized in their preparation.'0> 57 158 176178 Qpe example of the
employment of the Sonogashira reaction in the synthesis of natural product 61 is illustrated in
Scheme 1.16.'7°

_
NP Pd(PPhg3),
,é\/ o PR = EuNH
AcO 0 T

61a 61b

AcO

AcO pyrrhoxanthin (61)

Scheme 1.16 Application of the Sonogashira reaction in the total syntheses of pyrrhoxanthin (61).'7°
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1.7.3 Z-selective reduction of alkynes

Selective hydrogenation of alkynes to create Z-alkenes has been extensively employed in the
synthesis of unsaturated natural products, and numerous established methods exist. One of the
most commonly employed protocols includes palladium-based reagents, such as the Lindlar
catalyst.'® In this catalyst, palladium is deposited on a CaCOj3 support poisoned with lead acetate
and quinoline. Additionally, aromatic imine bases, such as quinoline and pyridine, are often added
due to their ability to modulate catalyst reactivity and thereby increase selectivity.'8! 132 The
selectivity for alkene formation in the Lindlar reaction may be explained by strong adsorption of
the reactive alkyne on the catalyst surface, preventing re-adsorption of the resulting alkene product.
The latter is proposed to be formed by syn-addition of hydrogens from the catalyst to the triple
bond. As the concentration of alkyne decreases, competitive adsorption of quinoline on the catalyst
surface can prevent binding and further reduction of the alkene product.'®® Nonetheless, over-
reduction is still often encountered when this method is applied. To avoid this problem, co-
solvents, such as pyridine and 1-octene, or cyclohexene can be added in the reactions.'®® One
example of the application of the Lindlar’s catalyst is the reduction of intermediate 62, furnishing
the metabolically stable LXAs-analog para-fluorophenoxy 63 (Scheme 1.17).%

HQ, OH
/\W—WCOZMG H,, Lindlar's cat. wcozhﬂe
FOO X quinoline = OOF
OH OH
62 63

Scheme 1.17 Application of the Lindlar reduction in the synthesis of para-fluorophenoxy lipoxin analog 63.%°

Other established methods to obtain Z-configured alkenes include Brown’s nickel-based catalyst
P-2 Ni'® and the copper (I) hydride reagent known as Stryker’s reagent.'®> The former is readily
generated in situ by the reduction of nickel acetate with sodium borohydride in ethanol, and is one
of the most frequently used reducing systems, together with the Lindlar catalyst, for partial
hydrogenation of alkynes. The Brown catalyst has a broad functional group tolerance, and may be
used in the presence of alkenes, acetals, silylated ethers, and free hydroxyl groups, among others.
However, some drawbacks experienced using the methods described include isomerization to E-

alkenes and over-reduction.'®?

Chemoselective reduction of a conjugated alkyne is challenging due to an increased reactivity of
the conjugated system. Thus, unwanted side reactions, such as over-reduction to saturated
analogues, may be encountered using the above-mentioned methods.!®® An alternative protocol is
the Boland reduction using an activated Zn(Cu/Ag) reagent.'*® This reduction proceeds without an
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applied hydrogen atmosphere in a MeOH/H>O solvent system, and has successfully been utilized
for Z-selective hydrogenation of conjugated alkynes. Durand and Balas established the conjugated
triene, utilizing a modified Boland protocol reported by our group,'®’ in their synthesis of 10-epi-

PD1x.3 ppa ethyl ester 64 as illustrated in Scheme 1.18.7

OH
N - Zn(Cu/Ag), TMSCI
- CO,Et
OH MeOH/H,0,
i, 4h
65 64

Scheme 1.18 Application of the Boland reduction in the synthesis of the PD 13 pea ethyl ester epimer 64 by Durand and Balas.!’

1.7.4 Aldol reactions

The aldol reaction was discovered independently by Wurtz!%® and Borodin'® in the 1870s, and is
an important and extensively used method for the construction of carbon-carbon bonds and
stereogenic centers in organic synthesis.!”’ In 1957, Zimmerman and Traxler published a model
rationalizing the diastereofacial selectivity observed in the aldol reaction.'”! According to this
model, the reaction between an enolate and an aldehyde proceeds through a six-membered chair-
like transition state, where an £- and a Z-metal enolate affords anti- and syn-adducts, respectively.
The controlling factor in this model is based on minimizing steric interactions in the transition
state, where the metal-enolate geometry impose the orientation of the R2-group to be either pseudo-
equatorial or axial, whereas the R3-substituent of the aldehyde favors the to be oriented in the more
stable pseudo-equatorial position, as illustrated in Scheme 1.19.!%!

t

OLi s R! H O OH
2 R°CHO ~~—Li
R1J\(R _R N H\Z)Qo’/ R1MR3
H R2 R3 ’ R2
Z-enolate Syn product
t
OLi s R! H O OH
R1J\(H _RcHo Rz\Z)g//'-' . R*K‘%W
/=0
R2 y R R2
E-enolate Anti product

Scheme 1.19 The Zimmermann-Traxler transition states for Z- and E-enolates.!*!- 192
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If a Zimmermann-Traxler transition state is operative, then controlling the geometry of the enolate
formed will also control the stereoselective outcome of the aldol reaction. In practice, the
stereochemistry of the resulting adducts can be highly metal dependent. Lithium and boron are
often preferred as the metal source, since the relatively short metal-oxygen bond between these
two metals are believed to result in a tighter transition state which in turn increase the
stereoselectivity.'®? Titanium based Lewis acids are also used in aldol reactions, which is known
as the Mukaiyama-aldol reaction in the Lewis acid mediated reaction between silyl enol ethers and
an aldehyde.!*?

A successful advancement of the aldol reaction is the stereoselective creation of secondary
alcohols using chiral oxazolidinones developed by Evans, known as the Evans-aldol reaction.!**
194 The chiral auxiliaries applied in this reaction are generally commercially available as either
enantiomer. Scheme 1.20 illustrates the Evans-aldol reaction and how the stereoselectivity is
rationalized based on the Zimmerman-Traxler model.'”" 1°> 15 In this reaction, nBu,BOTf and
EtsN are used to form the Z-enolate 64, controlling the relative stereochemistry, whereas the
stereochemistry of the oxazolidinone auxiliary ensures that the nucleophile addition preferentially
occurs to one face of the aldehyde through the favored transition state, which in turn controls the
absolute configuration of the product. In the favored transition state, the dipoles of the carbonyl
group of the auxiliary and the enolate oxygen are oriented in opposite directions, and the aldehyde
R'-group oriented in pseudo-equatorial position, reducing steric interactions. Consequently, the
Evans syn aldol product 65 is formed selectively.

L

L)
0=y (
H 1
H /0 )Q//B*L
(L 1\\0,

o o ~ O/BnBuz B rR2R o H
N

o o

RZ  nBu,BOTY, Et;N i 2 R Favored :
o N)K/ 2 3 N)\/R R'CHO avore o )ivw
- - R2
O{O ol \—y
66 64 V( H L Evans syn product 65

H\m/ﬁ"
N

r2R

Unfavored

Scheme 1.20 Stereoselectivity in the Zimmerman-Traxler model of the Evans aldol reaction.

By varying the combination between the Lewis acid and the chiral auxiliary in the Evans-aldol
reaction, products of all possible configurations have been prepared, making this reaction an
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exceptionally successful and popular approach for asymmetric construction of carbon-carbon
bOHdS.196_199

Continuing work related to Evan’s findings was reported by Nagao and co-workers in 1986.2° In
this study, it was found that acetylated thiazolodinethiones underwent highly selective acetate aldol
reactions to afford aldol products in excellent selectivity, a property that was typically not observed
when employing N-acetyloxazolidinones.??*-2°! Since its discovery, the reaction referred to as the
Nagao acetate aldol reaction, has been widely employed in natural product synthesis. One example
of its application in the total synthesis of (-)-mycothiazole (65) is illustrated in Scheme 1.21.2%?

o s
1. Sn(OTf), A
= A N o N-ethylpiperidine M o = A N OH O
[ 45°Cto-15°Cc | (S RN
S H 2. LiOH, H,0,, THF, 0 ° 5 oH
66 . LIOH, Hy05, THF, 0 °C 63

Scheme 1.21 Employment of the Nagao acetate aldol reaction in the synthesis of (-)-mycothiazole (65).2°?
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1.8 Literature syntheses of resolvin E1

Several research groups have developed synthetic strategies towards RvVE1 (26). The first strategy
was reported in 2005, by Petasis and co-workers.?* 2 The key reactions applied in this synthesis
are shown in Scheme 1.22 and include assembly of the three fragments 69, 70 and 71 by two
subsequent Sonogashira coupling reactions to afford intermediate 73. Semi-reduction of the two
triple bonds in 73 using the Lindlar catalyst provided the methyl ester of RVE1 (74) in 13 steps
over the longest linear sequence (LLS). In the latter step, the reduction stopped at 60% conversion.
Further conversion to RvE1 (26) is not mentioned by the authors.

OTBS OTBS
_ CO,Me 1. Pd(PPhs) P CO,Me (N4
- 3)4,
- 70 Cul, EtzN TBSO NN - OTES
+ 2. AgNO3, KCN 1. Pd(PPhs),,
TBSOL_ BT (TMS) X i cul EtN !
76% 2. BuyNF
55%
X
T™S
69
OH
CO,Me
Hp, Lindlar cat. =
Hydrolysis (60% conversion) NN
RVE1 (26)
60% N
N
OH 73

RVE1-Me (74)

Scheme 1.22 Petasis’ synthesis of RvE1 (26) using Sonogashira couplings between the three key fragments 69, 70 and 71.2%

Fragment 69 and 71 were both prepared from the same starting material (R)-76 through ring
opening of the epoxide with the anion of TMS-acetylene and MeMgBr, respectively (Scheme
1.23.). In the construction of fragment 69, selective deprotection of the primary silylether in 77
followed by Swern oxidation?™ and Takai olefination®” afforded intermediate 78. Then, a
Negishi!”' coupling between intermediate 78 and iodide 79 furnished the conjugated E, E-dienyl
moiety of fragment 69. Key fragment 71 was prepared in a similar manner, by employing Swern
oxidation of intermediate 80 followed by Takai olefination of the resulting aldehyde as outlined in
Scheme 1.23.
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Scheme 1.23 Preparation of fragment 69 and 71 used in the Sonogashira reaction.?%?

Coupling partner 70 was prepared as illustrated in Scheme 1.24. Transformation of 81 into
acetylene 82 followed by an asymmetric Midland reduction?’® using (S)-B-Isopinocampheyl-9-
BBN (S-Alpine-Borane) gave the corresponding propargylic alcohol in 90% ee. The resulting
alcohol was TBS-protected and converted into fragment 70 following removal of the TMS group
using AgNO3 and KCN.

CO,Me 1. S-alpine-Borane

MCOZMe TMS———TMS 0 2. TBSCI, imidazole oTBS
CO,Me
AICl3, CH,CI 3. AgNO3, KCN /\M 2
cl 3, CHCl2 = gNOs =

70% 0
81 ° ™S 82 68% 70

Scheme 1.24 Preparation of fragment 70 used in the Sonogashira reaction.?%

The Petasis’ synthesis towards RvE1 (26) was later re-investigated by Schwartz and co-workers
to improve the efficiency with respect to yields, enantiopurity and scale-up.2’” Scheme 1.25 shows
an improved enantioselective synthesis of the propargylic alcohol fragment 70 above, resulting in
analog 83. Acetylide ring opening of glutaric anhydride 84, followed by acid-catalyzed
esterification, gave isopropyl ester 85. Asymmetric reduction of the ketone moiety in 85 by the
Noyori?® catalyst gave the secondary alcohol 83 in excellent enantiomeric purity (>98% ee).

1. TMS

T™MS [e] [e] 1. Ru[(S,S)-TsDPEN]- OH o

AICl3, CH,Cl, (p-cymene), i-PrOH
: = oPr T —— 2 Oi-Pr
o (0] o 2. TsOH, i-PrOH ™S 2. BuyNF, THF H
84 70% 85 86% 83

Scheme 1.25 Improved synthetic strategy to obtain the carbonyl end fragment 83.20
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In the Schwartz strategy, aldehyde 86 and key fragment 71a was prepared according to the Petasis
protocol above (Scheme 1.23), affording 86 in 50% yield over 6 steps and 71a in 33% yield over
6 steps following desilylation. Next, Wittig homologation of aldehyde 86 with
triphenylphosphoranylideneacetaldehyde followed by Takai olefination produced intermediate 87
as a mixture of isomers (E/Z = 6.2:1, based on 'H-NMR analysis) in the latter reaction. The mixture
was directly subjected to a Sonogashira coupling with alkyne 83 to afford intermediate 88 in 40%
yield from 86 after chromatographic purification. Global silyl deprotection of 88 and subsequent
Sonogashira coupling with fragment 71a furnished the carbon skeleton of RVE1 (89) in reasonable
yield (68%). Reduction of the internal alkynes in 89 provided the corresponding pentaene product
without over-reduction or Z-alkene isomerization. Resolvin E1 (26) was finally obtained after
basic hydrolysis in 45% yield over the two last steps. In this synthesis, the target compound was
obtained in 13 synthetic steps and 4 % yield over the longest linear sequence (LLS). The purity of
the isolated target compound 26 is not provided by the authors.

! %‘/\
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71a:R=H
72%
777777777777777777777777777777777 ElZ6.2:1
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TMS X
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MeOH/H,0 NN
2. LiOH, THF/H,0 NP
45%
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Scheme 1.26 Improved synthesis of RvE1 (26) by Schwartz and co-workers.?"7

In 2009, Ogawa and Kobayashi reported a third convergent synthesis of RvE1 (26).! In this
strategy, a late Suzuki'’? coupling of fragment 90 and 91 established the conjugated triene in 92,
in which the ester functionality remained intact under the basic conditions (Scheme 1.27).
However, if LIOH was used as a base in the Suzuki coupling, the corresponding acid of 92 was
obtained in one pot, but chromatographic purification of the crude acid proved difficult. In the
final step, intermediate 92 was treated with BusNF to furnish RvE1 (26) in 19 linear steps, but how
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the methyl ester of RVE1 was hydrolyzed into 26 is not mentioned by the authors. The total number
of steps in this strategy was 33 in comparison with a total of 23 steps in the Schwarts’ synthesis.
The target compound 26 was isolated in >92% purity based on 'H-NMR analyses, and the final
acid was converted to the methyl ester using diazomethane to confirm the structure by comparing
'H- and '3C-NMR spectra with those reported by Petasis.?*

| o
X Pd(PPhs),, OTBS
H 2N NaOH, THF 1. BuyNF, THF
920 _— — > RVE1 (26)
. OTBS quant. 2. Hydrolysis
CO,Me
‘ 91
BSia,

Scheme 1.27 Final steps in the synthesis of RVE1 (26) by Ogawa and Kobayashi using the Suzuki coupling.'®’

Key fragment 90, which was used in the Suzuki coupling, was prepared as outlined in Scheme
1.28 and Scheme 1.29. Starting from ketone 93, obtained over 5 previous steps, asymmetric
reduction using the Noyori catalyst afforded (R)-94 in high yield and high enantiomeric purity
(>98% ee, based on 'H-NMR of the corresponding Mosher acid?®” derivatives). Protection of the
secondary hydroxyl group in (R)-94, followed by desilylation and palladium catalyzed
hydrostannination?'® afforded the E-alkene stereoselectively, which upon exposure to I furnished
iodide 95. Through a four-step transformation, including selective deprotection of the primary
alcohol, tosylation and halogenation, Wittig-salt 96 was obtained in 34% yield from compound 93
(Scheme 1.28).

OPBM

™S OFEM ™S 1.DDQ

A Ru[(S,S)-TsDPEN]- X 1. TBDPSCI 2. TsCl, Et;N

(p-cymene), i-PrOH H 2. K,CO3, MeOH I\/r/OPMB DMAP N4 PPh;l
89% 3. BugSnH, Pd cat. TBDPS 3. Nal w(‘)HM

93 (R)-94 4.1, 95 4. PPhs, EtOH 96
>98% ee

Scheme 1.28 Preparation of intermediate Wittig-salt 96.'%
Racemic alcohol 97 was prepared by nucleophilic addition of TMS-acetylene anion to propanal
followed by an E-selective reduction of the alkyne in 75% yield over the two steps. Next, Sharpless

asymmetric epoxidation under kinetic resolution conditions?!! of 97 afforded a mixture of anti-
epoxy alcohol 98 and (S)-alcohol 99 in excellent enantiopurity. After separation of (5)-99 and 98
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by column chromatography and several additional transformations, both products were converted
into aldehyde 100 via epoxide ring opening with Et;AICN and hydride reduction. The correct
stereochemistry of aldehyde 100 from (S5)-99 was installed by a Mitsunobu inversion.?'? Finally, a
Wittig reaction of aldehyde 100 with the ylide of 96 and subsequent desilylation furnished key
fragment 90 (Scheme 1.29).

1. E,AICN
o oH 2. TBDPSCI
TMS/<'/v 3. DIBAL-H ~. oTEDPS
oH t-BuOOH, 98, 99% ee, 45% : 96
Ti(0-i-Pr)s, b~(-)-DIPT OHET X
TMSW - = - . 1. NaHMDS, THF
OH 100 2. Aldehyde 100
97 Mv a,b,c / 3. BugNH, THF
™S d ot 82%
(S)-99, 98% ee, 46% I
\ on
~

a) -BUOOH, Ti(O-i-Pr),, L-(+)-DIPT; b) p-NO,CsH4CO,H, DIAD, PPhs; c) NaOH, MeOH; d) Et,AICN; e) TBDPSCI; f) DIBAL-H
Scheme 1.29 Construction of key fragment 90 for the Suzuki coupling reaction.'®”

The second coupling partner 91 was prepared in eight steps as outlined in Scheme 1.30.2'* An
addition reaction of 101 with 102 afforded racemic alcohol 103 in 65% yield. Sharpless
epoxidation under kinetic resolution conditions of racemic 103 resulted in alcohol (S)-104 after
separation from the epoxy-alcohol formed in the reaction. Then, bromination of 104 followed by
Peterson elimination?!* using tetrabutylammonium fluoride (TBAF) and silylation of the
secondary alcohol afforded Z-alkene 105. A Sonogashira coupling reaction between 105 and TMS-
acetylene followed by removal of the TMS-protecting group yielded intermediate 106. Finally,
hydroboration of the terminal alkyne in 106 using Sia;BH furnished borane reagent 91 in situ prior
to the Suzuki coupling shown in Scheme 1.27.
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Me3Si\/\Li OHC\/\/COZMG

101 102
THF, -78 °C
NaOMe/MeOH
65%
o _ bBuooH, 1.Br oTBS
W/CO M TI4>(o-l-Pr)4y et i 2. BuNF COzMe
X 2Me /\v'\A/COZMe E—
™S 43% ™S 3. TBSCI ‘
103 (S)-104 69% Br 105
1 TME = OTBS oTBS
Pd(PPh3)s, Cul, Pr,NH ‘ COMe  gja,BH ‘ CO,Me
2. K,CO3, MeOH THE _— )
95% \\ BSia,
106 91

Scheme 1.30 Construction of the key fragment 91 used in the Suzuki coupling reaction.'®

The most recent total synthesis of RvE1 (26) was published by Anderson and co-workers early in
2020.2'5 To unite three key fragments prepared, two Hiyama-Denmark?'® 2!7 cross-coupling
reactions were utilized to control the stereochemistry of the Z-alkenes in the RvEI-polyene
structure. Other key reactions employed in this synthesis included Sharpless asymmetric
epoxidation under kinetic resolution conditions, Noyori asymmetric transfer hydrogenation (97%-
99% ee.) and Takai olefination (£/Z = 5:1). The final compound was obtained over 12 linear steps
(25 in total), but the yield is not mentioned by the authors. According to the experimental details
published, RVE1 (26) was isolated in 2% yield (LLS).

Of note, in the presented schemes and strategies, selectivity and yields are specified whenever
possible (i.e. if reported by the authors).
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1.9 Literature syntheses of protectins

Several total syntheses of protectins have been reported by the same research groups that targeted
RvVE1 (26, Section 1.8). A selection of syntheses is presented in this section. The first total
synthesis of PD1 (31) and AT-PD1 (32) was briefly announced in a biological journal by Petasis
and collaborators in 2006.°? Later, the syntheses were reported in detail, disclosing a successful
Sonogashira coupling of acetylene (5)-107 or the corresponding R-isomer 108 with iodide 109
(Scheme 1.31).!"! After bis-desilylation of 110, reduction of the internal alkyne using the Boland
conditions furnished the sensitive E,E,Z-triene in SPM 31 in 60% yield. In the final step, basic
hydrolysis provided PD1 (31) over 16 steps in 4% yield (LLS). Analogously, by assembling (R)-
108 (depicted in Scheme 1.32) and key fragment 109, AT-PD1 (32) was synthesized.

OTBDPS
P T or (R)-108
74
(S)-107 Pd(PPhj)s,
Cul
+ —_—
| benzene
‘ 96%
= _ _ CO,Me
TBOPS o 1. BuyNF, THF

2. Zn(Cu/Ag), MeOH/H,O
3. NaOH, H,0O

AT-PD1 (32)

Scheme 1.31 Final steps in the Petasis synthesis of PD1 (31) and AT-PD1 (32).!!!

Terminal acetylene (5)-107 and (R)-108 used in the above cross-coupling reaction were both
prepared as outlined in Scheme 1.32. BF3-mediated addition of the anion of 1-butyne to (R)-111
followed by silylation of the resulting alcohol afforded intermediate 112. Selective deprotection
of the primary alcohol in 112 and Z-selective Lindlar hydrogenation of the alkyne afforded Z-
alkene 113 in 74% yield over the two steps. Next, the primary alcohol was oxidized to the
corresponding aldehyde that was converted into the Sonogashira coupling partner (R)-108 via the
Corey-Fuchs homologation reaction.?!® To obtain (S)-107, the enantiomer of (R)-111 was used as
starting material.
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1. Et—— 1. (COCl),,

.0 N-Buli, BFyOEt “ OTBDPS 1. CSA, MeOH OTBDPS  DMSO, Et;N OTBDPS
TBSO_~ /\/'\/OTBS = —_ 1 _on g —

2. TBDPSCI, 2. Hyp, Lindlar cat. 2. Ph3P, CBry \\
(R)-111 imidazole, 112 74% 113 3. n-BulLi, Et,0 (R)-108
DMAP 32% over 7 steps

Scheme 1.32 Preparation of the C15-C22 fragment (R)-108 used in the synthesis of AT-PD1 (32).!!!

Key fragment 109 was prepared in 11 steps as outlined in Scheme 1.33. The first three reactions
were essentially the same as the first three steps in the construction of terminal acetylene (R)-108
(Scheme 1.32). The next key transformations included a chemoselective Appel reaction,?!’ Cu-
mediated coupling with methyl 4-pentynoate to afford diyne 114. Following selective deprotection
of the primary alcohol, Lindlar hydrogenation of dialkyne 114 furnished the all Z-alkene 115 in
204 6f 115 followed by a Wittig reaction'>® with ylide
then afforded intermediate 109. The isomeric Z-iodo

68% yield in the latter step. Swern oxidation

116 and subsequent Takai olefination®®

olefin was produced in small amounts in the Takai reaction and removed by column
chromatography.

_____oTBS OTBS

1. —
oTBS n-BuLi, BF3-OEt, 1. NBS, PPh3 CH,Cl, COMe
O TR KON o S
2. TBDPSCI, imidazole, TBDPSO 2. TBSOTHf, 2,6-lutidine TBDPSO
(R)-111 DMAP, CH,Cl, 116 3. Cul, Nal, K,COg, 114

3. CSA, CH,Cl,/MeOH methyl 4-pentynoate
1. CSA, CH,Cl,/MeOH

2. Hy, Lindlar cat.
quinoline

| 1. (COCI),, DMSO, Et;N

CO,Me CO,Me

HO — —

OTBDPS 2. PhgP=CHCHO (116) TBDPS
109 3. CHl3, CrCl,, THF

Scheme 1.33 Construction of key fragment 109 for the Sonogashira cross-coupling reaction.'!!

In 2014, Spur and Rodriguez published a fourth synthesis of PD1 (31).??° Analogous with the
Petasis’ synthesis discussed above (Scheme 1.31), a late stage Sonogashira reaction was applied
to assemble the key fragments 121 and (S5)-118, constructing the complete carbon chain of the
target compound 31 (Scheme 1.34). Following desilylation of 117, the Zn(Cu/Ag) Boland reagent
was used to reduce the internal alkyne after unsuccessful attempts using Lindlar hydrogenation.
However, the Boland protocol produced a mixture of 65:35 Z/E-isomers that was separated by
column chromatography. In this synthesis, PD1 (31) was obtained over 12 linear steps and 2%
overall yield.
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OH

=
7
(5)-118 Pd(PPhs)s,
Cul
. -
| benzene
‘ 76%
= _ _ CO,Me
TBS 121

1. BuyNF, THF
2. Zn(Cu/Ag), MeOH/H,O
3. 1N LiOH, H,0O

Scheme 1.34 Final steps in Spur and Rodrigues’ synthesis of PD1 (31).2%°

The Ci5-Cx2 fragment (S5)-118 was prepared from acetal-protected D-ribose 119 over three steps,
which included a Wittig reaction to furnish 120, followed by an Appel reaction?!” and base induced
bis-elimination of the resulting iodide to yield terminal acetylene 118 (Scheme 1.35).

OH  NaHMDS, Et,0, 1. |y, PPhg,
o CHy(CHo),PPhsl HO toluene N
\/ 60% XO 2. LDA, THF 6H
& ><5) 65%
119 120 (S)-118

Scheme 1.35 Preparation of fragment (S)-118 from p-ribose derivative 119.22

The R-configured stereocenter in coupling partner 121 was installed from chiral pool starting
material 122 as outlined in Scheme 1.36. Aldehyde 123 was prepared using the Swern oxidation
and subsequently subjected to a Wittig reaction with the ylide of 124 to form the skipped Z-diene
125. Cleavage of the acetal group in 125 followed by protecting group manipulations resulted in
primary alcohol 126. This intermediate was then oxidized using the Dess-Martin reagent®?!
followed by a Wittig homologation of the resulting aldehyde. Finally, a Takai reaction was applied
to afford vinylic iodide 121 in 52% yield.
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O/\INOH (COCI),, DMSO O/W IPth\/\E/\/COZMe O/ﬁ&kM—COZM‘5
6} > o] o
ﬁ/ 122 EtsN ﬁ/ 123 NaHMDS, THF )T 125

1. CuCly-2H,0, MeCN
2. TBSCI, imidazole,
DMAP

3. HF-Py, THF

\ 1. DMP, CH,Cl,

= . CO,Me CO,Me

HO —
TBS 121 2. Ph3P=CHCHO, toluene T8S

3. CrCly, CHIs, THF 126

7% over 8 steps

Scheme 1.36 Construction of the C1-Ci4 fragment 121 used in the synthesis of PD1 (31) by Spur and Rodriguez.??

Ogawa and Kobayashi reported a total synthesis of PD1 (31) in 2011, which was based on the
strategy developed for their synthesis of RvEl (26) presented in the previous section.'®®
Consequently, a late Suzuki cross-coupling!’? between key fragment 127 and 128 afforded the
carbon-chain of PDI (31, Scheme 1.37). Desilylation of 129 using TBAF followed by basic
hydrolysis gave target compound 31 in 20 linear steps. However, the 'H-NMR spectrum of the
final compound, which is the only spectroscopical data published by the authors, was of such
quality that neither characteristic signals nor coupling constants could be interpreted.

X BSia,
Q_/\ ' lWCOZMe
H 128

otes 127

2 N NaOH

\ 1. Pd(PPhs),,

1. BuyNF, THF

2.2 N LiOH,
MeOH/H,0
OH 24% from 127

CO,Me

Scheme 1.37 Synthesis of PD1 (31) by Ogawa and Kobayashi utilizing the Suzuki cross-coupling reaction. '

Fragment 127 was prepared in 11 steps from propargyl alcohol 130 as outlined in Scheme 1.38.
The same methodology developed for the synthesis of 91 (Scheme 1.30) was applied to prepare
127. Following reduction and oxidation of 130, the resulting aldehyde was reacted with propargyl
bromide, promoted by zinc and catalytic TiClys, to afford racemic 131. Sharpless asymmetric
epoxidation under kinetic resolution conditions®!! followed by bromination and elimination
installed the correct stereochemistry of 132. Following TBS-protection of the secondary alcohol,
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a Sonogashira cross-coupling between 133 and TMS-acetylene, followed by Lindlar
hydrogenation and desilylation afforded intermediate 134 in 17% yield from 130. Finally,
hydroboration of the terminal acetylene 134 with Sia;BH provided borane reagent 127.

1. RedAI® 1. +BUOOH,
HO\ 2.PCC - OH Ti(O-Pr)y, D-(-)-DIPT
T™MS 3. propargylbromide,  TMS 2.Bry

=
130 Zn, TiCl, 131 3. BugNF, THF
\TBSCI, imidazole
OTBS oTBS 1.TMS oTBS
Pd(PPha),, Cul, =
o SiaBH T PrNH,, benzene
\ -~ |
) 2. H,, Pd/BaSO
~~ “BSia THF X 2 4
2 A 3. Ko,CO3, MeOH
127 134

Scheme 1.38 Preparation of intermediate 127 used in the Suzuki cross-coupling reaction.'

Next, fragment 128 was prepared in eight steps from iodide 95. The latter compound was prepared
over six steps as outlined Section 1.8 (Scheme 1.28) in the synthesis of RVE1 (26). After selective
deprotection and subsequent oxidation of 95, the resulting aldehyde 135 was subjected to a Z-
selective Wittig reaction with the ylide of 136. Subsequent deprotection of the resulting primary
silylether and oxidation afforded carboxylic acid 137. Finally, metylation of the resulting acid
using diazomethane and desilylation with TBAF provided methyl ester 128 intended for the Suzuki
cross-coupling reaction (Scheme 1.39).

1. NaHMDS, THF
136

'V/\AMOPMB 1.DDQ '\/WO PP ~—=""0rss 'WOH
2.PCC

OTBDPS OTBDPS 2. PPTS, EtOH OTBDPS
95 135 138
1. SO3-Py
2. NaClO,
o 0
s o o LGN o on
e 2. BuyNF
OH 128 OTBDPS 437

Scheme 1.39 Assembly of the Ci-Ci2 fragment 128 used in Kobayashi and Ogawa’s synthesis of PD1 (31).1%°
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1.10 Aim of study

The main aim of this work was to apply different strategies to obtain anti-inflammatory and pro-
resolving lipid mediators and analogues thereof. The partial objectives of this work are listed
below:

» Obtain material of 22-OH-PD1,.3 ppa (139) through stereoselective synthesis to assign its
absolute stereochemistry and investigate its biosynthetic formation from PD1,.3 ppa (31).

» Develop a stereoselective synthesis of 175-3-oxa-PD1,.3 ppa (140) and 17R-3-0xa-PD1,.3
pra (141), rendering these two synthetic analogues available for biological evaluations
considering biosynthesis, metabolic resistance and pro-resolving properties relative to

PD1n3pra (31).

» Develop an efficient, stereoselective and convergent synthesis of RvE1 (26).
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Chapter 2 Results and discussion
2.1 Paper I: Synthesis, Structural Confirmation, and Biosynthesis of 22-OH-PD1x-3 pra

Several studies have established that PUFAs and their oxygenated products undergo oxidative
metabolism by eicosaoxidoreductase and cytochrome P450 enzymes.!* However, little
information is available on ®- and B-oxidative processes of SPMs. Such processes are known for
all fatty acids’ and PUFA-products, including the pro-inflammatory prostaglandins® and
leukotrienes.’

In 2014, the LIPCHEM-group in collaboration with Professor Charles N. Serhan’s group at
Harvard Medical School, Brigham and Women’s Hospital, showed that PD1 (31) was converted
to the 22-OH-PD1 (46) metabolite,’ by matching synthetic and authentic material of 31. Further
biological investigations demonstrated that 22-OH-PD1 (46) exhibited potent anti-inflammatory
and pro-resolving bioactions.®

Recently, novel SPMs derived from n-3 DPA (6) were reported.”” The exact structure and
biosynthesis of PD1.3 pra (36) was confirmed by matching biogenic material with synthetic
standards (Scheme 2.1).”> 1% ! Dye to the structural similarities with PD1 (31), further metabolism
of 36 is likely to result in the formation of 22-OH-PD1,.3 ppa (139). However, to investigate the
biosynthetic conversion of PD1,.3 ppa (36) into 22-OH-PD 1,3 ppa (139), total synthesis of 139 was
required. Hence, we wanted to prepare 139 through stereoselective synthesis, and utilize the
synthetic material in biosynthetic investigations. This is the first total synthesis of the metabolite
139 reported.

enzymatic
hydrolysis

CO,H

OH

22-OH-PD1,,.3 ppa (139) PD1,.3 ppa (36)

Scheme 2.1 Established biosynthesis of PD 1.3 ppa (36) and proposed formation of 22-OH-PD1n.3 ppa (139).
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2.1.1 Synthetic strategy towards 22-OH-PD1n-3 ppa

As emphasized in Section 1.7, the conjugated E.E,Z-triene moiety present in several SPMs,
including 22-OH-PD1,.3 ppa (139), is highly sensitive and may easily undergo isomerization when
exposed to light, heat, and/or acidic conditions. The two chiral allylic alcohols present in 139 are
likely prone to undergo dehydration, forming an extended conjugated system. It is therefore
advantageous to install the E,E,Z-triene in a late stage of the synthesis under mild conditions to
reduce the risk of unintended structural alterations through the synthesis. The synthetic strategy
towards 139 was based on a convergent approach similar to those reported in the synthesis of PD1,.
3ppa (36)!! and 22-OH-PD1 (46) by the LIPCHEM group.® Furthermore, our group has prepared
several SPMs by employing the Nagao acetate aldol reaction to construct related triene moieties
from the key precursor 142.1!% Based on the success in these syntheses, the retrosynthetic analysis
outlined in Figure 2.1 was planned to afford 22-OH-PD1,3 pra (139) in a stereoselective and

convergent manner. Fragment 143 would be prepared as previously reported by our group.® !!

OH 14 oH
Ho — o I\ N — CO,H
15
22-OH-PD1,,.3 ppa (139)
Sonogashira couplin
nd Z-selective reducti
Z-Selective Witti Z-Selective Witti
oTBS QTBS S
20 19 ¢ B AR~ _-COsMe
I r '
TBSO” T T TN I
144 Nagao-acetate ald 143
0] S
OTBS
H e e N JJ\ A~ _-COzMe
T8SO” " “PPh;Br OW Br o AN S IPhsP
145 146 \ 142 \\ 67 148

H homologatio
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o
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Figure 2.1 Retrosynthetic analysis of 22-OH-PD1n.3 ppa (139).
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First disconnecting the indicated Ci4-Cis carbon bond (Figure 2.1), provided an opportunity to
construct the C15-Cjs cis-olefin by a Sonogashira cross-coupling reaction between terminal alkyne
144 and vinyl halide 143 followed by a Z-selective reduction of the resulting internal alkyne. This
would establish the E,E,Z-triene moiety at a late stage in the synthesis. Cleaving the indicated Cjo-
Coo cis-olefin in fragment 143 was performed with the intent of using a Z-selective Wittig reaction
in the forward direction, leading back to Wittig-salt 145 and known aldehyde 146.'* This aldehyde
could in turn be prepared from hydroxylactone 147 by employing a Colvin reaction in the forward
synthetic direction, as earlier reported by our group.'

2.1.2 Total synthesis of 22-OH-PD1x-3 ppa

The first key fragment synthesized was the w-end 144 as illustrated in Scheme 2.2. First, the
aldehyde 146 was prepared over four steps as earlier reported.'> Commercially available (S)-(-)-a-
hydroxy-y-butyrolactone (147) was protected using TBS-triflate, and the resulting TBS-lactone
149 was reduced to the corresponding lactol 150 with DIBAL-H. Following this, the crude lactol
was subjected to a Colvin reaction to afford the terminal alkyne 151. The primary alcohol in 151
was oxidized with the Dess-Martin reagent (DMP) to give aldehyde 146 in 44% yield from starting
lactone 147. Next, Wittig-salt 152 was prepared from commercially available (3-bromopropoxy)-
tert-butyldimethylsilane (153) and treated with NaHMDS to form the corresponding ylide, which
was reacted in a Z-selective Wittig reaction with aldehyde 146. Following filtration of the crude
product through a silica plug, only the desired Z-isomer 144 was detected by 'H- and '*C-NMR
analysis. Overall, the o- end 144 was prepared in five steps from starting lactone 147 in 33% yield.

OH TBSOTY, oTBS QTBS oTBs Dess-Martin OTBS
(\/40 2,6-lutidine C/éo DIBAL-H O/OH TMSCHN,, LDA B periodinane H
_2,6-lutidine _ oA e FET _periodinane -
a CHZCAZ7»0/'78 °c 4 CH,Cly, -78 °C 3 THF, -78 °C HO/V\\\ CH,Cl, o/V\\\
147 ° 149 150 46% from 149 151 98% 146
1. NaHMDS

PPhjs, toluene

oTBS
THF/HMPA, -78 °C H
e TBSO™ " “PPhsBr
, o

152 2. Aldehyde 146 T8SOT T TN

144
74%

8BS0~ " “Br
153

Scheme 2.2 Synthesis of the ®-end 144.

Next, the C1-C 14 fragment 143 was prepared as previously reported (Scheme 2.3).%!! Starting from
the commercially available pyridinium salt 154, treatment with aqueous base afforded potassium
salt 155, which was reacted with a PPh3/Br> complex prepared in dichloromethane. The resulting
(2E,4E)-5-bromopenta-2,4-dienal 142 was subjected to a Nagao acetate aldol reaction'® with
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enantiopure (S5)-67, using TiCls as the Lewis acid and (i-Pr)>NEt as the base. The reaction afforded
intermediate 156 in good yield and selectivity up to a 15.3:1 ratio of the desired diastereomer
(based on HPLC analysis). Next, the secondary alcohol in 156 was protected to give TBS-silyl
ether 157. The chiral auxiliary in 157 was removed by reductive cleavage using DIBAL-H to afford
aldehyde 158, which was immediately subjected to a Z-selective Wittig reaction with the pre-
formed ylide of 148 to produce vinylic bromide 143 (Scheme 2.3). Following chromatographic
purification of crude 143, only the Z-isomer was observed by 'H- and *C-NMR analysis. The
yields in this reaction varied from modest to good. The difficulties encountered were likely due to
the basic reaction conditions employed in the Wittig reaction. Under basic conditions, the aldehyde
158 is prone to deprotonation and elimination of the TBS-ether through the E1¢B mechanism,
producing an all-conjugated system, and such product was identified according to 'H-NMR
analysis. A similar observation was reported by Balas and co-workers in their synthesis of PD1
(31)."7 Furthermore, aldehyde 158 was highly unstable and readily decomposed when solvents
were removed, forming a deep red color of the compound. It was therefore crucial to perform the
following Wittig reaction rapidly.

| A S 0]
+ KOH (aq) o PPhs, Br o
N/ 20°Ctort )W CH CT 0 2C )W )LNJK
| -20°Ctor °
H = 27 0K 212, H = 2 "Br
S03 55% 70% . (i-Pr);NEt, TiCl,
154 155 142 CH20I2 -78°C
2. aldehyde 142
82% (S)-67
TBSOTHf,
™SO O 3 2,6-lutidine OH O i S}
- - /M)J\ < .
BFWNJLS X Br X Xy N s N :
-78 °C J L Gl
157 K 93% 156 S /ij)//ﬂ‘\‘u
/i /‘\ R = o] Cl
DIBAL-H, Closed transition state
CH,Cly, -78 °C
oTBS 1. 148, NaHMDS, OTBS
H THF, HMPA, -78°C
Brwo BrW/\/\/COZMe
158 2. Aldehyde 158 143

45-72%

Scheme 2.3 Preparation of vinylic bromide 143.

Next, the carbon skeleton of target compound 139 was constructed. Assembly of fragment 144
and 143 was achieved by employing a Sonogashira cross-coupling reaction, catalyzed by
Pd(PPhs)4 and Cul in diethylamine. The coupled product 159 was desilylated using 7.5 equivalents
of TBAF, providing alkyne 160 in 76% yield over the two steps (Scheme 2.4).

55



oTBS oTBS

— A/\/W\/\/CO Me
TBso/vw\\\ Br N 2
144 Et,NH | 5 mol% 143
84% | Pd(PPhg),, Cul

OR

RO N
N~
— CO,Me

OR

TBAF, THF ’: R =TBS: 159
91% R = H: 160

Scheme 2.4 Construction of the carbon-chain of 22-OH-PD14.3 pra (139).

The Karstedt platinum-catalyzed alkyne hydrosilylation/protodesilylation protocol is an
opportunity for Z-selective reduction of internal alkynes to produce cis-olefins.!® This method was
first attempted for partial hydrogenation of the internal alkyne in 159. Using this procedure, the
protodesilylation step could also remove the silyl ethers in 159 in one pot. Unfortunately, in the
presence of the Karstedt’s catalyst and excess dimethylethoxy silane, the resulting regioisomeric
mixture of mono-Z-substitued alkene dimetylsilyl-ethoxy ethers 161a and 161b provided a mixture
of the desired product 162 and inseparable impurities following treatment with TBAF. This was
based on NMR and HPLC analyses of the purified product. In the '*C-NMR spectrum recorded,
several low intensity peaks were observed in the alkene region, and HPLC-UV of the isolated
product indicated a purity of 85%. Several different combinations of eluent systems were also
tested to achieve separation by thin layer chromatography (TLC) without success.
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Scheme 2.5 Z-selective reduction of the internal alkyne 159 utilizing the Karstedt protocol.'®

As an alternative, the Boland protocol was applied,'” which is a mild and selective reduction
method for partial hydrogenation of internal alkynes. The freshly prepared Zn(Cu/Ag) reagent was
stirred with alkyne 160 in aqueous methanol to provide methyl ester 162 without over-reduction
and in high purity (96%, determined by NMR and HPLC analyses). However, dehydration of the
two hydroxyl groups in 162 occurred during the reaction, as observed by TLC analysis and later
by '"H-NMR, where loss of the carbinol signals and additional signals in the olefin region was
observed. Moreover, approximately 20% of the E,E,E-triene isomer of 162 was formed during the
reaction (based on isolated material and NMR analyses), which altogether reflects the moderate
yield of 46%. Fortunately, compound 162 could be isolated in high purity by means of column
chromatography on silica gel. In the final step, basic hydrolysis of methyl ester 162 furnished 22-
OH-PD1,.3 pra (139) in 90% yield and high chemical purity (94%, based on HPLC analysis).
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Scheme 2.6 Final steps in the total synthesis of 22-OH-PD14.3 ppa (139).

2.1.3 Matching experiments and biosynthetic investigations

The absolute configuration of the secondary alcohols in the n-3 DPA derived SPMs was not
addressed in the original report.” Although it would be rational to expect it to be the same as for
PD1n3 pra (36), matching experiments between synthetic and authentic material of 139 was
necessary. As previously mentioned, direct comparison of synthetic and biogenic material using
an array of analytical and spectroscopic methods, including UV-Vis spectroscopy, LC-MS/MS,
HPLC as well as biological experiments, were applied for this purpose.

In order to obtain evidence that our synthetic material was identical to authentic material of 22-
OH-PD1..3 pra (139) produced in vivo, LC-MS/MS-based lipid mediator profiling was employed
to assess whether the physical properties of synthetic 139 matched with material isolated from
human serum. These experiments were conducted during my 5-week sojourn in Professor Dalli’s
group at the William Harvey Research Institute in London. Figure 2.2, in panel A and B, shows
the multiple reaction monitoring (MRM) chromatograms obtained from biologically generated 139
and our synthetic material, respectively. Both compounds displayed similar chromatographic
behavior with an observed retention time (Tr) of 10.4 minutes. Furthermore, when endogenous
and synthetic material was co-injected, co-elution was observed as one single peak with a Tr at
10.4 minutes (Figure 2.2, C). The MS-MS spectra of 22-OH-PD 1.3 ppa (139) obtained from human
serum and synthetic material showed identical fragmentation patterns with the following fragments
assigned m/z 377, 359, 341, 323, 297, 245, 165, 139 (Figure 2.2, D-E). Altogether, these results
meet the published identification criteria for the SPMs developed by the Serhan group,?® including
identical retention times, and at least six diagnostic ions in the MS-MS spectrum for each
compound. Moreover, the UV chromophore and band shape of synthetic and authentic material
were identical and found to be at (Amax (MeOH)) 262, 271, 282 nm by UV-VIS analysis, which
confirmed the integrity of the E,E.Z-triene moiety.?! Based on the identical physical properties
observed for our synthetic material and biologically produced 139, the structure of 139 was
established to be (7Z,10R,11E,13E,152,175,192)-10,17,22-trihydroxydocosa-7,11,13,15,19-
pentaenoic acid.
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Figure 2.2 MRM chromatograms of 22-OH-PD1x-3 ppa (139) obtained from (A) human serum, (B) synthetic material (C) co-
injection of A and B. MS-MS spectra employed for identification of 139 obtained from (D) synthetic material, (E) human serum.

Next, we wanted to investigate whether PD 1,3 pra (36) is a precursor in the biosynthesis of 22-
OH-PD1,:3 ppa (139). The former was obtained from earlier synthetic work.!! For this purpose,
human neutrophils were isolated from whole blood collected from healthy volunteers and
incubated with and without synthetic PD1,.3 ppa (36). The resulting products formed during these
incubations were assessed using LC-MS/MS-based profiling. The peaks in panel A-C below
(Figure 2.3) represents the relative abundance of 22-OH-PD1,.3 ppa (139) at Tr = 10.4 minutes
resulting from the profiling. Panel A shows the MRM chromatogram obtained from neutrophils
alone, whereas panel B shows the chromatogram obtained from neutrophils incubated with 36. A
noteworthy finding was that the levels of 22-OH-PD 1.3 pra (139) were markedly increased when
the neutrophils were incubated with PD1,.3 ppa (36) (Figure 2.3, B) compared to the levels obtained
with neutrophils alone (Figure 2.3, A). Furthermore, the co-injection of samples from both
incubations gave one sharp peak at Tr = 10.4 minutes. Figure 2.3 (D-E) shows the MS-MS spectra
employed for the identification of 139 in these experiments, which were essentially identical.
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Figure 2.3 MRM chromatograms of 22-OH-PD1n3 ppa (139) obtained from (A) human neutrophils, (B) human neutrophils
incubated with PD1n.3 pra (36), (C) co-injection of A and B. MS-MS spectra employed for identification of 139 obtained from (D)
human neutrophils (E) human neutrophils incubated with PD1n-3 pra (36).

To gain additional assurance that 22-OH-PD1,.3 ppa (139) is formed directly from PD1,.3 ppa (36),
SPM 36 was incubated with human monocytes. As before, the data obtained from LC-MS/MS
experiments demonstrated that 22-OH-PD1,.3 ppa (139) was indeed formed from PD1,.3 pra (36),
since identical retention times of the incubation product and synthetic material were observed.
Moreover, the MS-MS-data of 139 in this experiment was in agreement with the data obtained
from synthetic 139.

2.1.3 Conclusion

22-OH-PD1.3 pra (139) was stereoselectively synthesized in nine steps (LLS), and 10% overall
yield from commercially available (S)-(-)-a-hydroxy-y-butyrolactone (147). Synthetic material
matched authentic 22-OH-PD1,.3 ppa (139), confirming the exact structure of 139 and that it is an
w-oxidation metabolic product of the SPM PD1,.3 ppa (36). In addition, it was demonstrated that
22-OH-PD1,.3 ppa (139) is formed in human serum, human neutrophils and by human monocytes.
The results reported herein contribute to new knowledge of the metabolism of the n-3 DPA
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protectin class of specialized pro-resolving lipid mediators. Further investigations considering the
anti-inflammatory and pro-resolving properties of 22-OH-PD1,.3 ppa (139) will be assessed in
future work.
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2.2 Paper II: The synthetic protectin D1 analog 3-oxa-PD1n-3 pra reduces neuropathic
pain and itching

PD1 (31), a congener of PD 1.3 ppa (36), was recently reported to undergo rapid p-oxidation,?? and
several SPMs have proved to undergo enzymatic oxidation of the allylic alcohols to their
respective ketones.”? It has been demonstrated that PD1,3 ppa (36) possesses potent anti-
inflammatory and pro-resolving bioactions.” ' ! However, the metabolism of PD14.3 ppa (36) has
been less studied. For these reasons, we became interested in developing a synthetic route to access
synthetic SPM analogues of 36 that are resistant to being metabolically inactivated while still
retaining the desirable biological activities.

Hence, the B-methylene group in the Cs-position of 36 was replaced with an oxygen to avoid f3-
oxidation (Figure 2.4) and inversion of the configuration at the Ci7-position was anticipated to
inhibit enzymatic oxidation of the allylic alcohol into the corresponding ketone, leading to
increased metabolic stability. These two structural alterations on SPM 36 resulted in the design of
two SPM-analogues, termed 17S5-3-oxa-protectin D13 ppa (175-3-0xa-PD1,.3 ppa, 140) and 17R-
3-oxa protectin D143 ppa (17R-3-0xa-PD 1.3 ppa, 141), shown in Figure 2.4.

The core structure of native 36 was kept unaltered in order to mimic and retain the potent
bioactions reported for this SPM. Investigation of the anti-inflammatory and pro-resolving
properties of the analogues to be prepared would provide new knowledge of the structure-activity
relationship of naturally produced 36, including the importance of the C;7 stereocenter to retain
biological activity and the effect of introducing an oxygen in 3-position.

Inhibit oxidation
at c17 OH

CO,H CO,H

17R-3-0xa-PD 1,3 ppa (141) 17S-3-oxa-PD1,,3 ppa (140)

Figure 2.4 Structural modifications made on PD 143 ppa (36) into analogues 140 and 141.
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2.2.1 Retrosynthetic analysis and strategy

178-3-0xa-PD1,.3 ppa (140) shares many structural similarities with both PD1,.3 ppa (36) and the
22-OH metabolite 139. Consequently, a similar retrosynthetic analysis as presented for 22-OH-
PD1.4:3 pra (Section 2.1) was applied in this strategy by altering the Wittig salt resulting in the ©-
end (5)-163, and utilizing the same middle fragment 158 (Figure 2.5). Thus, a disconnection of the
Ci14-Cys carbon bond in target compound 140 was made with the intention of employing a
Sonogashira cross-coupling reaction and a Z-selective hydrogenation in the forward synthesis,
which furnished the two key fragments (S)-163 and 164. Disconnecting the indicated C7-Cs cis-
olefin in fragment 164 was performed with the intent of using a Z-selective Wittig reaction between
the aldehyde 158 and the ylide of Wittig-salt 165. Recognizing that the Cz-oxygen bond in 164
could be formed by O-alkylation in the forward synthesis provided the alkylating a-halo ester 166
as a precursor. Cleavage of the Ci9-Coo alkene in w-end (5)-163 led back to the known aldehyde
(8)-146 and phosphonium salt 167 corresponding to a Wittig reaction in the forward direction.

In analog 141, the C17 carbinol is R-configured. Thus, by changing the chiral pool starting material
(S)-147 into the corresponding commercially available R-configured enantiomer 168, the same
synthetic strategy presented in Figure 2.5 could be applied for the total synthesis of 17R-3-oxa-
PD1s.3ppa (141).

OH OH
R 14 R
Sonogashira couplin 178-3-0xa-PD 1.3 ppa (140)

nd Z-selective reducti

Z-Selective Wittii Z-Selective Wittii
\ OTBS OTBS
20 ' 19 I R

8 1 7

M + Br/\/\/\/:\/\/OtCOQt—BU
(S)-163 164 O-alkylatio
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PPhsBr * - + BrPhgP CO.Et * Br J<
: . RN
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Figure 2.5 Retrosynthetic analysis of 175-3-0xa-PD1n-3 ppa (140).
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2.2.2 Total synthesis of 3-oxa-PD1xs-3 pra and the 17R-epimer

The syntheses towards analog 140 and 141 started with the preparation of the w-fragment (5)-163
and (R)-169 (Scheme 2.7). The former was prepared as previously reported by our group,?
whereas fragment (R)-169 was synthesized using the same procedures starting from (R)-168.
Aldehyde (5)-146 and (R)-170 were obtained over four synthetic steps as previously described
(Section 2.1.2). In brief, the starting lactones were TBS-protected, reduced to the corresponding
lactols and subjected to a Colvin reaction with TMS-diazomethane. The resulting alcohols were
oxidized to afford aldehyde (S)-146 and (R)-170. Both aldehydes were separately reacted in a Z-
selective Wittig reaction with the pre-formed ylide of Wittig-salt 167 to give the key w-end
fragments (5)-163 and (R)-169, respectively. Both final products were obtained as pure Z-alkenes
following purification by column chromatography (Scheme 2.7).

OH
= 1. TBSOTY oTBS NaHMDS,

C/éo 2. DIBAL-H THF/HMPA
o 3. TMSCHN,, LDA N N
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periodinane
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2DIBALH _THF/AMPA —
0 ° X SN

3. TMSCHN,, LDA o
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Scheme 2.7 Preparation of the o-fragments (5)-163 and (R)-169.

Next, the 3-oxa group was introduced into key fragment 164 as outlined in Scheme 2.8. Aldehyde
158 was prepared over five steps from commercially available pyridinium-1-sulfonate 154 as
previously presented (Section 2.1). Then, following treatment of commercial Wittig-salt 165 with
NaHMDS, dropwise addition of aldehyde 158 gave ethyl ester 171 as one single isomer in 58%
yield. The ester was reduced using 2.5 equivalents of DIBAL-H, and the resulting alcohol 172 was
reacted with fert-butyl bromoacetate 166 under basic phase transfer conditions to afford terz-butyl
ester 164.
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Scheme 2.8 Synthesis of key fragment 164.

With the two fragments (S)-163 and 164 in hand, the remaining steps towards the synthesis of
analog 140 were performed as outlined in Scheme 2.9. Again, by utilizing a Sonogashira coupling
reaction, the vinyl bromide 164 was reacted with (5)-163 in the presence of Pd(PPh3)4 and Cul in
diethylamine. This step provided the entire carbon-chain of target compound 140. Removal of the
two TBS-groups was achieved with TBAF in THF to afford diol 173 in 80% yield. Next, a protocol
reported by Nif and co-workers?* was applied to stereoselectively reduce the conjugated acetylene
in 173 into a Z-alkene. The authors of this paper obtained pure Z-alkenes in high yields from the
reduction of conjugated dienyes using activated zinc at ambient temperature. For this purpose,
compound 173 was stirred at ambient temperature in the presence of a large excess zinc powder
activated by potassium cyanide in 50% aqueous iso-propanol. The reaction was monitored by
TLC-analysis, which indicated that both of the allylic alcohols in 173 remained intact as no spots
with a marked increased retardation factor relative to the starting material were observed.

Unintentionally, the reaction afforded both the Z-alkene and the carboxylic acid functionality in
140 in one pot. A reasonable explanation to this observation could be a result of the excess zinc
metal acting as a Lewis acid, and dissociation of the zert-butyl alkyl group followed by protonation
of the resulting carboxylate. The crude acid 140 was purified by chromatographic separation and
obtained in high purity (>98%), as determined by HPLC prior to evaporation of the solvent.
Unfortunately, despite careful handling of compound 140, including protection from light and
oxygen to the best of our ability, the NMR-recordings obtained showed that the compound was
not isolated in pure form after being concentrated. This was determined from the '*C-NMR
spectrum of target acid 140 shown in Figure 2.6. In this spectrum, the four low intensity signals
from approximately 87.0-88.5 ppm closely resemble the four signals at 68.6-73.1 ppm, and several
low intensity signals can be observed in the alkene region, which might be due to the presence of
an isomeric mixture of compound 140. Additionally, HPLC analysis of the isolated compound
after concentration indicated a purity of 86%.

65



OR

OTBS Pd(PPh3)s, Cul e - — O.__COyt-Bu
B g /
BrW/\/Ovcozt Bu Et,NH, (S)-163 W
90% TBAF, THF R =TBS: 174

164 OR 78°C, 80% R=OH: 173

Zn/KCN,
i-PrOH/H,0
OH OH
— 2 — o CO,H
— AN AN ~— 2
178-3-0xa-PD 1,13 ppa (140)
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Figure 2.6 '*C-NMR spectrum of isolated material obtained from the Zn/KCN reduction of alkyne 173.

Introducing an oxygen in 3-position of target acid 140 enhanced the acidity of the carboxylic acid,
which might be the cause of the reduced stability of this compound. It was, however, possible to
obtain 140 in excellent chemical purity (98%) based on HPLC analysis when the compound was
not evaporated to dryness. The "H-NMR spectra obtained showed residual hexane solvent peaks,
in addition to an observed singlet at 1.40 ppm, which is likely from residual terz-butanol formed
under the reaction conditions.
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Intrigued by the seemingly high Z-selectivity in the reduction of the internal alkyne using the
protocol reported by Nif et. al,** we subjected alkyne 173 to the same reaction, but the resulting
crude acid 140 was subsequently methylated using trimethylsilyldiazomethane to avoid potential
isomerization and/or instability issues as the free acid (Scheme 2.10). Following purification and
evaporation of solvents, the methyl ester 175 was isolated as one isomer in excellent purity (>98%,
determined by HPLC analysis) and in 67% yield over the two steps.

OH 1. ZnIKCN,
o O._COstBu  [-PrOH/H,0

AN
/
/

2. TMSCHN,,
OH toluene/MeOH
67%

173

Scheme 2.10 Final steps in the synthesis of 175-3-0xa-PD1n.3 ppa methyl ester 175.

The methyl ester of 17R-3-oxa-PD1,.3 ppa (177) was synthesized equivalent to methyl ester 175
(Scheme 2.11). The terminal alkyne (R)-169 was reacted in a Sonogashira reaction with vinyl
bromide 164, followed by deprotection of the silyl ethers with TBAF to afford diol 176. Reduction
of the internal alkyne in 176 following the N&f protocol** and subsequent methylation of the
resulting acid, provided methyl ester 177. After chromatographic purification on silica gel, the
methyl ester 177 was isolated in 56% yield over the two steps in high purity (>97%, based on
HPLC analysis).

OR
Pd(PPhs),, Cul : — 3
oTBS (PPh3)s, Cu NN O._CO,t-Bu
BrWOVCOZr_BU Et,NH, (R)-169 . ! A tas. 178
86% 5 TBAF, THF =TBS:
164 OR 78°C,80%+ R= o 176
Zn/KCN
A i-PrOH/H,0
y o
OH COMe TMSCHNS,,
— : — O.__CO,H
_ ~_- 02
OH 56% from 176 NN
177 179

Scheme 2.11 Synthesis of 17R-3-0xa-PD 1.3 ppa methyl ester 177.
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As for other SPMs possessing similar instability challenges as free acids, both target compounds
140 and 141 were stored as their corresponding methyl esters that can be hydrolyzed just prior to
conducting biological experiments.'® Alternatively, both of these compounds may be subjected to
biological studies as the methyl esters, which can be enzymatically transformed into the desired
acids in the test system. For example, in the case of pro-drug approaches, pharmacologically active
compounds are commonly delivered through esterase bioconversion to overcome difficulties with
chemical instability.>>2¢ This fact may be adapted to our biological investigations.

2.2.4 Total synthesis of PD1x-3 pra

A key part of the biological investigations to be done was to compare the metabolic resistance of
analog 140 and 141 relative to native PD13 pra (36). It was therefore necessary to synthesize
PD1n3 pra (36) as this SPM currently is not commercially available. Our group has previously
reported a synthesis of PD 1,3 ppa (36).'! A modified procedure was utilized to resynthesize SPM
36.

Alkyne 180 was obtained as previously presented (Scheme 2.4), using the w-end (S)-163 in the
Sonogashira coupling. In addition, instead of applying the Lindlar reduction as previously
reported,!! the internal alkyne in 180 was stereoselectively reduced into the Z-alkene using the
methods reported by Boland'® and N#f.?* When alkyne 180 was stirred with the freshly prepared
Zn(Cu/Ag) reagent in methanol and water, methyl ester 181 was formed in high purity (>99%,
determined by HPLC) after purification by column chromatography (Scheme 2.12). However, the
yield of the desired methyl ester 181 was modest following purification (32%), which was likely
due to dehydration of one or both of the allylic alcohols based on TLC analysis, although the
observed by-products were not isolated and characterized.

QH
_ NP — COyMe Zn(Cu/Ag)
Ho,, ~
MeOH/H,0
‘ 180 32%

Scheme 2.12 Reduction of acetylene 180 employing the Boland!® protocol.

When alkyne 180 was subjected to a mixture with excess zinc powder and potassium cyanide in
aqueous isopropanol, the internal alkyne was semi-reduced and the methyl ester was also
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hydrolyzed into the carboxylic acid 36 (Scheme 2.13). Thus, the final target compound was
produced in one pot and 45% yield over the two steps in high chemical purity (>99%) following
purification by C-18 reversed phase chromatography, as determined by HPLC analysis.

OH
NP — CO,Me

N

HO,, Zn/KCN

i-PrOH/H,0
| 180 45%

Scheme 2.13 Final steps in the synthesis of PD1n.3 ppa (36) utilizing the N&f2* protocol.

The findings made in the above reaction were unexpected, as the ester methyl group is not
eliminated to form a stabilized carbocation intermediate, as opposed to the fert-butyl group (see
Section 2.2.2). A plausible explanation for this observation may be that it is due to the presence of
potassium cyanide, which in an equilibrium with water produces basic conditions, resulting in
hydrolysis of the methyl ester to give PD1,.3 ppa (36). Alternatively, the cyanide ion may act as a
nucleophile by attacking the ester methyl group in 180 in a Sx2-type substitution, resulting in
cleavage of the ester O-methyl bond mediated by zinc as a Lewis acid followed by protonation of

the resulting carboxylate, which is reminiscent of the Krapcho reaction.?”- %8

2.2.5 Biological evaluations

Professor Ru-Rong Ji and his group at Duke University Medical Center in North Carolina, USA,
were provided samples of synthetic PD1,.3 ppa (36) and 175-3-oxa-PD1,.3 pra (140) to perform
biological investigations. The work performed by this research group aims at elucidating the
underlying molecular and cellular mechanisms that result in neuropathic pain, and how distinct
SPMs control pain by regulating inflammation and alleviating pain via specific receptors. In 2018,
the Ji-group identified the GPR-37 receptor as a contributor involved in the resolution of
inflammatory pain, mediated by PD1 (31).%

In the first study conducted, mice were induced with cutaneous T-cell lymphoma (CTCL, causing
itch) and then treated with 100 ng of PD1 (31), PD1,3 pra (36) and 175-3-0xa-PD 1,3 ppa (140) to
investigate the effect on relieving the unpleasant sensation provoking the desire to scratch, caused
by the cancer. Two distinct injection methods were applied to deliver the compounds.
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Figure 2.7A shows the results obtained following intraperitoneal injection (IP, in the body cavity)
of each compound, resulting in no effect on the scratch numbers over five hours. However, when
PDI1 (31), PD1,3ppa (36) and 175-3-oxa-PD1,.3 ppa (140) were delivered via intrathecal injection
(IT, into the spinal canal); a significant reduction in the scratch numbers was observed (Figure
2.7B). The effect from each of the compounds using this model mainly remained three hours
following injection. For PD1 (31) and synthetic analog 140, a significant lowered scratch number
compared to the control was also observed after five hours. However, PD1,.3 ppa (36) gave a
different outcome, as no significant relief from itching was observed after five hours.

A 200+ v control B v control
= PD1, 3 ppa, 100 ng 2004 = PD1,,3 0pa, 100 Ng
4+ PD1, 100 ng + PD1,100 ng
150 e 3-0xa-PD1,,3 ppa, 100 ng ¢ 3-0xa-PD1, 5 ppa, 100 ng
T .- 150{ *
- A
M P9 o L] L]
" [ ] n ‘.. v ™ . y L 4
100 % %' g 1004~ =1 v

50|+

Scratch number in 1 hour
Scratch number in 1 hour

0 T
e & & &
& & & &
Q,afo N - -
Time after administration Time after administration

Figure 2.7 Evaluations of the reduction in scratch number mediated by 100 ng of each of PD1 (31), PD 1.3 ppa (36)
and 175-3-0xa-PD1,.3 ppa (140) showing (A) no relief from itching after IP injection and (B) significant reduction of
itching following IT injection. n = 5 mice per treatment.

In the second study, mice suffering from diabetes were used as a model for diabetic neuropathic
pain. This model was established by IP injection of streptozocin (STZ, 75 mg/kg) to the mice.
Figure 2.8 shows the effects of PD1 (31), PD1,3 ppa (36) and 17S-3-oxa-PD1n3 ppa (140)
following IT injection with 100 ng of each compound. In this experiment, all compounds
significantly protected the mice from the evoked and ongoing unpleasantness induced over the
first hour. However, the protection gained from 100 ng each of PD1 (31) and 175-3-oxa-PD1,.3
pra (140) was lost after three hours. PD1,.3 ppa (36) on the other hand, proved to exert significant
protection after three hours, but this effect disappeared after an additional two hours. These initial
results merit further biological evaluations that will be performed in the near future.
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Figure 2.8 Evaluations of pain threshold using a mice paw withdrawal model mediated by 100 ng of each of PD1
(31), PD1a3ppra (36) and 175-3-0xa-PD1,.3 ppa (140). Compounds were delivered by IT injection. n = 5 mice per
treatment.

Due to the newly identified strain of severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2) resulting in a worldwide pandemic,*® the remaining biological investigations in this project
were delayed and are currently ongoing with our collaborators at the Oslo University Hospital.

To increase our understanding of protectin metabolism, the experiments being conducted include
time-course incubation studies of known quantities of synthetic PD1,.3 ppa (36), 175-3-0xa-PD1,.
3pra (140), and 17R-3-0xa-PD1,.3 ppa (141) with human hepatoma cell lines (HepG2). These cells
will be used as a model for potential hepatic metabolism in humans to investigate hepatic
biotransformation of compound 36 relative to analogue 140 and 141 into possible metabolites.
Analysis of cell media after incubation in the presence or absence of our synthetic compounds will
be performed, and the resulting metabolites will be determined by means of reversed phase HPLC-
UV (RP-HPLC-UV) and LC-MS/MS based profiling.

Furthermore, investigation of the anti-inflammatory and pro-resolving properties of the synthetic
analogues are currently ongoing and conducted by the research group led by Professor Jesmond
Dalli at Queen Mary University of London.

Overall, the results obtained from these experiments will enable comparison the three compounds
PD1n3 pra (36), 175-3-0xa-PD1,3 ppa (140) and 17R-3-oxa-PD1n.3 ppa (141) with respect to the
observed biological activity and enzymatic metabolism, and thus provide a basis to judge structure-
activity relationships. This in turn will give new information on SPM biology that may contribute
to development of anti-inflammatory immunoresolvents in the future.
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2.2.6 Conclusion

Stereoselective synthesis of the methyl esters of 175-3-oxa-PD1,.3 ppa 174 and 17R-3-0xa-PD1,3
ppra 177 were achieved over 12 synthetic steps (LLS) in each synthetic route with an overall yield
of 15% and 17%, respectively. PD 143 pra (36) was synthesized over 10 linear steps in 7% overall
yield (LLS). The stereoselective reduction of alkyne 173 was achieved using the protocol
developed by Nif and co-workers,>* which also provided a procedure to produce carboxylic acids
from esters under mild conditions. The synthetic analog 175-3-oxa-PD1,.3 ppa (140) showed equal
potency as PD1 (31) and PD1.3 pra (36) in reducing neuropathic pain and itching following IT
injection in animal models, and thus retained the potent bioactions to SPM 36. These results
contribute to new knowledge on the structure-function of the growing numbers of specialized pro-
resolving lipid mediators. Further biological evaluations are currently ongoing and will be reported
in due course.
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2.3 Biosynthetic studies of 3-oxa-PD1x-3 pra

The host protective and pro-resolving protectins PD1 (31) and PD1,.3 pra (36) are biosynthesized
from DHA (5) and n-3 DPA (6) via equivalent pathways, respectively.” *" 32 The biosynthetic
formation of PD1y.3 ppa was established in 2017 (Scheme 2.1).1°

Very recently, an analog of PUFA 6, namely 3-oxa n-3 DPA (182) was prepared and subjected to
incubation studies with various oxygenase enzymes.* In this study, synthetic 182, like n-3 DPA
(6), was a substrate for 15-LOX yielding mono-hydroxylated 17-OH-3-oxa DPA (183, Scheme
2.14). The product 183 was identified by means of RP-HPLC-UV and LC-MS/MS based profiling.
Hence, without synthetic standards available for matching studies, the absolute configuration of
183 could not be determined. Since the 15-LOX enzyme is involved in the biosynthesis of the
protectins to produce predominantly S-configured products in the 17-position of a C2-PUFA **
we wanted to investigate if intermediate 183 could be biologically converted into 175-3-oxa-PD1,.
3 ppa (140), and thus is an intermediate in the bioconversion of 3-oxa n-3 DPA (182) into 140
(Scheme 2.14).

—_—— O._COH 15.L0X /=~ —
(T =S
0,

OH
3-oxa n-3 DPA (182) 17-OH-3-0xa DPA (183) 175-3-0xa-PD 15 ppa (140)

Scheme 2.14 Biosynthetic investigations of 17S5-3-oxa-PD14.3 ppa (140) using 3-oxa n-3 DPA (182) as substrate.

2.3.1 Initial biosynthetic studies using 3-oxa n-3 DPA

In order to obtain sufficient biologically produced material of 175-3-oxa-PD1,.3 pra (140) to be
utilized in the novel biosynthetic investigations outlined above, incubation studies with synthetic
3-oxa n-3 DPA (182) were performed. In three parallels, 3-oxa n-3 DPA (182, 167 pg) was
incubated with soybean 15-LOX (borate buffer, 4 °C, pH 9.0, 167 pg/mL).

The resulting product was dissolved in methanol and subjected to UV-Vis and HRMS analyses:
UV (MeOH) Amax = 233-235 nm; HRMS (ESI): calculated for C21H31NaO4 [M+Na]": 347.2228,
found: 347.2227 (Figure 2.9). Based on the UV chromophore observed, which is characteristic for
the formation of an E,Z-conjugated double bond system, and the HRMS data obtained, the
resulting product was determined to be 183.
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Figure 2.9 UV-Vis chromatogram of 17-OH-3-oxa DPA (183) obtained from incubation studies with 3-oxa n-3 DPA (182) and
15-LOX.

Further investigations in this project were also halted due to the SARS-CoV-2 situation. In future
studies, completion of this project includes investigating if the above product can serve as a
substrate in the bioconversion into 17S5-3-oxa-PD1,.3 ppa (140). In this experiment, human
neutrophils would be isolated from peripheral blood of healthy donors and incubated with
intermediate 183 produced by 15-LOX. The products formed during this incubation would then
be profiled using LC-MS/MS based lipid mediator lipidomics. Then, if identified in the latter
analytical method, the biologically generated material of analog 140 would be subjected to
matching studies with our chemically synthesized material of 17S-3-oxa-PD1,3 ppra (140) to
confirm the absolute configuration. From these studies, we envision to establish if substitution of
the B-methylene group in PUFA 6 with oxygen would result in the biological generation of analog
140 that is resistant to enzymatic oxidative metabolism and thereby potentially display prolonged
biological activity.

74



2.4 Paper III: Stereoselective synthesis of the specialized pro-resolving and anti-
inflammatory mediator resolvin E1

Resolvin E1 (26) is a potent anti-inflammatory and pro-resolving mediator derived from EPA (4).
This SPM has proved to exert several interesting biological activities and thus has entered clinical
trial development programs.*> Moreover, RvE1 (26) has recently been directly correlated with the
resolution of inflammatory periodontal disease.*® To the author’s knowledge, there is currently no
effective drug treatment available against this chronic condition.?” In collaborative efforts with the
Institute of Oral Biology at University of Oslo, Norway, we became interested in developing a
stereoselective synthesis of SPM 26 to access multi milligram amounts of this compound that
could be subjected to biological evaluations by our collaborators against periodontitis.

2.4.1 Retrosynthetic analysis of resolvin E1

The structure of RVE1 (26) contains the same sensitive E,E,Z-triene moiety as 22-OH-PD 1,3 ppa
(139) and other SPMs, connecting two of the secondary allylic alcohols. Accordingly, the same
approach using key fragment 158 was adapted in this strategy to ensure a highly stereoselective
construction of the secondary alcohol at Ci2 in RvE1 (26). The retrosynthetic analysis of target
compound 26 is outlined in Figure 2.10. Disconnecting the C7-Cg carbon bond, corresponding to
a Sonogashira reaction and a Z-selective reduction, led back to the a-end 184. This fragment could
in turn be prepared from chiral pool starting material 147 and ylide 185 analogous to the way
previously described (Section 2.2), using a Colvin and a Wittig reaction in the forward synthetic
direction. Disconnecting the indicated C14-Cis olefin in 26 with a Z-selective Wittig reaction in
mind, furnished key fragment 186 and 158. Cleavage of the E-alkene in w-end 186 led back to an
aldehyde and ylide 185, where the former could be prepared from chiral pool starting material 187.
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Figure 2.10 Retrosynthetic analysis of RvE1 (26).

2.4.2 Total synthesis of resolvin E1

The synthesis towards RvEl (26) commenced with the preparation of Wittig-salt 186 from
commercial (R)-butane-1,2-diol (187) as outlined in Scheme 2.15. First, starting compound 187
was bis-protected using TBSCI, followed by regioselective deprotection of the primary silyl ether
under fluoride conditions to afford alcohol 188. Next, alcohol 188 was oxidized with DMP to
afford aldehyde 189 that was immediately subjected to an E-selective Wittig-reaction to produce
ethyl ester 190. Only the desired E-isomer was isolated from the reaction. The ester functionality
in 190 was then reduced using 2.5 equivalents of DIBAL-H to afford alcohol 191, which was
reacted in an Appel reaction to yield the corresponding iodide. Iodide 192 was finally converted
to key fragment 186 following treatment with triphenylphosphine in acetonitrile under reflux.
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Scheme 2.15 Synthesis of m-end 186.

Terminal alkyne 184 was synthesized over six steps as previously reported (Scheme 2.16).'* First,
aldehyde 146 was prepared from (S5)-(-)-a-hydroxy-y-butyrolactone (147) as before (Section 2.2).
Aldehyde 146 was then subjected to an E-selective Wittig reaction with ylide 185 to form the
unsaturated ester 193. A chemoselective reduction of the conjugated alkene in 193 using
magnesium turnings in methanol*® afforded the methyl ester 184 in 25% yield from lactone 147.

OH .
H 1. TBSOTT, OTBS Dess-Martin OTBS
Cfo 2,6-lutidine Z periodinane R
i — _ -
o) 2. DIBAL-H Ho/v\\\ CH,Cl, O/v\\\
147 3. TMSCHN,, LDA 151 81% 146
55%
PhsCHCO,Me (185)
CH,Cl,
92%
OTBS M OTBS
P CO,Me g P X CO,Me
MeOH
= 184 60% = 193

Scheme 2.16 Synthesis of the a-end 184.

Following preparation of the two key fragments, the a-end 184 and the RvEl w-end 186, the
remaining steps in the synthesis of RvE1 (26) are outlined in Scheme 2.17. In a Z-selective Wittig
reaction, aldehyde 158 was dropwise added to the pre-formed ylide of phosphonium salt 186 at -
78 °C. The desired vinylic bromide 194 was formed in a 3.5:1 (Z:E) ratio, and isolated as one
diastereomer in 54% yield from thiazolidinethione 157 after chromatographic purification. The
moderate selectivity in this step may be explained by the nature of the ylide formed from 186,
which is semistabilized by the conjugated alkene. Approximately 20% of the undesired all E-
alkene of 194 was isolated and characterized by 'H-NMR analysis from the reaction. Furthermore,
temperature control was important to prevent elimination of the silylether in Wittig-salt 186 after
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treatment with NaHMDS. The Sonogashira reaction between a-end 184 and vinylic bromide 194
under classical conditions gave the internal alkyne 195 in 91% yield. Desilylation of the three
protecting groups with TBAF followed by a Z-selective Boland reduction provided methyl ester
196 in 59% yield over the two steps. Again, although to a smaller extent, dehydration of the
alcohols was observed under the Boland conditions. Finally, a mild basic hydrolysis afforded RvE1
(26) in 83% yield and high chemical purity (94%, based on HPLC) following chromatographic
purification. The target compound 26 was demanding to handle and readily decomposed when
solvents were evaporated and upon contact with air. The final acid 26 was therefore converted
back to the methyl ester using trimethylsilyldiazomethane and stored at -80 °C.

TBSO 0 i TBSO Wittig salt 186, OTBS
; DIBAL-H ? NaHMDS
Br NN N g — o BT X N : X _Br
\; / CH,Cl,, -78 °C THF/HMPA, 6TBS
157 N 158 -78°C 194
/\ 54%
Alkyne 184,
Pd(PPh3),, Cul
Et,NH, benzene
91%
OH OR
= o NN Zn(Cu/Ag) OR COzMe
: : COR «———— o~ P
OH OH MeOH/H,0 Y
61% OR

LiOH (aq.), R = Me: 196 R =TBS: 195
MeOH, THF TBAF, THF
83% R = H: RVE1 (26) TBIC % | R_om: 197
Scheme 2.17 Assembly of the three key fragments 158, 186 and 184 in the final steps in the synthesis of RvE1 (26).

The total synthesis of RvVE1 (26) was achieved in 12 steps (LLS) with an overall yield of 3% and
is thus one of the shortest synthetic routes to obtain SPM 26 compared to those published to date
(Section 1.8). Nonetheless, the above strategy suffers from moderate yield, and a moderate
selectivity in the Z-selective Wittig reaction between aldehyde 158 and the semistabilized ylide of
phosphonium salt 186 (Scheme 2.17). For comparison, the mean yield in each synthetic step (LLS)
in Schwartz’s synthesis of RvE1 was 78% and ours 75%, thus both of these strategies are equally
efficient and both syntheses has a total number of 23 steps.

Converting the aldehyde 158 into an N-sulfonyl imine prior to the Wittig reaction above (Scheme
2.17) could potentially improve our synthesis in terms of selectivity and yield. In 2010, Tian and
co-workers reported a protocol that allow for highly stereoselective olefination of semistabilized
triphenylphosphonium ylides with N-Sulfonyl imines.*® In these protocols, the aldehydes were
replaced with corresponding N-sulfonyl imines and subjected to Wittig reactions with
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semistabilized ylides, resulting in Z or E alkenes with excellent selectivity and yields depending
on the imine sulfonyl substituents (Scheme 2.18). Furthermore, the N-sulfonyl imines can be
readily prepared through the condensation reaction of the aldehyde with various primary

sulfonamides.?’

N/S R PPhsBr LDA N* R?
- R R X
* sz R2 or FUIEN

>99:1 ZIE >99:1 E/Z

R' = aryl, alkenyl, alkyl (R =aryl) (R = alkyl, aryl)

R? = aryl, alkenyl

Scheme 2.18 Stereoselective olefination of semistabilized triphenylphosphonium ylides.**

79



2.4.3 Matching experiments

In order to confirm that our synthetically produced material was identical to authentic RvEI (26),
matching experiments using HPLC-UV were performed. Figure 2.11 shows the HPLC
chromatograms obtained from the experiments of synthetic RvE1 (26) in panel A, authentic RvE1
(26) in panel B and the co-injection of both synthetic and authentic material in panel C. As
demonstrated in the chromatograms, synthetic and authentic material display identical retention
times and co-elutes upon co-injection (panel C), which confirms that the correct isomer of 26 has

been prepared.
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Figure 2.11 Chromatograms obtained from matching experiments with synthetic and authentic RvE1 (26).
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2.4.4 Conclusion

The potent SPM resolvin E1 (26) was stereoselectively synthesized in 3% yield over 12 steps
(LLS). The RvE1-methyl ester 196 and final acid 26 were isolated in high chemical purity (97%
and 94%, respectively), which is a prerequisite for further biological evaluations. The synthesized
material displayed identical chromatographic and spectroscopic properties as authentic RvE1 (26),
demonstrating that the desired stereoisomer was synthesized. Finally, our collaborative efforts
regarding biological investigations of RvE1 (26) will be reported in due course.
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Chapter 3 Summary and future outlook

This thesis describes the synthesis of 22-OH-PD1,.3 ppa (139), PD1,.3 ppa (36) and RVE1 (26). 22-
OH-PD1,.3 pra (139) is the first metabolite of PD1,.3 ppa (36) to be isolated and synthesized. All
of the listed compounds were provided in multi milligram quantities that are available for
biological evaluations. The authenticities of synthetic products were confirmed by matching

experiments with endogenously produced materials, resulting in confirmed structural assignment
and stereochemistry of 22-OH-PD1,.3 pra (139) and RvE1 (26).

Modifications of two target areas on the structure of PD1,.3 ppa (36) resulted in the design and
synthesis of two novel analogues — 175-3-o0xa-PD1,.3 ppa (140) and the methyl ester of 17R-3-oxa-
PD1n3 pra (141), with the aim of increasing the metabolic stability, resulting in retained and
prolonged biological activity compared to SPM 36. Biological studies showed that the synthetic
analog 17S5-3-oxa-PD1,.3 pra (140) was equally potent as both PD1 (31) and PD1,3 ppra (36) in
reducing neuropathic pain and itching following IT injection using animal models. The preliminary
results presented herein are encouraging and will be published in due time.

Several experiments have been left for the future to be completed. Synthetic samples of the above-
mentioned analogues have been sent to our collaborator Professor Jesmond Dalli and his team at
Queen Mary University of London. The biological investigations performed by this research group
are currently ongoing and aim at providing information of the structure-activity relationship of our
synthetic analogues relative to PD 1,3 ppa (36) in terms of anti-inflammatory and pro-resolving
properties. Additionally, synthetic samples of 175-3-0xa-PD1,.3 ppa (140), the methyl ester of 17R-
3-oxa-PD1,.3 ppa (141) and PD1,.3 ppa (36) have been provided to the Oslo University Hospital in
order to evaluate the impact of our structural modifications on PD1,3 ppa (36) with respect to
enzymatic oxidative metabolism. The product profile resulting from this experiment will be
determined by means of LC-MS/MS based lipid mediator profiling.

To ascertain the structure and stereochemistry of the presumed metabolites formed as a result of
protectin metabolism, matching studies with synthetic standards are necessary. The metabolite
resulting from one round of B-oxidation of PD 1.3 ppa (36) is depicted in Scheme 3.1, namely 18-
PD1n3 ppa (198). This compound may be prepared using the same protocols utilized in the
synthesis of SPM 36, after exchanging Wittig-salt 148 with Wittig-salt 199, where the latter is two
carbons shortened in chain-length.
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Scheme 3.1 Proposed synthesis of 18-PD1x.3 pra (198) utilizing Wittig-salt 199.

Essentially equivalent, the same procedures may be followed to produce 16-PD1,.3 pra (200), by
exchanging the a-end with phosphonium salt 201 (Scheme 3.2.). Compound 200 would then
correspond to the metabolite of PD 1,3 pra (36) formed after two rounds of B-oxidation.

oTBS o
/\/\/\/\ *
Br XX o BrPh3P/\)J\OMe
158 201

16-PD1p.3 ppa (200)

Scheme 3.2 Proposed synthesis of 16-PD1x.3 pra (200) utilizing Wittig-salt 201.

Unfortunately, biosynthetic studies of 175-3-oxa-PD 1.3 ppa (140) were not conducted at this time.
To confirm the structure and stereochemistry of the intermediate 17-OH-3-oxa PD1,.3 ppa (183)
and its conversion from 3-oxa n-3 DPA (182) catalyzed by 15-LOX, total synthesis and matching
experiments are necessary. For this purpose, a proposed retrosynthesis to access 175-OH-3-oxa
PD1n3pra (202) is outlined in Figure 3.1, which is based on the chemistry presented in Chapter 2.
For instance, disconnecting the C7-Cg and Ci4-Ci5 carbon bonds in 202 leads back to a-end 203,
w-end 204 and the commercially available alkynes 205 and 206.
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Figure 3.1 Retrosynthetic analysis of 17S-OH-3-oxa DPA (202).

84



Chapter 4 Conclusions

It is well recognized that chronic inflammation is an underlying cause of many common diseases.
Following the discovery of the lipoxins as anti-inflammatory eicosanoids, immense efforts have
been devoted to increasing our understanding of the inflammatory process. Revealing that
resolution of inflammation is an active and highly regulated process orchestrated by locally
produced signaling molecules has led to years of bioactive lipid research. Among these signals,
essential-fatty acid derived resolvins, protectins and maresins have been identified as potent
regulators of immune responses, including leukocyte trafficking, clearance, and pain. Discovery
of the SPMs and an increased understanding of the mechanisms that control the resolution of
ongoing inflammation has opened up new research areas aiming at treating inflammatory related
diseases. Accordingly, the SPMs have great potential as novel lead compounds in medicinal
chemistry programs towards the development of new therapeutics and treatment opportunities with
a lower burden of side-effects. However, determining the detailed metabolic pathways for the
SPMs, establish the exact structure for each individual SPM and performing structure-activity
relationship studies are essential to gain new information of SPM biology that can contribute to
such efforts.

In this thesis, the total synthesis of three SPMs and two SPM-analogues have been reported,
namely 22-OH-PD1,.3 ppa (139), PD 1,3 pra (36), RVE1 (26), 175-3-0xa-PD1,.3 ppa (140) and 17R-
3-0xa-PD1,3 ppa (141). The structure of naturally produced 22-OH-PD1,.3 pra (139) has been
established together with its bioconversion from PD1,.3 ppa (36). The synthetic analog 175-3-oxa-
PD1,.3 pra (140) demonstrated to reduce neuropathic pain and itching with comparable potency to
PDI1 (31) and PD1,.3 pra (36) in vivo. All of the synthesized compounds have been or are currently
in biological evaluation programs as a result of successful national and international
collaborations.
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Chapter 5 Experimental procedures

In this section, unpublished experimental procedures concerning the total synthesis of PD1,.3 ppa
(36), 17R-3-0xa-PD1,.3 ppa (141) and incubation studies with 3-oxa n-3 DPA (182) are presented
with characterization data.

General Information

Unless otherwise stated, all commercially available reagents and solvents were used in the form in
which they were supplied without any further purification. The stated yields are based on isolated
material. All reactions were performed under an argon atmosphere using Schlenk techniques.
Reaction flasks were covered with aluminum foil during reactions and storage to minimize
exposure to light. Thin layer chromatography was performed on silica gel 60 F2s4 aluminum-
backed plates fabricated by Merck. Flash column chromatography was performed on silica gel 60
(40-63 pm) produced by Merck. NMR spectra were recorded on a Bruker AVI600, Bruker
AVII400 or a Bruker DPX300 spectrometer at 600 MHz, 400 MHz or 300 MHz respectively for
"H NMR and at 150 MHz, 100 MHz or 75 MHz respectively for '*C NMR. Coupling constants (J)
are reported in hertz and chemical shifts are reported in parts per million (8) relative to the central
residual protium solvent resonance in 'H NMR (CDCl; = § 7.26, DMSO-ds = 6 2.50 and MeOD =
& 3.31) and the central carbon solvent resonance in '*C NMR (CDCl; = § 77.00 ppm, DMSO-ds =
0 39.43 and MeOD = 8 49.00). Optical rotations were measured using a 0.7 mL cell with a 1.0 dm
path length on an Anton Paar MCP 100 polarimeter. Mass spectra were recorded at 70 eV on a
Micromass Prospec Q or Micromass QTOF 2 W spectrometer using ESI as the method of
ionization. High-resolution mass spectra were recorded at 70 eV on a Micromass Prospec Q or
Micromass QTOF 2W spectrometer using ESI as the method of ionization. HPLC-analyses were
performed using a C18 stationary phase (Eclipse XDB-C18, 4.6 x 250 mm, particle size 5 pm,
from Agilent Technologies), applying the conditions stated. The UV/Vis spectra were recorded
using an Agilent Technologies Cary 8485 UV-VIS spectrophotometer using quartz cuvettes.
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Total synthesis of protectin D1n-3 pra (36)

Synthesis of (S,Z)-tert-butyldimethyl(oct-5-en-1-yn-3-yloxy)silane (163)

OH
R ref. 1-2 oTBS

&=
J \/j/\\\

147 163

Omega fragment 163, was prepared from commercially available (S)-(-)-a-hydroxy-y-
butyrolactone (147) as previously reported."? Yield: 32 % over the five steps. All spectroscopic
and physical data were in agreement with those reported in the literature.> '"H NMR (400 MHz,
CDCl3) 6 5.64 — 5.32 (m, 2H), 4.34 (td, /= 6.6, 2.1 Hz, 1H), 2.44 (t, J=7.0 Hz, 2H), 2.38 (d, J =
2.1 Hz, 1H), 2.07 (p, J = 7.5 Hz, 2H), 0.97 (t, J = 7.5 Hz, 3H), 0.91 (s, 9H), 0.13 (s, 3H), 0.11 (s,
3H); 3*C NMR (100 MHz, CDCls) § 134.6, 123.9, 85.6, 72.2, 63.0, 36.7, 26.0, 21.0, 18.4, 14.4, -
4.5,-4.9; [(X]ZDS =-24.1 (¢ = 1.0, MeOH); TLC (hexane, KMnQj4-stain) Ry = 0.25.

(R,4E ,6E)-7-bromo-3-((tert-butyldimethylsilyl)oxy)-1-((R)-4-isopropyl-2-thioxothiazolidin-
3-yl)hepta-4,6-dien-1-one (157)

‘ N ref. 3 o ref. 4 o

N )‘W )‘W
l\‘l H =~ 2 "OK H = N "Br
SO3
154 155 142
P
ref. 5 N S 67
\J
TBSO (0] S OH O S
W )k rer.© /M)J\ )k
Brm YN N S D — Br NN N S
157 /\ 156 /\

Thiazolidinethione 157 was prepared in four steps from commercially available pyridinium-1-
sulfonate 154 as previously reported in the literature.> Yield: 38% over the four steps. All

spectroscopic and physical data were in agreement with those reported in the literature.® [a] 2[;) =

+265 (c = 0.40, CHCls); 'H NMR (400 MHz, CDCl3) 8 6.69 (dd, J = 13.5, 10.9 Hz, 1H), 6.31 (d,
J=13.5Hz, 1H), 6.15 (dd, J=15.3, 10.9 Hz, 1H), 5.79 (dd, J = 15.4, 6.3 Hz, 1H), 5.08 — 4.98 (m,
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1H), 4.79 — 4.69 (m, 1H), 3.64 (dd, J = 16.6, 7.9 Hz, 1H), 3.47 (dd, J = 11.5, 7.8 Hz, 1H), 3.21
(dd, J = 16.6, 4.5 Hz, 1H), 3.03 (dd, J = 11.4, 1.1 Hz, 1H), 2.43 — 2.29 (m, J = 6.9 Hz, 1H), 1.05
(d, J= 6.8 Hz, 3H), 0.97 (d, J = 7.0 Hz, 3H), 0.86 (s, 9H), 0.05 (s, 3H), 0.03 (s, 3H); '*C NMR
(101 MHz, CDCls) § 203.0, 171.0, 136.9, 127.5, 109.1, 71.8, 69.9, 46.3, 31.0, 30.9, 26.0 (3C),
19.3, 18.2, 18.0, -4.2, -4.8; TLC (hexane/EtOAc 7:3, KMnOj-stain) R;= 0.56.

(RA4E,6E)-7-bromo-3-((tert-butyldimethylsilyl)oxy)hepta-4,6-dienal (158)

TBSO (6] S DIBAL-H, OTBS
w )k CH2Cl :
Br XX N s - 5 BFWO
/ -78°C
157 /\ 158

Aldehyde 158 was prepared according to the procedure reported by Olivo et. al.” The protected
thiazolidinethione 157 (1.72 g, 3.59 mmol, 1.00 equiv.) was dissolved in CH2>Cl> (69 mL) followed
by dropwise addition of DIBAL-H (1.0 M in CH>Cl>, 4.60 mmol, 1.30 equiv.) at -78 °C. After
three h., additional DIBAL-H was added (1.0 M in CH2Cla, 1.30 mmol, 0.362 equiv.). The mixture
was allowed to stir for 30 min and then quenched with sat. aq. NaHCO3 (60 mL). The cooling bath
was removed and solid Na-K tartrate (~ 1.50 g, Rochelle salt) was added and stirring was continued
for another 45 min. The layers were separated and the aq. layer was extracted with Et2O (3 x 50
mL). The combined organic layers were dried (Na2SO4) and concentrated in vacuo, but not to
dryness. The residue was purified by column chromatography on silica gel (hexane/EtOAc 95:5),
and the solvent evaporated to give the title compound 158 as a yellow oil. Yield: 1.03 g (89%). All
spectroscopic and physical data were in agreement with those reported in the literature.” [a] zDo =
+32.0 (¢ = 0.20, CHCl3); '"H NMR (400 MHz, CDCl3) § 9.75 (t, J = 2.3 Hz, 1H), 6.69 (dd, J =
13.5,10.9 Hz, 1H), 6.33 (d, /= 13.5 Hz, 1H), 6.23 —6.09 (m, 1H), 5.76 (dd, J=15.2, 5.9 Hz, 1H),
4.71 — 4.64 (m, 1H), 2.63 (ddd, J=15.9, 6.7, 2.5 Hz, 1H), 2.53 (ddd, J=15.9, 5.1, 2.1 Hz, 1H),
0.88 (s, 9H), 0.06 (s, 3H), 0.04 (s, 3H); 3*C NMR (101 MHz, CDCl3) § 201.2, 136.6, 136.1, 127.6,
109.6, 68.5,51.4,25.9, 14.3,-4.2, -4.9; TLC (hexane/EtOAc 95:5, KMnOQg4-stain) Ry= 0.24.
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Methyl (R,7Z,11E,13E)-14-bromo-10-((fert-butyldimethylsilyl)oxy)tetradeca-7,11,13-
trienoate (143)

IPh P/\/\/\/COZMe = AN T -C02Me
¢ 2. Aldehyde 158, B~ N7 N

148 THF 143

To the commercially available Wittig salt 148 (670 mg, 1.26 mmol, 1.00 equiv.) in THF (16 mL)
and HMPA (1.7 mL) was added NaHMDS (0.6 M in THF, 2.1 mL, 1.00 equiv.) at -78 °C. Over
1h, this solution was warmed to rt and then re-cooled to -78 °C followed by dropwise addition of
aldehyde x (402 mg, 1.26 mmol, 1.00 eq.) in THF (5 mL). The solution was allowed to slowly
warm up to room temperature in a dry ice/acetone bath for 24 h before it was quenched with
phosphate buffer (12 mL, pH = 7.2). Et2O (15 mL) was added and the phases were separated. The
aqueous phase was extracted with Et;0 (2 x 15 mL) and the combined organic layers were dried
(NaS0s4), before concentrated in vacuo. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc 95:5) to afford the title compound 143 as a clear oil.
Yield: 386 mg (69%). All spectroscopic and physical data were in full agreement with those
reported in the literature.® [o] 2[? =-18.0 (c = 0.090, MeOH); 'H NMR (400 MHz, CDCI3) § 6.68
(dd,J=13.4,10.9 Hz, 1H), 6.27 (d, J = 13.5 Hz, 1H), 6.09 (dd, J=15.2, 10.9 Hz, 1H), 5.71(dd, J
=15.3,9.6 Hz, 1H), 5.48—5.29 (m, 2H), 4.17-4.11 (m, 1H), 3.67 (s, 3H), 2.34-2.16 (m, 4H), 2.00
(q,J=6.8 Hz, 2H), 1.62 (p, J= 7.5 Hz, 2H), 1.4-1.26 (m, 4H), 0.89 (s, 9H), 0.04 (s, 3H), 0.02 (s,
3H); *C NMR (101 MHz, CDCl3) § 174.4, 138.1, 137.2, 131.9, 126.6, 125.2, 108.2, 72.7, 51.6,
36.3,34.2,29.4,29.0, 27.4, 26.0 (3C), 25.0, 18.4, -4.4, -4.6; TLC (hexane/EtOAc 95:5, KMnOs-
stain) Ry=0.33.

Methyl (7Z,10R,11E,13E,175,192)-10,17-bis((tert-butyldimethylsilyl)oxy)docosa-7,11,13,19-
tetraen-15-ynoate (208)

oTBS

P T % — COyMe
oTBS Pd(PPhg),, Cul TBSO,, “~
Wmcone -
Brm TN Et,NH, alkyne 163

143 | 208

To a solution of vinyl bromide 143 (182 mg, 0.409 mmol, 1.00 eq.) in EtoNH (0.8 mL) and benzene
(0.3 mL) was added Pd(PPh3)4 (16.0 mg, 0.0140 mmol, 3.00 mol%), and the reaction was stirred
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for 45 min in the dark. Cul (4.00 mg, 0.0210 mmol, 5.00 mol%) dissolved in a minimum amount
of Et2NH was added, followed by dropwise addition of alkyne 163 (104 mg, 0.436 mmol, 1.07
eq.) in EbNH (0.8 mL). After 20 hours of stirring at ambient temperature, the reaction was
quenched with sat. aq. NH4CI (10 mL). Et,O (15 mL) was added, and the phases were separated.
The aq. phase was extracted with Et;O (2 x 15 mL), and the combined organic layers were dried
(NaS0s), before being concentrated in vacuo. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc, 95:5) to afford the title compound 208 as a pale
yellow oil. Yield: 225 mg (91%). All spectroscopic and physical data were in full agreement with
those reported in the literature.® [o] %) = -21.0 (c = 0.080, MeOH); "H NMR (400 MHz, CDCls) §
6.51 (dd, J=15.5,10.9 Hz, 1H), 6.18 (ddd, /= 14.2, 10.3, 1.0 Hz, 1H), 5.75 (dd, /= 15.2, 5.9 Hz,
1H), 5.62-5.31 (m, 5SH), 4.47 (td, J= 6.6, 1.8 Hz, 1H), 4.21-4.12 (m, 1H), 3.66 (t, 3H), 2.44 (t, J
=7.9 Hz, 2H), 2.30 (t, /= 7.6 Hz, 2H), 2.28-2.15 (m, 2H), 2.11-1.94 (m, 4H), 1.63 (q, /= 7.4 Hz,
2H), 1.40-1.25 (m, 4H), 0.96 (t, J = 7.5 Hz, 3H), 0.91 (s, 9H), 0.89 (s, 9H), 0.12 (d, J = 8.3 Hz,
6H), 0.03 (d, J = 8.3 Hz, 6H); *C NMR (101 MHz, CDCls) § 174.3, 141.2, 139.3, 134.4, 131.9,
128.6, 125.4, 124.1, 110.7, 93.4, 83.6, 72.9, 63.7, 51.6, 36.8, 36.4, 34.2, 29.4, 29.0, 27.4, 26.0
(30), 26.0 (3C), 25.0, 20.9, 18.5, 18.4, 14.4, —4.3 (2C), —4.6, —4.8; TLC (hexane/EtOAc, 9:1,
CAM-stain) Ry= 0.63.

Methyl (7Z2,10R,11E,13E,17S5,192)-10,17-dihydroxydocosa-7,11,13,19-tetraen-15-ynoate
(180)

oTBS OH
NG — CO,Me TBAF NGNS — CO,Me

N

TBSO,,
THF

| 208 | 180

TBAF (1.0 M in THF, 0.9 mL, 0.9.00 mmol, 4.95 eq.) was added to a solution of TBS-protected
alcohol 208 (110 mg, 0.182 mmol, 1.00 equiv) in THF (2.0 mL) at -78 °C. The reaction was stirred
for 21 h before it was quenched with phosphate buffer (pH = 7.2, 3.5 mL). Brine (15 mL) and
EtOAc (15 mL) were added, and the phases were separated. The aq. phase was extracted with
EtOAc (2 x 15 mL) and the combined organic layers were dried (Na;SO4) before the solvent was
evaporated. The crude product was purified by column chromatography on silica gel
(hexanes/EtOAc, 7:3) to afford the title compound 180 as a pale yellow oil. Yield: 58 mg (87%).
All spectroscopic and physical data were in full agreement with those reported in the literature.®
[a] 2[;) =-16.0 (c = 0.060, MeOH); '"H NMR (400 MHz, CDCls) § 6.55 (dd, J=15.6, 11.0 Hz, 1H),
6.27 (dd, J=14.9, 11.6 Hz, 1H), 5.81 (dd, J = 15.2, 6.1 Hz, 1H), 5.67-5.49 (m, 3H), 5.48-5.31
(m, 2H), 4.52 (td, J= 6.4, 1.9 Hz, 1H), 4.25-4.16 (m, 1H), 3.68 (t, 3H), 2.49 (t, J = 6.9 Hz, 2H),
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2.35-2.26 (m, 4H), 2.14-1.99 (m, 4H), 1.98 (d, J = 5.4 Hz, 1H), 1.71 (s, 1H); 1.62 (p, J=7.5 Hz,
2H), 1.43—1.27 (m, 4H), 0.97 (t, J = 7.5 Hz, 3H); '3C NMR (101 MHz, CDCls) & 174.4, 141.5,
138.4,136.1, 133.8, 129.4, 124.3, 122.9, 110.9, 92.6, 84.1, 71.7, 62.7, 51.7, 35.8, 35.5, 34.2, 29.3,
28.9,27.4,25.0,21.0, 14.4; TLC (hexane/EtOAc, 7:3, KMnOu-stain) Ry= 0.26.

Methyl (7Z,10R,11E,13E,15Z,175,192)-10,17-dihydroxydocosa-7,11,13,15,19-pentaenoate
(181)

OoH
A — CO,Me Zn(Cu/Ag)

N

HO,,
MeOH/H,0

‘ 180

The Zn(Cu/Ag) reagent was prepared as described by Boland et al.® Zinc dust (1.80 g) in degassed
H>0 (10.8 mL, pH = 7.0) was stirred under argon for 15 min before Cu(OAc): (180 mg) was added
and stirred for an additional 15 min. AgNO3 (180 mg) was then added and the reaction mixture
was stirred for 30 minutes. The mixture was filtered and washed successively with H,O, MeOH,
acetone and Et2O before it was transferred to a flask containing alkyne 180 (25.0 mg, 0.067 mmol)
in MeOH/H>O (1:1, 7.4 mL). The mixture was stirred at rt and monitored by TLC analysis. After
5 h, the reaction was judged complete and the reaction mixture was filtered through a pad of Celite®
with Et;0. Water was added to the filtrate, and the layers were separated. The aq. layer was
extracted with EtO (3 x 10 mL). The combined organic layers were washed with brine and dried
(Na2SO4). The solvent was evaporated and the crude product was purified by column
chromatography on silica gel (10-30% hexane in EtOAc with drops of MeOH) to afford the methyl
ester 181 as a pale yellow oil. Yield: 8.0 mg (32%). All spectroscopic and physical data were in
full agreement with those reported in the literature.® [o] 2[? =-19.0 (¢=0.100, MeOH); UV (MecOH)
Amax 262, 271, 282 nm; 'H NMR (400 MHz, MeOH-d4) § 6.52 (dd, J = 14.2, 11.3 Hz, 1H), 6.32—
6.18 (m, 2H), 6.07 (t, J=11.0 Hz, 1H), 5.74 (dd, J = 14.4, 6.6 Hz, 1H), 5.51-5.29 (m, 5H), 4.45
(dt,J=28.9, 6.8 Hz, 1H), 4.12 (q, /= 6.7 Hz, 1H), 3.65 (s, 3H), 2.41-2.16 (m, 5H), 2.11-1.99 (m,
4H), 1.61 (p, J = 7.4 Hz, 2H), 1.42-1.21 (m, 5H), 0.97 (t, 3H); *C NMR (101 MHz, MeOH-d) &
176.0, 138.0, 134.9, 134.4, 134.7, 132.8, 131.3, 130.5, 128.9, 126.2, 125.3, 73.1, 68.6, 52.0, 36.4,
36.4,34.8, 30.3, 29.8, 28.2, 25.9, 21.7, 14.6; TLC (hexane/EtOAc, 7:3, KMnOs-stain) Ry= 0.20.
The purity (>99%) was determined by HPLC analysis (Eclipse XDB-C18, MeOH/H-0, 80:20, 1.0
mL/min); t- = 10.5 min. HRMS (ESI): calculated for C23H3sNaO4 [M+Na]": 399.2506, found:
399.2505.
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(7Z,10R,11E,13E,15Z,175,192)-10,17-dihydroxydocosa-7,11,13,15,19-pentaenoic acid
Protectin D1x-3 ppa (36)

OH
NP — CO,Me

AN

HO,, Zn/KCN

i-PrOH/H,0
‘ 180

Compound 36 was prepared as described by Nif er. al.'® A mixture of alkyne 180 (15.0 mg, 43.3
umol, 1.00 eq.), zinc powder (566 mg, 8.65 mmol, 200 eq.) and potassium cyanide (40 mg, 0.610
mmol, 14.0 eq.) was added to a solution of i-PrOH/H>0 (3.0 mL 1:1, pH = 7.0), and stirred at
ambient temperature under protection of argon in the dark. After stirring for 20 h, the reaction
mixture was filtered through a pad of Celite® and the pad washed with EtOAc (10 mL). Sat. aq.
NH4CI (10 mL) was added to the filtrate and the phases were separated. The aq. phase was
extracted with EtOAc (3 x 6.0 mL), and the combined organic layer was dried (Na>SOs), filtrated,
and the solvent evaporated. The crude acid was purified using Biotage® Select purification system
(Biotage® Sfar-C-18, 40-50% MeOH/3.3mM AcOH, 6.0 mL/min). Following purification, the
MeOH was evaporated and the aq. phase added sat. aq. NaH>PO4 (3.0 mL), and was then extracted
with EtOAc (3 x 5.0 mL). The combined organic layer was dried (Na>SQOs), filtered, and
concentrated in vacuo to give the title compound 36 as a clear oil. Yield: 7.0 mg (45%). All
spectroscopic and physical data were in full agreement with those reported in the literature.® [o] ZDO
=-28.0 (¢ =0.10, MeOH); UV (MeOH) Amax 262, 271, 282 nm; '"H NMR (400 MHz, MeOH-d.) &
6.52 (dd, /=13.7, 11.1 Hz, 1H), 6.31-6.20 (m, 2H), 6.08 (t, /= 11.0 Hz, 1H), 5.74 (dd, J = 14.5,
6.6 Hz, 1H), 5.50-5.30 (m, 5H), 4.56 (dt, J = 8.6, 6.3 Hz, 1H), 4.15-4.09 (m, 1H), 2.40-2.17 (m,
6H), 2.10-2.02 (m, 4H), 1.60 (p, J = 7.4 Hz, 2H), 1.42-1.30 (m, 4H), 0.97 (t, /= 7.5 Hz, 3H); 1*C
NMR (101 MHz, MeOH-d4) 6 178.2, 138.0, 134.9, 134.8, 134.7, 132.9, 131.3, 130.6, 128.9, 126.2,
125.3, 73.1, 68.6, 36.4, 36.4, 35.4, 30.4, 29.9, 28.3, 26.2, 21.7, 14.6; TLC (Et2O with a drop of
AcOH, CAM-stain) Ry= 0.34. ). The purity (>99%) was determined by HPLC analysis (Eclipse
XDB-C18, MeOH/H20/10 mM HCOOH, 75:20:5, 1.0 mL/min); t. = 11.6 min. HRMS (ESI):
calculated for C22H34NaO4 [M+Na]": 385.2349, found: 385.2349.
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Figure 5.1 "H-NMR spectrum of PD1,.3 ppa methyl ester (181).
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Figure 5.2 *C-NMR spectrum of PD 143 ppa methyl ester (181).
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Data File C:CHEM2

2% 1 DATA JANNICKE\ PD1N-2-DFA . D

Sample Hame: FD1-n3-DFA

Acg. Operator

Acg. Instrument

Injection Date

Hethod
Last changed

Sample Info

Jannicke
Instrument 1
17.02.2020 16:42:32

Location : Vial 1

Inj Volume : 10 pl
©:\CHEM22'1\METHODSC18 ISOFRATISK.M
17.02.2020 16:39:01 by Jannicke
(modified after loading)
: PDln-3 DFA methyl esser MeOH/H20 B:2, 1.0 mL/min

VWD1 A, Wavelength=254 nm [JANNICKEPD1N-3-DPAD)
mAL 3
1000
EO0-
500
400
200
3
-
o 2 L
T
T T T T T T T T T
2 4 [} B i0 12 i4 18 8 mir]
Area Percent Report
Sortved By H Signal
Hultiplier H 1.0000
Dilution H 1.0000
Use Hultiplier & Dilutiom Factor with I3TDs
Signal 1: VWDl A, Wavelengsh=254 nm
Peak ResTime Type Widsh Area Height Area
E [min] [min] =AT = (=BT 1 &
—l I—1 1 1 |
1 5.45¢ VB 0.zgss 54.41804 Z.70632 0.2716
2 10.544 BB 0.2844 1.959852=4¢ 10BE.78188 S5.7284
Totals : 2_003%6=4 1089_ 48831
##% End of Report ##%
Instrument 1 17_.0Z2_2020 17:02:25 Jannicke Page 1l efl

Figure 5.3 HPLC chromatogram of PD 143 ppa methyl ester (181).
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Spectrum/Peak Report Date 2/18/2020 Time 11:11:57 Page 168
Method file <method not saved>
Information Default Method
Data File <data not saved>
Overlaid Spectra:
05 ﬁa
b
0.4 _‘g
3
> 03
g
£
S 0.2
<
0.1
0
220 240 260 280 300 320 340 360 Wavelength (nm)
# Name Peaks (nm) Abs (AU) # Name Peaks (nm) Abs (AU)
1 271.0 0.50025 1 o ot
i 282.0 0.39285

Figure 5.4 UV-Vis chromatogram of PD1n.3 ppa methyl ester (181).

Elemental Analysis Report

Analysis Info
Sample Name

Method

ESI_pos_50_1500_os.m

Acquisition Date  2/19/2020 8:09:47 AM
Analysis Name  D:\Data\maxis2020\16488.d

Acquisition Parameter

Source Type ESi lon Polarity Positive Set Nebulizer 0.4 Bar
Focus. Not active Set Capillary 3500V Set Dry Heater 200°C
Scan Begin 50 miz SetEnd Plate Offset  -500 Set Dry Gas 4.0 Umin
Scan End 1500 miz Set Charging Voltage 2000 V/ Set Divert Valve Waste
Set Corona 0nA Set APCI Heater 0'C
Intens. +S, 0.1-1.1min #3-62
x106.
399.2505
125
1.00
0.75
050
400.2539
025
lezsn
A
388 399 400 401 402 403 404 miz
Meas. m/z lon Formula miz e [ppm]
399.2505 C23H36GNaO4  399.2508 02
C21H3INGO2  399.2503 05
C20H35N206  399.2490 a8
C1SH32NENaO2  399.2479 66
C17H27N12 399.2476 73
C25H3504 399.2530 62
C24H32NeNa  399.2519 35
C18H36N2NaO6  399.2466 -9
C28H31NG 399.2543 95

Figure 5.5 HRMS spectrum of PD 143 ppa methyl ester (181).
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Data File C:\CHEM22\1\DATA\JAWNNICEE\FDLN-3-DFA-ACID-Z.D
Sample Name: PDln—3-dpa—Acid-2

Zcg. Operator Jannicke
Bcg. Instruments

Injection Dase

28.02.2020 11:11:23

Inssrument 1 Location : Wial 1

Inj Volume : 10 pl

Hethod
Last changed

C:\WCHEM2Z\1\METECD3\C18 ISCERATISE.M
28.02.2020 11:168:16 by Jannicke
[modified after loading)

Sample Info : FDln—2 DFA fimnal product
MeOH/H20/10mM formic acid 75:20:5

[ VWOTA Wavelengi-254 nm [JANRICEEFD TR-H0PA-ACID-Z 0}
may ] 2
160
140+
120+
100+
50
50
0]
207 w
=
[
4 s
IIIﬁlllilIlélllélllﬁllllilzlllhl IlklllllBlllnir
Area Percent Report
Sorted By H Signal
Hultipliexr H 1.0000
Dilution H 1.0000
Uae Hultiplier & Dilution Factor with I3TDa
Signal 1: VWDl &, Wavelength=254 nm
Feak RetTime Type Widsh Area Height Area
S [min] [min] mAT = [mAT 1 &
— | 1 1 1 |
1 3.125 VB 0.1072 17.82408 2.47783 0.4587
2 11.564 EB 0.2385 28€8.19409 17&_&656859 899_5413
Totals : JBEE.01817 179.13472
##% End of Report #*##
Instrument 1 28_02.2020 12:22:3€ Jannicke Page 1of1l

Figure 5.8 HPLC chromatogram of PD1x.3 pra (36).

99



Spectrum/Peak Report Date 2/20/2020 Time 10:47:57 Page 1 of 1

Method file : <method not saved>
Information : Default Method
Data File H <data not saved>

Overlaid Spectra:

2 =’

et
_681

g 08
8
3 0.6
£
]
2 0.4
02
]
200 220 240 260 280 300 320 340 360 Wavelength (nm)|
# Name Peaks (nm) Abs (AU) # Name Peaks (nm) Abs (AU)
1 270.0 1.19730 1 261.0 0.90333
1 281.0 0.94471

Figure 5.9 UV-Vis chromatogram of PD 13 ppa (36).

Elemental Analysis Report

Analysis Info Acquisition Date  2/20/2020 10:48:50 AM
Sample Name Analysis Name  D:\Data\maxis2020\16506.d
Method ESI_pos_50_1500_os.m

Acquisition Parameter

Source Type ESI lon Polarity Positive Set Nebulizer 04 Bar
Focus. Not active Set Capillary 3500V Set Dry Heater 200°C
Scan Begin 50 miz. Set End Plate Offset ~ -500 V Set Dry Gas 4.0 Umin
Scan End 1500 miz Set Charging Voltage 2000 V Set Divert Valve Waste
Set Corona 0nA SetAPCl Heater  0°C
Intens +MS, 0.1-1.0min #3-59]
x105;
385.2349
4
3
2
1 386.2383
387.24%0
l 3882534 3912221
383 384 385 386 387 388 389 3%0 391 miz
Meas. m/iz lon Formula miz  err [ppm]
3852349 C22H34NaO4 3852349 01
C19H33N206 3852333 -4.0
C20H29N6O2 3852347 -06
C24H3304 385.2373 64
C18H3ON6NaO2  385.2322 68
C16H25N12 385.2320 75
C23HION4Na 3852363 36
C25H29N4 3852387 29

Figure 5.10 HRMS spectrum of PD 1,3 pra (36).
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Total synthesis of 17R-3-oxa PD1n-3 DPA (141)

(R)-3-((tert-butyldimethylsilyl)oxy)dihydrofuran-2(3H)-one (209)

OH TBSOTY, oTBS
2,6-lutidine
o —— o
OF° ee Or
o -78°C,2h o
168 209

(R)-(+)-a-hydroxy-y-butyrolactone 168 (1.52 g, 14.9 mmol, 1.00 eq.) was dissolved in CH2Cl>
(150 mL) under argon. The solution was cooled to -78 °C and added 2,6-lutidine (4.79 g, 44.7
mmol, 3.00 eq.) after stirring for ten minutes. Following an additional ten minutes, TBSOTT (4.25
g, 19.1 mmol, 1.28 eq.) was added dropwise. The reaction mixture was stirred at -78 °C until
judged complete after 3 hours. Sat. aq. NH4Cl1 (100 mL) was added and the layers separated. The
aq. layer was extracted with CH2Clz (3 x 50 mL) and the combined organic extract was dried
(Naz2S0sy), filtered, and the solvent removed in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc, 9:1) to afford the title compound 209 as a clear oil.
Yield: 2.98 g (93%); All spectroscopic and physical data were in agreement with those reported in
the literature.' [OL]ZDO =+34.4 (c= 1.1, CHCl3); '"H NMR (400 MHz, CDCl5) § 4.44 — 4.35 (m, 2H),
4.19 (td, J =9.2, 6.4 Hz, 1H). 2.50 — 2.42 (m, 1H), 2.28 — 2.16 (m, 1H), 0.91 (s, 9H), 0.17 (s, 3H),
0.15 (s, 3H); '3C NMR (101 MHz, CDCl;) § '*C NMR (101 MHz, CDCl3) § 176.0, 68.4, 64.9,
32.5,25.8(3C), 18.4, 4.5, -5.1; TLC (hexane/EtOAc, 9:1) Rr= 0.24. HRMS (ESI): calculated for
C10H20NaO;3Si [M+Na]™: 239.1075, found: 239.1074.
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(R)-3-((tert-butyldimethylsilyl)oxy)pent-4-yn-1-o0l (210)

oTBS oTBS LDA, oTBS
o _ DIBALH on TMSCHN,
J CH,Cly d THF, HO B
_78°C,2h _78°Ctort, 3h
209 210

To a solution of TBS-lactone 209 (959 mg, 4.43 mmol, 1.00 eq.) in CH>Cl» (50 mL) it was added
DIBAL-H (1.0 M in CHxCl,, 6.2 mL, 6.2 mmol, 1.40 eq.) at —78 °C. The reaction mixture was
stirred for 2 h at this temperature and then quenched by addition of MeOH (30 mL). The solution
was poured into a sat. aq. solution of Rochelle salt (potassium sodium tartrate) (50 mL) and
vigorously stirred for 3 h at rt. The layers were separated and the aq. layer was extracted with
CH2CIl> (3 x 50 mL). The combined organic layers were washed with brine (100 mL), dried
(NaxS0sy), filtered, and the solvent removed in vacuo to yield the crude lactol. TLC (hexane/EtOAc
8:2, KMnOy stain) Ry= 0.25. Next, TMSCHN: (2.0 M in EtzO, 2.7 mL, 5.32 mmol, 1.20 eq.) was
added to a solution of LDA (1.0 M in hexane/THF, 10.6 mL, 10.6 mmol, 2.40 eq.) in THF (11 mL)
at —78 °C, and the reaction mixture was stirred for 30 min at this temperature. The crude lactol in
THF (13.8 mL) was carefully added and stirring was continued for 2 h. The reaction was warmed
to rt, stirred for 30 min. and then quenched by careful addition of a sat. aq. solution of NH4Cl
(30 mL). The layers were separated and the aq. layer was extracted with Et2O (3 x 30 mL). The
combined organic extracts were washed with brine (40 mL), dried (Na2SOs4), filtered, and the
solvent removed in vacuo. Alcohol 210 was obtained after purification by column chromatography
on silica gel (5-10% hexane/EtOAc) as a pale yellow oil. Yield: 643 mg (68% over the two steps).
[(x]ZDO =+64.0 (c = 1.2, CHCI3); '"H NMR (400 MHz, CDCl3) § 4.64 (ddd, J= 6.3, 5.0, 2.1 Hz, 1H),
3.95(ddd, J=11.5, 7.8, 3.9 Hz, 1H), 3.79 (ddd, /= 11.1, 6.2, 4.2 Hz, 1H), 2.45 (d, J = 2.1 Hz,
1H), 2.11 (bs, 1H), 2.04 — 1.87 (m, 2H), 0.91 (s, 9H), 0.17 (s, 3H), 0.14 (s, 3H); *C NMR (101
MHz, CDCl;) 6 84.7, 73.3, 62.0, 60.1, 40.1, 25.9 (3C), 18.2, -4.5, -5.1; TLC (hexane/EtOAc 8:2,
KMnO; stain) Ry= 0.35; HRMS (ESI): calculated for C11H22NaO,Si [M+Na]": 237.1281, found:
237.1281.
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(R)-3-((tert-butyldimethylsilyl)oxy)pent-4-ynal (170)

DMP,

oTBS CHyCl, oTBS
HO X 5eq. NaHCO; o~ S
210 170

Alcohol 210 (616 mg, 2.87 mmol, 1.00 eq.) dissolved in dry CH2Cl, (25 mL) was added Dess-
Martin periodinane (1.54 g, 3.63 mmol, 1.26 eq.) and NaHCOs (s) (1.22 g, 14.0 mmol, 4.87 eq.).
After stirring for 4 hours, hexane was added and the resulting precipitate was removed through a
pad of Celite®. The mixture was transferred to a separatory funnel and washed with sat. aq.
NazS»03 (16 mL). The layers were separated and the aq. layer was extracted with EtO (3 x 10
mL). The combined organic extracts were washed with brine (10 mL) dried (Na;SO4) and
concentrated in vacuo. The crude product was passed through a silica plug with hexane/EtOAc 8:2
as eluent to afford the title compound 170 as a colorless oil. Yield: 565 mg (83%). [OL]ZDS =+17.0
(c=0.10); '"H NMR (400 MHz, CDCl3) 8 9.82 (t,J= 2.1 Hz, 1H), 4.86 (ddd, /= 6.9, 4.9, 2.2 Hz,
1H), 2.80 (ddd, J=16.4, 6.8, 2.2 Hz, 1H), 2.70 (ddd, J = 16.4, 4.9, 2.0 Hz, 1H), 2.49 (d, /= 2.1
Hz, 1H), 0.88 (s, 9H), 0.17 (s, 3H), 0.13 (s, 3H); *C NMR (101 MHz, CDCls) § 200.2, 83.9, 73.9,
58.2,51.5,25.8 (3C), 18.2,-4.5, -5.1; TLC (hexane/EtOAc 95:5, KMnOj stain) Ry= 0.35; HRMS
(ESI): calculated for C11H20NaO,Si [M+Na]": 235.1125, found: 235.1125.

(R,Z)-tert-butyldimethyl(oct-5-en-1-yn-3-yloxy)silane (169)

1. NaHMDS,

THF, HMPA oTBS

S PPhgBr

2. Aldehyde 170 o N
168 4 169 O

To a solution of propyltriphenylphosphonium bromide 168 (903 mg, 2.34 mmol, 1.08 eq.) in THF
(40 mL) it was added hexamethylphosphoramide (HMPA) (3.0 mL) and NaHMDS (0.6 M in
toluene, 3.6 mL, 2.16 mmol, 1.00 eq.) at —78 °C. The reaction mixture was warmed to rt, stirred
for 10 min, and then re-cooled to —78 °C. Aldehyde 170 (490 mg, 2.31 mmol 0.95 eq.) in THF

(7.0 mL) was added dropwise, and the reaction was allowed to warm to rt overnight and stirred for
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20 h. The reaction was quenched by addition of a phosphate buffer solution (pH = 7.0, 25 mL).
The phases were separated and the aq. layer was extracted with Et2O (3 x 10 mL). The combined
organic layers were washed with brine (20 mL), dried (MgSOs), filtered, and the solvent removed
in vacuo. Alkene 169 was obtained after purification by column chromatography (hexane - 1%
EtOAc in hexane) as a yellow oil. Yield: 384 mg (75%). [(I]ZDS =+25.0 (c =0.30, CHCI3); 'H NMR
(400 MHz, CDCI3) 6 5.58 — 5.36 (m, 2H), 4.34 (td, J = 6.6, 2.1 Hz, 1H), 2.44 (t, J = 6.8 Hz, 2H),
2.38 (d, J=2.1 Hz, 1H), 2.07 (p, J = 7.4 Hz, 2H), 0.97 (t, /= 7.5 HZ, 3H), 0.91 (s, 9H), 0.13 (s,
3H), 0.11 (s, 3H); *C NMR (101 MHz, CDCl3) § 134.6, 123.8, 85.6, 72.2, 63.0, 36.7, 25.9, 21.0,
18.4, 14.3, -4.6, -4.9; TLC (hexane, KMnO4 stain) Ry = 0.25; HRMS (ESI): calculated for
C14H26NaOSi [M+Na]": 261.1645, found: 261.1645.

tert-butyl 2-(((4Z,7R.8E,10E,14R,16Z2)-7,14-bis((tert-butyldimethylsilyl)oxy)nonadeca-
4,8,10,16-tetraen-12-yn-1-yl)oxy)acetate (178)

oTBS

C?)TBS Pd(PPhs)s, Cul Wovcozt—Bu
Br/\/m/\/o\/COﬁ-Bu Et,NH, alkyne 169 _ .
164 0TBS 178

Vinyl bromide 164 (151 mg, 0.308 mmol, 1.00 eq.) was added Pd(PPh3)s (11.0 mg, 9.52 umol,
3.00 mol%) and the flask evacuated and filled with argon. Et;NH (0.60 mL) and benzene (0.25
mL) were added, and the reaction was stirred for 45 min in the dark. Cul (3.00 mg, 0.0158 mmol,
5 mol%) dissolved in a minimal amount of Et;NH was added, followed by dropwise addition of
alkyne 169 (95.0 mg, 0.398 mmol, 1.30 eq.) in EtcNH (1.0 mL). After 26 h of stirring at ambient
temperature, the reaction was quenched with sat. aq. NH4CI (10 mL). Et2O (10 mL) was added,
and the phases were separated. The aq. phase was extracted with Et;0 (2 x 10 mL), and the
combined organic layers were dried (Na;SOys), filtered, and concentrated in vacuo. The crude
product was purified by column chromatography on silica (hexane/EtOAc, 98:2) to afford the title
compound 178 as a clear oil. Yield: 172 mg (86%). [a]zlf =+9.14 (¢ = 1.3, CHCl3); 'H NMR (400
MHz, CDCl); 6.50 (dd, J = 15.5, 10.9 Hz, 1H), 6.18 (dd, J = 15.2, 10.9 Hz, 1H), 5.75 (dd, J =
15.2, 6.0 Hz, 1H), 5.61 — 5.33 (m, 5H), 4.46 (td, J= 6.5, 1.5 Hz, 1H), 4.17 (q, J = 6.0 Hz, 1H),
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3.93 (s, 2H), 3.50 (t, /= 6.6 Hz, 2H), 2.43 (t, /= 6.8 Hz, 2H), 2.33 — 2.17 (m, 2H), 2.15 — 2.00 (m,
4H), 1.66 (p, J= 6.7 Hz, 2H), 1.48 (s, 9H), 0.96 (t, J=17.5, 3H), 0.9 (s, 9H), 0.88 (s, 9H), 0.13 (s,
3H), 0.11 (s, 3H), 0.04 (s, 3H), 0.02 (s, (3H); *C NMR (101 MHz, CDCl3) § 169.2, 141.2, 139.3,
134.4,131.2, 128.7, 125.9, 124.1, 110.7, 93.4, 83.5, 81.6, 72.9, 71.2, 69.0, 63.7, 36.8, 36.3, 29.6,
28.3(3C), 26.0(3C), 26.0(3C), 24.1, 209, 18.5, 18.4, 14.4, -43(2C), -4.6, -4.8; TLC
(hexane/EtOAc 95:5, visualized by UV and KMnOgy-stain) Ry = 0.34; HRMS (ESI): calculated for
C37HesNaOsSiz [M+Na]": 669.4341, found: 669.4340.

tert-butyl 2-(((4Z,7R,8E,10E,14R,16Z)-7,14-dihydroxynonadeca-4,8,10,16-tetraen-12-yn-1-
yloxy)acetate (176)

oTBS TBAF OH
— 0._CO,t-Bu THF — 0._CO,t-Bu
Z Tnn T e
Y -78°C to rt Y
oTBS 178 OH 176

TBAF (1.0 M in THF, 1.3 mL, 1.30 mmol, 5.26 eq.) was added to a solution of silyl ether 178
(160 mg, 0.247 mmol, 1.00 eq.) in THF (2.5 mL) at -78 °C. The reaction was stirred for 21 h before
it was quenched with phosphate buffer (pH = 7.0, 4.0 mL). Brine (15 mL) and EtOAc (15 mL)
were added, and the phases were separated. The aq. phase was extracted with EtOAc (2 x 10 mL),
and the combined organic layer was dried (Na;SO4) before being concentrated in vacuo. The crude
product was purified by column chromatography on silica gel (hexane/EtOAc, 7:3) to afford diol
176 as a clear oil. Yield: 93 mg (90%). [OL]ZDO = -30.0 (c = 0.39, MeOH); '"H NMR (400 MHz,
MeOD) 6 6.54 (dd, J = 15.5, 10.8 Hz, 1H), 6.28 (dd, J = 15.3, 10.9 Hz, 1H), 5.82 (dd, J = 15.2,
6.3 Hz, 1H), 5.66 (d, /= 15.6 Hz, 1H), 5.57 — 5.33 (m, 4H), 4.40 (td, /= 6.8, 1.67 Hz, 1H), 4.13
(q, J = 6.5 Hz, 1H), 3.96 (s, 2H), 3.50 (t, J = 6.3 Hz, 2H), 2.49 — 2.38 (m, 2H), 2.35 — 2.26 (m,
2H), 2.19 — 2.00 (m, 4H), 1.68 — 1.59 (m, 2H), 1.48 (s, 9H), 0.98 (t, J = 7.5 Hz, 3H); *C NMR
(101 MHz, MeOD) & 171.7, 142.5, 139.9, 135.3, 132.3, 130.3, 126.7, 124.7, 111.7, 93.8, 84.3,
82.7,72.8,72.0, 69.6, 63.3, 36.9, 36.2, 30.5, 28.4(3C), 24.9, 21.7, 14.6; TLC (hexane/EtOAc 7:3,
visualized by UV and KMnOQOgs-stain) Ry = 0.25; HRMS (ESI): calculated for C2sH3sNaOs [M+Na]":
441.2611, found: 441.2611.
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Methyl 2-(((4Z,7R,8E,10E,12Z,14R,16Z)-7,14-dihydroxynonadeca-4,8,10,12,16-pentaen-1-
yloxy)acetate (177)

1. Zn/KCN,
— O._CO,t-Bu i-PrOH/H,0 OH OH

OH

X 0
= =~ A= _~_O_COMe
= 2. TMSCHN,, — XX o2
OH toluene/MeOH
175 177

Compound 177 was prepared by following the protocol reported by Nif and coworkers.> A mixture
of alkyne 175 (35.0 mg, 83.6 umol, 1.00 eq.), zinc powder (1.19 g, 18.2 mmol, 218 eq.) and
potassium cyanide (77.0 mg, 1.18 mmol, 14.1 eq.) was added a solution of -PrOH/H>O (3.8 mL
1:1, pH = 7.0), and stirred at ambient temperature under protection of argon in the dark. After
stirring for 26 h, the reaction mixture was filtered through a pad of Celite® and the pad washed
with EtOAc (8.0 mL). Sat. ag. NH4Cl (8.0 mL) was added to the filtrate and the phases were
separated. The aq. phase was extracted with EtOAc (3 x 6.0 mL), and the combined organic layer
evaporated, but not to dryness. The crude product was immediately added to a solvent mixture of
toluene/MeOH (3:2, 1.5 mL). Next, TMS-diazomethane (2.0 M in Et:O, 0.10 mL, 1.30 eq.) was
dropwise added under rapid stirring until the yellow color persisted. After strring for 45 min, the
reaction was quenched with sat. aq. NH4ClI (8.0 mL). The layers were separated and the aq. phase
extracted with Et0 (3 x 5.0 mL). The combined organic layer was evaporated, and the residue
was purified by column chromatography on silica gel (hexane/EtOAc, 4:6 and drops of MeOH) to
afford methyl ester 177 as a clear oil. Yield: 18 mg (56% over the two steps); [(X]ZDO =-123 (c=
0.065, MeOH); '"H NMR (600 MHz, MeOD) & 6.52 (dd, J = 13.5, 11.5 Hz, 1H), 6.31 — 6.20 (m,
2H), 6.07 (t, J=11.4 Hz, 1H), 5.75 (dd, J = 14.5, 6.5 Hz, 1H), 5.51 — 5.29 (m, 5H), 4.58 — 4.52
(m, 1H), 4.13 (q, J = 6.5 Hz, 1H), 4.09 (s, 2H), 3.73 (s, 3H), 3.52 (t, J = 6.4 Hz, 2H), 2.40 — 2.25
(m, 3H), 2.23 — 2.17 (m, 1H), 2.17 — 2.12 (m, 2H), 2.06 (pd, /= 7.5, 1.6 Hz, 2H), 1.65 (p, J = 6.5
Hz, 2H), 0.97 (t,J= 7.5 Hz, 3H); '*C NMR (151 MHz, MeOD) & 172.8, 138.0, 134.9, 134.8, 134.7,
132.1, 131.4, 130.5, 128.9, 126.8, 125.3, 73.1, 72.1, 68.8, 68.6, 52.2, 36.4, 36.3, 30.4, 24.8, 21.7,
14.6; TLC (hexane/EtOAc 4:6, visualized by UV and KMnOs-stain) Ry = 0.40; HRMS (ESI):
calculated for C22H34NaOs [M+Na]™: 401.2298, found: 401.2298; UV-VIS: Amax (MeOH) = 261,
271, 282 nm. The purity (>97%) was determined by HPLC analysis (Eclipse XDB-C18,
MeOH/H20, 65:35, 1.0 mL/min); t. = 18.6.
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Figure 5.25 HPLC chromatogram of 17R-3-oxa-PD1x.3 ppa methyl ester (177).
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Figure 5.26 UV-Vis chromatogram of 17R-3-oxa-PD1n.3 ppa methyl ester (177).
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Incubation studies with 3-oxa n-3 DPA (182)

In three parallels, 3-oxa n-3 DPA (182, 167 pug) was incubated with soybean 15-LOX (borate
buffer, 4 °C, pH 9.0, 167 pg/mL). After 45 minutes, the reaction was quenched using 2 volumes
of ice cold methanol with sodium borohydride (0.01 M), and the solution was acidified with
2.5% aq. acetic acid to pH 2-3. The aq. phase was extracted with Et2O (10 % 3.0 mL), and the
combined etheric layers washed with water (5 x 5.0 mL), dried (Na2SOs), filtered, and the
solvent evaporated. The product was dissolved in methanol and subjected to UV-Vis and HRMS
analyses. UV (MeOH) Amax 233-237 nm; HRMS (ESI): calculated for C21H31NaO4 [M+Na]":
347.2228, found: 347.2227.

Spectrum/Peak Report Date 3/9/2020 Time 15:58:49 Page 1 of 1
Method file : <method not saved>
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Overlaid Spectra:
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Figure 5.27 UV-Vis chromatogram of 17-OH-3-oxa DPA (183).
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Figure 5.28 HRMS spectra of 17-OH-3-oxa DPA (183).
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Abstract: PD1,_3ppa belongs to the protectin family of specialized pro-resolving lipid mediators.
The protectins are endogenously formed mediators that display potent anti-inflammatory properties
and pro-resolving bioactivities and have attracted interest in drug discovery. However, few studies
have been reported of the secondary metabolism of the protectins. To investigate the metabolic
formation of the putative C22 mono-hydroxylated product, coined 22-OH-PD1,, 3 ppa, a stereoselective
synthesis was performed. LC/MS-MS data of synthetic 22-OH-PD1,, 3 pps matched the data for
the biosynthetic formed product. Cellular studies revealed that 22-OH-PD1,,3pps is formed
from n-3 docosapentaenoic acid in human serum, and we confirmed that 22-OH-PD1,,.3 ppa is
a secondary metabolite produced by w-oxidation of PD1,, 3 pps in human neutrophils and in human
monocytes. The results reported are of interest for enabling future structure—activity relationship
studies and provide useful molecular insight of the metabolism of the protectin class of specialized
pro-resolving mediators.

Keywords: natural products; stereoselective synthesis; structural elucidation; biosynthesis; protectins;
22-OH-PD1,, 3 ppa; specialized pro-resolving mediators; polyunsaturated fatty acids; omega oxidation

1. Introduction

Inflammation is divided into acute inflammation, which by nature is self-resolving, and chronic
inflammation, which occurs over an extended time period and does not resolve [1]. Uncontrolled,
excessive acute and chronic unresolved inflammation may develop into several diseases, such as
cardiovascular disease, cancer, rheumatoid arthritis, and neurological disorders, e.g., Parkinson’s
disease and Alzheimer’s disease [2]. Over the last century, inflammation has been the topic of numerous
studies at the biomolecular and the cellular levels [3]. These efforts have resulted in the identification
of several chemical mediators, such as peptides, oxygenated polyunsaturated fatty acids (PUFAs),
chemokines, and cytokines that initiate, modulate, and reduce acute inflammatory processes [4]. Today,
various drugs—mostly inhibitors—that reduce the effects of inflammatory processes are available [2,5].
Resolution of inflammation was earlier believed to be a passive process [1,2]. However, recent studies
have established that the resolution phase of inflammation and the return to physiology (homeostasis)
are regulated by active and enzymatic formation of several novel families of oxygenated PUFAs [4,6].
These endogenously formed compounds have been coined specialized pro-resolving mediators (SPMs)

Molecules 2019, 24, 3228; d0i:10.3390/molecules24183228 www.mdpi.com/journal/molecules
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and are biosynthesized in the presence of cyclooxygenase and lipoxygenase enzymes from the dietary
n-3 PUFAs eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) (Figure 1) [6]. The E-series
resolvins origin from EPA, the D-series resolvins, protectins and maresins, as well as the recently
described sulfido-conjugates of resolvins (RCTRs), protectins (PCTRs), and maresins (MCTRs), are all
biosynthesized from DHA [4]. Lipoxins are biosynthetically formed from arachidonic acid (AA) [3,5].
SPMs and their bioactions are considered to constitute a biomedical paradigm shift [5,7] with numerous
interesting bioactivities reported [8].

eicosapentaenoic acid docosahexaenoic acid
(EPA) (DHA)
E-series protectins D-series maresins
resolvins and resolvins and
PCTRs and RCTRs| MCTRs

Arachidonic acid n-3 docosapentaenoic acid
(AA) (n-3 DPA)
. . n-3 series | | n-3 series | | n-3 series
Lipoxins . - .
protectins | | resolvins maresins

Figure 1. Overview of families of specialized pro-resolving mediators (SPMs) derived from
eicosapentaenoic acid (EPA), docosahexaenoic acid (DHA), arachidonic acid (AA), and n-3
docosapentaenoic acid (DPA).

SPMs display highly potent agonist effects in vivo, often in the low nanomolar range, by acting as
ligands on individual G-protein coupled receptors (GPCRs) [9]. Approximately 35% of all approved
non-biological drugs target GPCRs [10]. Moreover, SPMs are excellent biomolecular templates for the
development of new, small molecular anti-inflammatory drugs and immunoresolvents [5,9], and some
SPMs have entered initial clinical trial programs [9].

New SPMs biosynthesized from the PUFA n-3 docosapentaenoic acid (n-3 DPA, 1) were recently
reported (Figure 2) [11,12]. N-3 DPA is formed from EPA and is also an intermediate in the biosynthesis
of DHA [13]. Among these novel SPMs, PD1,,.3 ppa (2) has been the topic of detailed biological
investigations [11,14-19].

The biosynthesis of 2 [11] was recently established [20,21], as presented in Scheme 1. First,
a 17-lipoxygenation of n-3 DPA produces 17(S)-hydroperoxy-7Z,10Z,13Z,15E,19Z-docosapentaenoic
acid [17(S)-HpDPA, 3] that is converted into the epoxide intermediate 16(S),17(S)-epoxy PDy.3 ppa
(4), named ePD,, 3 ppsa. Epoxide 4 is then hydrolyzed to PD1,,3 ppa (2) by an unknown hydrolase
(Scheme 1). Further metabolism of 2 should result in the formation of 22-OH-PD1,,3 ppa (5).

PUFAs and their oxygenated products undergo oxidative metabolism by eicosaoxidoreductase
and cytochrome P450 (CYP) enzymes [6,22,23]. The w-oxidative metabolism has been reported for
protectin D1 (PD1) [24-26]. Of interest, in contrast to the w-oxidation product of leukotriene By
(LTBy), 20-OH-LTB4 [22,23], the PD1 metabolite 22-OH-PD1 [24] exhibited potent pro-resolving and
anti-inflammatory bioactions in the nanomolar range [25]. Hence, we became interested in synthesizing
5 in a stereoselective manner and utilizing the synthetic material in biosynthetic investigations of the
conversion of 1 and 2 into 5.
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HO OH
- 4
/
= COOH
OH RvD5, 5 ppa PDZn.3 ppa
i
OH COOH
NNF OH

MaR1.3 ppa

Figure 2. Chemical structures of some n-3 DPA derived SPMs. Where known, the absolute configuration

is included.

— = COOH 15-LOX
T

n-3 docosapentaenoic acid ©:
(n-3 DPA (1)) 17(S)-HpDHA (3)

Ho_en A
7 7/ 7 -
~ COOH
PD2p.3 ppa 16(S),17(S)-epoxy-PDy.3 ppa
(ePDn.3 ppa (4))
|

w-oxidation
OH COOH OH COOH
22-OH-PD1,.3 ppa (5) PD1n.3 pPa (2)

Scheme 1. Established biosynthesis of 2 [20,21] and putative formation of 22-OH-PD1,,.3 ppa (5).

2. Results and Discussion

2.1. Synthesis of 22-OH-PD1,, 3 ppa

To obtain stereochemically pure 5, we first synthesized the Wittig-salt 6 from commercially
available (3-bromopropoxy)-tert-butyldimethylsilane. The ylide of 6 was produced in the presence of
sodium bis(trimethylsilyl)amide (NaHMDS) in THF/hexamethylphosphoric acid triamide (HMPA) and
then reacted with the known aldehyde 7 [27] in a highly Z-selective Wittig reaction [28-32] (Scheme 2).
This afforded bis-protected diol 8 in 74% isolated yield. The known vinylic bromide 9 was synthesized
as earlier reported [14]. The two fragments 8 and 9 were then reacted in a Sonogashira reaction
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[(Pd(PPh3)4 (3 mol%) in Et;NH and in the presence of Cul (5 mol%)]. After column chromatography,
isomeric pure 10 was obtained in 84% yield. Global deprotection using tetrabutylammonium fluoride
(TBAF) (7.5 eq.) in THF at —78 °C afforded the triol 11 in 91% isolated yield. The Z-selective reduction
of the internal alkyne in 11 proved challenging compared to similar systems [14,33,34]. Gratifyingly,
the Boland reduction method [35] afforded the methyl ester 12 in 46% isolated yield after careful
and repeated purifications by column chromatography. The chemical purity and the stereochemical
integrity of 12 were validated using NMR and HPLC analyses, reaching > 95% purity (Supporting
Information). Finally, mild saponification of the methyl ester in 12 afforded the target compound 5
in 90% isolated yield and in > 94% chemical purity based on NMR and HPLC analyses (Supporting
Information). The geometrical configuration of the E,E,Z-triene moiety in 5 was assigned based on 'H
NMR and UV experiments as well as by analogy with literature [14]. The coupling constants from the
TH NMR data were determined as 14.3 Hz, 13.9 Hz, and 11.4 Hz. The UV spectra of synthetic material
of 5 showed absorbance peaks (Amax"OH) at 262, 271, and 282 nm, which is in agreement with the UV
absorption profile of a conjugated triene double bond system [11].

QTBS NaHMDS QTBS
TBSO™"PPhsBr - 07> _HEAMPA 1pso~="o
6 7 74% 8
oTBS
BrW\/\A/COOMe
9

Et,NH, alkyne 8
84%

‘ Pd(PPh3)s, Cul

TBAF, THF R =TBS: 10
91% L R=H:11
OR
Zn(Cu/Ag)
MeOH/H,0

22-OH-PD1,,.3 ppa (5)

Scheme 2. Synthesis of 22-OH-PD1,,.3 ppa (5).

2.2. Matching of Synthetic 22-OH-PD1,, 3 ppa with Material Formed in Human Serum

In order to obtain evidence that our synthetic material matched the authentic product of
22-OH-PD1,,.3 ppa (5), we assessed whether the physical properties of synthetic (5) matched with those
of the product found in human serum [36]. Using liquid chromatography tandem mass spectrometry
(LC/MS-MS) [37], we found that endogenous 22-OH-PD1,,3 ppa (5) gave a retention time (Tr-value) of
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10.4 min using multiple reaction monitoring (MRM) (Figure 3A). Of note, synthetic 5 displayed the
similar chromatographic behavior as the endogenous material (Figure 3B), and when these products
were co-injected, they gave one peak in the MRM chromatogram with Tr = 10.4 min (Figure 3C).
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Figure 3. Multiple reaction monitoring (MRM) chromatogram of the products from (A) endogenous

22-OH-PD1,3 ppa (5) produced in human serum; (B) synthetic material of 5; (C) co-injection of
endogenous and synthetic material.

The MS-MS spectra obtained from both endogenous 5 and synthetic 5 displayed essentially
identical MS-MS fragmentation spectra with the following fragments assigned: m/z 377 =M — H, m/z
359 =M - H - H;O, m/z 341 =M - H - 2H,0, m/z 323 =M — H - 3H,0, m/z 297 =M - H - 2H,0 -
COy, mfz 245 = 263 — H,O, m/z 165 = 183 — H,O and m/z 139 = 183 — CO, (Supporting Information).

Overall, these results confirmed the structure of 5, as depicted in Scheme 2, to be
(7Z,10R,11E,13E,152,175,192)-10,17,22-trihydroxydocosa-7,11,13,15,19-pentaenoic acid.

2.3. PD1,,.3 ppa is A Precursor in the Biosynthesis of 22-OH-PD1,,3 ppa in Human Neutrophils

First, we investigated if human neutrophils produced 22-OH-PD1, 3pps (5) (Figure 4A).
Human neutrophils were isolated from whole blood and profiled by means of LC/MS-MS.
The MRM-chromatogram displayed a peak with T = 10.4 min (Figure 4A), and an MS/MS spectrum
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for the product under this peak matched that of the material identified in human serum and
synthetic 5 (Supporting Information). Next, we determined whether PD1,, 3 ppa (2) was a precursor
of 22-OH-PD1,,.3 ppa (5). The latter was obtained from earlier synthetic work [14]. For this purpose,
we incubated 2 (10 nM) with human neutrophils, and the resulting product(s) profile was assessed
using LC-MS/MS, searching targeting ion pairs with m/z 377 > 261 [36] in the MRM chromatogram.
Here, we found that the intensity of the peak at Tg = 10.4 min corresponding to 22-OH-PD1,, 3 ppp was
markedly increased when compared to the intensity of the peak obtained with human neutrophils
alone (Figure 4B). Furthermore, the co-injection of samples from both experiments gave one single
sharp peak at Tr = 10.4 min (Figure 4C). Overall, these experiments proved that PD1,3 ppa (2) was
converted to 22-OH-PD1,,.3 ppa (5) by human neutrophils.
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Figure 4. MRM chromatogram of the products from (A) human neutrophils incubated with vehicle;
(B) human neutrophils incubated with PD1,,3 ppa (2); (C) co-injection of samples obtained from (A,B).

2.4. Biosynthesis of 22-OH-PD1,, 3 ppa from PD1,, 3 ppa in Human Monocytes

In order to gain additional confidence for the direct biosynthetic formation of 22-OH-PD1,, 3 ppa (5)
from PD1,, 3 ppa (2), SPM 2 was incubated (10 nM) with human monocytes. Again, data from LC/MS-MS
experiments showed that 22-OH-PD1,, 3 ppa (5) was indeed formed from PD1,3 ppa (2) by human
monocytes, since identical retention times were observed (Figure 5). In addition, the MS/MS-data
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of 5 from this experiment were in agreement with the data obtained from synthetic material of 5
(Supporting Information).
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Figure 5. PD1, 3ppa (2) was converted to 22-OH-PD1,, 3 ppa (5) by human monocytes. Multiple
reaction monitoring chromatograms for m/z 377 > 361 of the products obtained from (A) human
monocytes incubated with PD1,,3 ppa; (B) synthetic 22-OH-PD1,, 3 ppa.

3. Materials and Methods

General: Unless otherwise stated, all commercially available reagents and solvents were used
in the form they were supplied without any further purification. The stated yields were based on
isolated material. All reactions were performed under an argon atmosphere using Schlenk techniques.
Reaction flasks were covered with aluminum foil during reactions and storage to minimize exposure
to light. Thin layer chromatography was performed on silica gel 60 Fy54 aluminum-backed plates
fabricated by Merck, Darmstadt, Germany. Flash column chromatography was performed on silica gel
60 (40-63 um) produced by Merck. NMR spectra were recorded on a Bruker AVI600 by Bruker, Billerica,
MA, USA, a Bruker AVII400, or a Bruker DPX300 spectrometer at 600 MHz, 400 MHz, or 300 MHz,
respectively, for 'H NMR and at 150 MHz, 100 MHz, or 75 MHz, respectively, for 1*C NMR. Coupling
constants (J) are reported in hertz, and chemical shifts are reported in parts per million (8) relative
to the central residual protium solvent resonance in TH NMR (CDCl3 = 6 7.26, DMSO-dg = 6 2.50,
and MeOD = § 3.31) and the central carbon solvent resonance in *C NMR (CDCl; = § 77.00 ppm,
DMSO-dg = 6 39.43, and MeOD = § 49.00). Optical rotations were measured using a 1 mL cell with a
1.0 dm path length on a Perkin Elmer 341 polarimeter by Perkin Elmer, Waltham, MA, USA. Mass
spectra were recorded at 70 eV on Micromass Prospec Q or Micromass QTOF 2 W spectrometer by
Miltham, MA, USA, using electrospray ionization (ESI) as the method of ionization. High-resolution
mass spectra were recorded at 70 eV on Micromass Prospec Q or Micromass QTOF 2W spectrometer
using ESI as the method of ionization. HPLC analyses were performed using a C18 stationary phase
(Eclipse XDB-C18, 4.6 x 250 mm, particle size 5 pm, from Agilent Technologies, Santa Clara, CA, USA),
applying the conditions stated. The UV/VIS spectra were recorded using an Agilent Technologies Cary
8485 UV-VIS spectrophotometer using quartz cuvettes.
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3.1. Synthesis of Compounds

3.1.1. Bromo(3-((tert-butyldimethylsilyl)oxy)propyl)triphenyl-*15-phosphane (6)

Commercially available (3-bromopropoxy)-tert-butyldimethylsilane (1.09 g, 4.32 mmol, 1.00 eq.)
and PPhj (1.25 g, 4.75 mmol, 1.10 eq.) in toluene (5.0 mL) were heated to reflux for 16 h. The reaction
mixture was cooled to rt and extracted with Et,O (3 X 25 mL). The solvent was removed in vacuo
to give a white, cloudy liquid. This liquid was purified by column chromatography on silica using
pure dichloromethane as eluent until all excess PPhs was eluted and there was 7% MeOH in CH,Cl,.
The purified product was concentrated in vacuo to afford the title compound as a white solid in 76%
yield (1.70 g). All spectroscopic and physical data were in agreement with those reported in the
literature [38]. "TH NMR (400 MHz, CDCl3) 5 7.89-7.75 (m, 9H), 7.74-7.64 (m, 6H), 3.96-3.80 (m, 4H),
1.97-1.83 (m, 2H), 0.85 (s, 9H), 0.03 (s, 6H); 1*C NMR (101 MHz, CDCl3) & 135.1 (d, ¥ Jcp = 3.0 Hz),
133.9 (d, ¥ Jep = 9.9 Hz), 130.6 (d, 2 Jcp = 12.5 Hz), 118.6 (d, V'Jcp = 86.1 Hz), 61.9 (d, 3Jcp = 16.9 Hz),
26.2 (d, ?Jcp = 4.1 Hz), 26.1 (3C), 19.1 (d, Jcp = 52.6 Hz), 18.3, 5.2 (2C); thin layer chromatography
(TLC) (MeOH/CH,Cl; 1:20, KMnOj stain) Ry = 0.18; Mp: 137-139 °C.

3.1.2. (5,2)-5-Ethynyl-2,2,3,3,12,12,13,13-octamethyl-4,11-dioxa-3,12-disilatetradec-7-ene (8)

Wittig salt 6 (298 mg, 0.578 mmol, 1.00 eq.) was dissolved in THF (8.0 mL) and HMPA (0.45 mL).
The solution was cooled to —78 °C followed by dropwise addition of NaHMDS (0.6 M in toluene,
0.95 mL, 0.986 eq.). The reaction mixture was stirred for 50 min, upon which it was warmed to rt
and re-cooled to —78 °C. Aldehyde 7 (145 mg, 0.683 mmol, 1.20 eq.) in THF (1.0 mL) was added
dropwise to the reaction mixture. After two hours, the reaction mixture was slowly allowed to warm
to rt and then quenched with phosphate buffer (4.7 mL, pH = 7.2). The phases were separated, and
the aqueous layer was extracted with Et,O (2 x 4.0 mL). The combined organic layers were dried
(NapSO4), and the solvent was removed by rotary evaporation. The crude product was filtered through
a silica plug (hexane/EtOAc, 9:1) and concentrated in vacuo to afford compound 8 as a clear oil in
74% yield (157 mg); [OC]ZDO = -15.0 (c = 1.33, CHCl3); 'H NMR (400 MHz, CDCl3) § 5.59-5.49 (m, 2H),
434 (td, ] =6.5,2.1 Hz, 1H), 3.61 (t, ] = 7.0 Hz, 2H), 2.45 (t, ] = 6.0 Hz, 2H), 2.38 (d, ] = 2.1 Hz, 1H),
2.30 (q, ] = 6.7 Hz, 2H), 0.90 (d, ] = 3.8 Hz, 18H), 0.13 (s, 3H), 0.11 (s, 3H), 0.05 (s, 6H); 1*C NMR
(101 MHz, CDCl3) 6 128.7, 126.3, 85.4, 72.3, 63.0, 62.8, 36.8, 31.5, 26.1, 25.9, 18.5, 18.4, —4.5, —4.9, -5.1;
TLC (hexane/EtOAc 95:5, KMnOj stain) Ry = 0.75; HRMS: exact mass calculated for CoHy0O,Si;Na
[M + Na]*: 391.2459, found: 391.2459.

3.1.3. Methyl (72,10R,11E,13E,175,192)-10,17,22-tris((tert-butyldimethylsilyl)oxy)
docosa-7,11,13,19-tetraen-15-ynoate (10)

To a solution of vinyl bromide 9 (182 mg, 0.409 mmol, 1.00 eq.) in EtNH (0.8 mL) and benzene
(0.3 mL) was added Pd(PPh3)4 (16.0 mg, 0.0140 mmol, 3.00 mol%), and the reaction was stirred for
45 min in the dark. Cul (4.00 mg, 0.0210 mmol, 5.00 mol%) dissolved in a minimal amount of Et;,NH
was added, followed by dropwise addition of alkyne 8 (160 mg, 0.434 mmol, 1.06 eq.) in EtpNH
(0.8 mL). After 20 h of stirring at ambient temperature, the reaction was quenched with saturated
aqueous NH,Cl (10 mL). Et,O (15 mL) was added, and the phases were separated. The aqueous phase
was extracted with Et;O (2 X 15 mL), and the combined organic layers were dried (Na;SO4) before
being concentrated in vacuo. The crude product was purified by column chromatography on silica
(hexane/EtOAc, 95:5) to afford the title compound 10 as a clear oil in 84% yield (239 mg); [oc]ZD5 =-11.6
(c = 0.95, MeOH); 'H NMR (400 MHz, CDCl3) § 6.50 (dd, ] = 10.9, 15.5 Hz, 1H), 6.18 (dd, ] = 10.9,
15.5 Hz, 1H), 5.76 (dd, ] = 6.0, 15.1 Hz, 1H), 5.61-5.49 (m, 3H), 5.47-5.30 (m, 2H), 4.47 (td, ] = 6.5, 1.8 Hz,
1H), 4.20-4.12 (m, 1H), 3.66 (s, 3H), 3.61 (t, ] = 7.0 Hz, 2H), 2.49-2.41 (m, 2H), 2.32-2.16 (m, 6H), 2.01
(q, ] =7.1 Hz, 2H), 1.68-1.53 (m, 2H), 1.39-1.24 (m, 5H), 0.91-0.88 (m, 27H), 0.13 (s, 3H), 0.11 (s, 3H),
0.06-0.01 (m, 12H); 1*C NMR (101 MHz, CDCl3) § 174.4, 141.2, 139.3, 131.9, 128.6, 128.5, 126.6, 125.3,
110.6, 93.3, 83.2, 72.9, 63.6, 63.0, 51.6, 37.0, 36.4, 34.2, 31.5, 29.4, 29.0, 27 4, 26.1, 26.0, 26.0, 25.0, 18.5,
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18.4,18.4, 4.3, —4.3, —4.6, —4.8, —5.1; TLC (hexane/EtOAc 95:5, UV-VIS) Rf = 0.33; HRMS: exact mass
calculated for Cy4;Hy405Si3Na [M + Na]*t: 755.4891, found: 755.4893.

3.1.4. Methyl (72,10R,11E,13E,175,192)-10,17,22-trihydroxydocosa-7,11,13,19-tetraen-15-ynoate (11)

TBAF (1.0 M in THF, 1.07 mL, 1.07 mmol, 7.48 eq.) was added to a solution of TBS-protected
alcohol 10 (105 mg, 0.143 mmol, 1.00 eq.) in THF (1.5 mL) at —78 °C. The reaction was stirred for
21 h before it was quenched with phosphate buffer (pH = 7.2, 3.5 mL). Brine (15 mL) and EtOAc
(15 mL) were added, and the phases were separated. The aqueous phase was extracted with EtOAc
(2 x 10 mL), and the combined organic layer was dried (Na;SO4) before being concentrated in vacuo.
The crude product was purified by column chromatography on silica (hexane/EtOAc, 4:6) to afford the
title compound as a clear oil. Yield: 51 mg (91%); [«]% = —24.4 (c = 0.67, MeOH); "H NMR (400 MHz,
MeOD) 4 6.55 (dd, | = 15.5, 10.8 Hz, 1H), 6.27 (dd, ] = 15.5, 10.8 Hz, 1H), 5.81 (dd, ] = 15.3, 6.4 Hz, 1H),
5.69-5.63 (m, 1H), 5.60-5.53 (m, 2H), 5.51-5.36 (m, 2H), 4.44 (td, | = 6.6, 1.9 Hz, 1H), 412 (q, ] = 7.0,
6.5 Hz, 1H), 3.65 (s, 3H), 3.56 (t, | = 6.8 Hz, 2H), 2.49-2.44 (m, 2H), 2.36-2.22 (m, 6H), 2.05 (q, ] = 6.9 Hz,
2H), 1.61 (p, ] = 7.4 Hz, 2H), 1.42-1.28 (m, 4H); '3C NMR (101 MHz, MeOD) § 176.0, 142.5, 139.9, 132.9,
130.3,129.7,127.5,126.1, 111.7,93.8, 84.3, 72.8, 63.1, 62.6, 52.0, 37.0, 36.2, 34.8, 32.0, 30.3, 29.80, 28.2, 25.9;
TLC (hexane/EtOAc 2:3, UV-VIS) Ry = 0.22; HRMS: exact mass calculated for Co3H34OsNa [M + Na]*:
413.2299, found: 413.2298.

3.1.5. 22-OH-PD1,, 3 ppa Methyl Ester (12)

The Zn(Cu/Ag) mixture was prepared as described by Boland et al. [35]. Zinc dust (3.12 g) in
degassed H,O (18.8 mL, pH = 7.0) was stirred under argon for 15 min before Cu(OAc), (312 mg)
was added and stirred for an additional 15 min. AgNO3 (312 mg) was then added, and the reaction
mixture was stirred for 30 min. The mixture was filtered and washed successively with H,O, MeOH,
acetone, and Et,O before it was transferred to a flask containing alkyne 11 (50.0 mg, 0.128 mmol) in
MeOH/H,O (1:3, 9.2 mL). The mixture was stirred at rt and monitored by TLC analysis. After 2 h, the
reaction was judged complete, and the reaction mixture was filtered through a pad of Celite® by Merck,
Darmstadt, Germany, with Et,O. Water was added to the filtrate, and the layers were separated. The
aqueous layer was extracted with Et;O (2 x 10 mL). The combined organic layers were washed with
brine and dried (NaySOy). The solvent was removed in vacuo, and the crude product was purified by
column chromatography on silica gel (hexane/EtOAc/MeOH, 49:50:1) to afford the methyl ester 12 as a
pale yellow oil in 46% yield (23 mg); [oc]zD5 = —20.0 (c = 0.20, MeOH); 'H NMR (600 MHz, MeOD) 5
6.58-6.48 (m, 1H), 6.32-6.20 (m, 2H), 6.08 (t, ] = 11.2 Hz, 1H), 5.75 (dd, ] = 6.6, 14.5 Hz, 1H), 5.53-5.36
(m, 5H), 4.62-4.55 (m, 1H), 4.15-4.08 (m, 1H), 3.65 (s, 3H), 3.55 (t, | = 6.8 Hz, 2H), 2.43-2.36 (m, 1H),
2.35-2.18 (m, 7H), 2.09-1.99 (m, 2H), 1.61 (p, | = 7.4 Hz, 2H), 1.42-1.27 (m, 4H); 3C NMR (151 MHz,
MeOD) 6 176.0, 138.1, 135.0, 134.8, 132.8, 131.4, 130.6, 129.1, 128.8, 128.1, 126.2, 73.1, 68.5, 62.6, 52.0,
36.6,36.4, 34.8, 32.0, 30.3, 29.8, 28.2, 25.9; TLC (hexane/EtOAc/MeOH 49:50:1) Rf = 0.22; HRMS: exact
mass calculated for Co3H3sO5Na [M + Na]*: 415.2455, found: 415.2455; UV-VIS: Apax (EtOH) = 269,
271, 282 nm. The purity (96%) was determined by HPLC analysis (Eclipse XDB-C18, MeOH/H,0 3:1,
1.0 mL/min); t, = 32.6.

3.1.6. 22-OH-PD1,,3 ppa (5)

Solid LiOH (17.0 mg, 0.710 mmol, 31.0 eq.) was added to a solution of methyl ester 12 (9 mg,
0.0229 mmol, 1.00 eq.) dissolved in THE-MeOH-H,O (2:2:1, 2.8 mL) at 0 °C. The reaction mixture was
stirred at 0 °C for three hours and then allowed to warm to rt. After 7.5 h, the solution was cooled
to 0 °C, acidified with saturated aqueous NaH;PO, (4.0 mL), and then EtOAc (4.0 mL) was added.
The layers were separated, and the water phase was extracted with EtOAc (2 X 4.0 mL). The combined
organic layers were dried (NapSOj4) before the solvent was removed in vacuo. Then, 22-OH-PD1,,.3 ppa
(5) was obtained as a colorless oil after purification by column chromatography (MeOH/CH,Cl,, 1:9)
Rf=0.22; yield: 10 mg (90%); [oc]%)5 = -25.4 (c = 0.35, MeOH); 'HNMR & 6.53 (dd, ] = 13.9, 11.4 Hz, 1H),
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6.32-6.21 (m, 2H), 6.08 (t, ] = 11.4 Hz, 1H), 5.74 (dd, | = 14.3, 6.5 Hz, 1H), 5.56-5.44 (m, 3H), 5.43-5.36
(m, 2H), 4.63-4.55 (m, 1H), 4.12 (q, | = 6.6 Hz, 1H), 3.55 (t, | = 6.8 Hz, 2H), 2.44-2.36 (m, 1H), 2.36-2.20
(m, 7H), 2.06 (q, ] = 7.0 Hz, 2H), 1.60 (p, ] = 7.4 Hz, 2H), 1.41-1.32 (m, 4H); 13C NMR (151 MHz,
MeOD) 6 178.0, 138.1, 135.0, 134.8, 132.9, 131.4, 130.6, 129.1, 128.8, 128.1, 126.2, 73.1, 68.5, 62.6, 36.6, 36.4,
35.3,32.0,30.4, 29.9, 28.3, 26.1; HRMS: exact mass calculated for CppH34O5Na [M + Na]*t: 401.2298,
found:401.2298; UV-VIS: Apax (EtOH) = 269, 271, 282 nm. The purity (94%) was determined by HPLC
analysis (Eclipse XDB-C18, MeOH/H,O/10mM acetic acid 65:20:20, 1.0 mL/min); T, = 18.1.

3.2. Lipid Mediator Profiling

MeOH—two and four volumes, respectively—containing deuterium-labeled synthetic internal
standards of d4-LTBy (500 pg) and d5-RvE1 (100 pg) were added to cell incubations and human serum.
Samples were stored at —40 °C until extraction. Prior to extraction, samples were centrifuged at 2500
rpm, 4 °C, for 10 min. Supernatants were then collected and concentrated to ~1.0 mL of MeOH content
using a gentle stream of nitrogen gas (TurboVap LV system, Biotage, Uppsala, Sweden). Solid phase
extraction was performed by means of the ExtraHera (Biotage) automated extraction system as follows.
Aqueous HCl solution (pH = 3.5, 9.0 mL) was added to the samples, and the acidified solutions were
loaded onto conditioned C18 500 mg 200-0050-B cartridges (Biotage). Prior to extraction, solid phase
C18 cartridges were equilibrated with MeOH (3.0 mL) and H,O (6.0 mL). The extraction products were
washed with HyO (4.0 mL) and hexane (5.0 mL) followed by product elution with 4.0 mL of methyl
formate. Products were brought to dryness with a gentle stream of nitrogen (TurboVap LV, Biotage)
and suspended in MeOH:H,O (50:50, v/v). Samples were centrifuged (2500 rpm, 4.0 °C, 5 min), and
the supernatant was collected and centrifuged (9900 rpm, 4.0 °C, 10 sec). The collected supernatant
was then subjected to LC/MS-MS, as described in reference [39].

3.3. Human Neutrophil Incubations

Human peripheral blood neutrophils were isolated from healthy volunteers using density-gradient
Ficoll-Histopaque isolation. Volunteers gave written consent in accordance with a Queen Mary Research
Ethics Committee (QMREC 2014:61) and the Helsinki declaration. Isolated neutrophils were suspended
in PBS*/* containing 10% bovine serum albumin (BSA) and incubated for 10 min (37 °C, pH = 7.45) prior
to the addition of the indicated concentrations of n-3 DPA (1) and Escherichia coli (2.5 x 108 cells/mL).
Incubations were quenched using two volumes ice-cold methanol containing deuterium-labeled
internal standards to facilitate quantification and identification. Products were extracted using C18
columns and quantified by LC/MS-MS metabololipidomics, as detailed above. The same experiment
was repeated with synthetic 2.

3.4. Human Serum Incubations

Human pool serum was purchased from Sigma-Aldrich (Poole, UK). Four volumes of methanol
containing deuterium-labeled standards were added, and products were extracted using C18 column
and profiled using LC/MS-MS metabololipidomics, as detailed above [39].

4. Conclusions

To summarize, 22-OH-PD1,, 3 ppa (5) was stereoselectively synthesized in six steps and with
38% vyield from commercially available (3-bromopropoxy)-tert-butyldimethylsilane and known
(5)-3-((tert-butyldimethylsilyl)oxy)pent-4-ynal (7). We herein established the exact configuration
of the biomolecule 5, and that 5 is an w-oxidation metabolic product of the SPM PD1,, 3 ppa (2).
In addition, we showed that 22-OH-PD1,,3 ppa (5) is formed in human serum, human neutrophils,
and by human monocytes. The results reported contribute to additional information and knowledge
of the growing number of members of the SPM family of endogenously formed lipid mediators
and their metabolism, which is of interest in regard to developing new immunoresolvents without
immunosuppressive effects [5,37].
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Supplementary Materials:  Electronic Supporting Information is available with 'H-, 3C-NMR,
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General Information

Unless otherwise stated, all commercially available reagents and solvents were used in the form in which
they were supplied without any further purification. The stated yields are based on isolated material. All
reactions were performed under an argon atmosphere using Schlenk techniques. Reaction flasks were
covered with aluminum foil during reactions and storage to minimize exposure to light. Thin layer
chromatography was performed on silica gel 60 F»s4 aluminum-backed plates fabricated by Merck. Flash
column chromatography was performed on silica gel 60 (40-63 um) produced by Merck. NMR spectra
were recorded on a Bruker AVI600, Bruker AVII400 or a Bruker DPX300 spectrometer at 600 MHz,
400 MHz or 300 MHz respectively for 'H NMR and at 150 MHz, 100 MHz or 75 MHz respectively for
3C NMR. Coupling constants () are reported in hertz and chemical shifts are reported in parts per
million (8) relative to the central residual protium solvent resonance in 'H NMR (CDCl; = § 7.26,
DMSO-ds = § 2.50 and MeOD = § 3.31) and the central carbon solvent resonance in *C NMR (CDCl3
=0 77.00 ppm, DMSO-ds = 6 39.43 and MeOD = 3 49.00). Optical rotations were measured using a 1
mL cell with a 1.0 dm path length on a Perkin Elmer 341 polarimeter. Mass spectra were recorded at 70
eV on a Micromass Prospec Q or Micromass QTOF 2 W spectrometer using ESI as the method of
ionization. High-resolution mass spectra were recorded at 70 eV on a Micromass Prospec Q or
Micromass QTOF 2W spectrometer using ESI as the method of ionization. HPLC-analyses were
performed using a C18 stationary phase (Eclipse XDB-C18, 4.6 x 250 mm, particle size 5 um, from
Agilent Technologies), applying the conditions stated. The UV/Vis spectra was recorded using an
Agilent Technologies Cary 8485 UV-VIS spectrophotometer using quartz cuvettes.

Experimental Details

(S)-4-isopropylthiazolidine-2-thione (14)

1.5eq. CS,, o S
H,N OH
2 \_/ 1M KOH, 40 h A )LN)LS
—\ 2. AcCl, NaH, \‘—‘
THF, 0 °C
13 14

Nagao’s chiral auxiliary 14, was prepared from commercially available (S)-(+)-2-amino-3-methyl-1-

butanol (13) as previously reported in the literature.'? Yield: 67% over the two steps. All spectroscopic
and physical data were in agreement with those reported in the literature.” [a] Zl;) = 434 (c =0.26,

CHCL); 'H NMR (400 MHz, CDCl3) § 5.15 (ddd, J= 7.6, 6.2, 1.2 Hz, 1H), 3.50 (dd, J=11.5, 8.0 Hz,
1H), 3.02 (dd, J = 11.5, 1.2 Hz, 1H), 2.77 (s, 3H), 2.45 — 2.28 (m, 1H), 1.06 (d, J = 6.8 Hz, 3H), 0.97
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(d, J= 6.9 Hz, 3H); *C NMR (101 MHz, CDCl3) 4 203.4, 170.9, 71.40, 30.9, 30.5, 27.1, 19.2, 17.9;
TLC (hexane/Et,O 9:1, KMnOjy-stain) Ry= 0.25.

(R4E,6E)-7-bromo-3-((tert-butyldimethylsilyl)oxy)-1-((R)-4-isopropyl-2-thioxothiazolidin-3-
yl)hepta-4,6-dien-1-one (19)

@ ref. 3 o ref. 4 o
e R SUA
NG H™ N N\Zok H™ NN
n
$0;
15 16 17
A X
ref. 5 N S 14
~
TBSO (0] S OH O S
/\/\/E\)L )L rer. ¢ /\/\/E\)L JL
Brr 7N N” s Brr NN N™ s
19 /‘\ 18 /‘\

Thiazolidinethione 19 was prepared in four steps from commercially available pyridinium-1-sulfonate
15 as previously reported in the literature.”® Yield: 28% over the four steps. All spectroscopic and
physical data were in agreement with those reported in the literature.® [a] zl;) =265 (¢ = 0.40, CHCL);
"H NMR (400 MHz, CDCl5) § 6.69 (dd, J = 13.5, 10.9 Hz, 1H), 6.31 (d, J = 13.5 Hz, 1H), 6.15 (dd, J
=15.3,10.9 Hz, 1H), 5.79 (dd, J = 15.4, 6.3 Hz, 1H), 5.08 — 4.98 (m, 1H), 4.79 — 4.69 (m, 1H), 3.64
(dd, J=16.6, 7.9 Hz, 1H), 3.47 (dd, J=11.5, 7.8 Hz, 1H), 3.21 (dd, J = 16.6, 4.5 Hz, 1H), 3.03 (dd, J
=114, 1.1 Hz, 1H), 2.43 —2.29 (m, J= 6.9 Hz, 1H), 1.05 (d, /= 6.8 Hz, 3H), 0.97 (d, J=7.0 Hz, 3H),
0.86 (s, 9H), 0.05 (s, 3H), 0.03 (s, 3H); *C NMR (101 MHz, CDCls) § 203.0, 171.0, 136.9, 127.5,
109.1, 71.8, 69.9, 46.3, 31.0, 30.9, 26.0 (3C), 19.3, 18.2, 18.0, -4.2, -4.8; TLC (hexane/EtOAc, 7:3,
KMnOg4-stain) Ry = 0.56.
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(8)-3-((tert-butyldimethylsilyl)oxy)pent-4-yn-1-ol (21)

OTBS OTBS LDA,
2 DIBAL-H : TMSCHN, oTBS

0o — OH | ——2 »
q CH,Cl,, Q/ THF, HO N

-78°C,2h -78°Ctort,3 h
20 21

To a solution of TBS-lactone 20 (1.50 g, 6.90 mmol, 1.00 equiv.) in CH>Cl, (75 mL) was added
DIBAL-H (1.0 M in CH,Cl,, 8.30 mL, 8.30 mmol, 1.20 equiv.) at —78 °C. The reaction mixture was
stirred for 2 h at this temperature and then quenched by addition of MeOH (10 mL). The solution was
poured into a saturated aq. solution of Rochelle salt (potassium sodium tartrate) (100 mL) and vigorously
stirred for 3 hours at room temperature. The layers were separated and the aq. layer was extracted
(CH2Cly, 3 x 50 mL). The combined organic layers were washed with brine (50 mL), dried (MgSOy),
filtered, and the solvent removed in vacuo to yield the crude lactol. Next, to a solution of LDA (1.0 M
in hexane/THF, 16.6 mL, 16.6 mmol, 2.40 equiv.) in THF (18 mL) was added TMSCHN (2.0 M in
Et,0, 4.14 mL, 8.28 mmol, 1.20 equiv.) at —78 °C and the reaction mixture was stirred for 30 min at the
same temperature. The crude lactol in THF (20 mL) was carefully added and stirring was continued for
2 h. The reaction was warmed to rt, stirred for 30 min.! and then quenched by careful addition of a
saturated aq. solution of NH4Cl (15 mL). The layers were separated and the aqueous layer was extracted
with Et,O (3 x 50 mL). The combined organic layers were washed with brine (20 mL), dried (MgSOs,),
filtered, and the solvent removed in vacuo. Alcohol 21 (832 mg, 3.88 mmol, 46%) was obtained after
purification by column chromatography (heptane/EtOAc, 8:2) as a colorless oil. [u]zl;] =-55(c=0.11,
CHCI;); "TH NMR (400 MHz, CDCl3) § 4.61 (ddd, J=17.0, 5.1, 2.1 Hz, 1H), 3.89 (ddd, J=11.8, 7.6, 4.2
Hz, 1H), 3.75 (ddd, J=10.9, 6.1, 4.5 Hz, 1H), 2.47 (bs, 1H), 2.42 (d, /= 2.1 Hz, 1H), 2.02 — 1.82 (m,
2H), 0.88 (s, 9H), 0.14 (s, 3H), 0.12 (s, 3H); *C NMR (101 MHz, CDCls) 6 84.8, 73.2, 61.8, 59.8, 40.2,
25.8 (3C), 18.2, -4.5,-5.1; TLC (hexane/EtOAc 8:2, KMnOjy stain) Ry= 0.21.

(8)-3-((tert-butyldimethylsilyl)oxy)pent-4-ynal (7)

DMP,

OTBS  5eq. NaHCO, oTBs
: -
HO/\/\\\ CH,Cl, 04\/\\\
98%
21 7

Alcohol 21 (529 mg, 2.47 mmol, 1.00 equiv.) dissolved in dry CH>Cl, (22 mL) was added Dess-Martin
periodinane (1.27 g, 2.99 mmol, 1.21 equiv.) and NaHCOs (s) (972 mg, 11.6 mmol, 4.69 equiv.). After
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6 hours, the reaction mixture was quenched with a saturated solution of Na,S,03 (aq) (16 mL) and
NaHCO:s (aq) (16 mL). The layers were separated and the aqueous layer was extracted with Et;O (3 x
10 mL). The combined organic extracts were washed with brine (10 mL) dried (Na,SO4) and
concentrated in vacuo. The crude product was passed through a silica plug with hexane/EtOAc 8:2 as
eluent to afford the title compound 7 as a colorless oil. Yield: 515 mg (98%). All spectroscopic and
physical data were in agreement with those reported in the literature.” '"H NMR (400 MHz, CDCl;) §
9.84 - 9.81 (m, 1H), 4.86 (ddd, /=7.0, 4.9, 2.2 Hz, 1H), 2.84 — 2.66 (m, 2H), 2.49 (d, /= 2.1 Hz, 1H),
0.88 (s, 9H), 0.17 (s, 3H), 0.13 (s, 3H); *C NMR (101 MHz, CDCls) § 200.2, 83.9, 73.9, 58.2, 51.5,
25.8,18.2,-4.5,-5.1; TLC (EtOAc/hexane 1:4, KMnOj stain) Ry = 0.62.

Methyl (R,7Z,11E,13E)-14-bromo-10-((tert-butyldimethylsilyl)oxy)tetradeca-7,11,13-trienoate (9)

TBSO O S DIBAL-H, oTBS
: CH,CI :
BrWLN s —— | BT s IPhp NN\ C0Me
\/ -78°C

19 /‘\ 22 23
1. NaHMDS, HMPA
THF, -78°C
2. Aldehyde 7,
THF

oTBS
BN TN ACOMe

9

Following the procedure reported by Olivo and coworkers, the protected thiazolidinethione 19 (578 mg,
1.21 mmol, 1.00 equiv.) was dissolved in CH>Cl, (23 mL) followed by dropwise addition of DIBAL-H
(1.0 M in CH,Cl,, 1.45 mmol, 1.20 equiv.) at -78 °C. After three h., additional DIBAL-H was added
(1.0 M in CH2Cly, 0.240 mmol, 0.198 equiv.). The mixture was allowed to stir for 30 min and then
quenched with saturated NaHCOs (aq) (14 mL). The cooling bath was removed and solid Na-K tartrate
(~ 0.400 g) (Rochelle salt) was added and stirring was continued for another 45 min. Et,O (35 mL) was
added. The layers were separated and the aq. layer was extracted with Et;O (3 x 30 mL). The combined
organic layers were dried (Na>SOs4) and concentrated in vacuo. The residue was purified by column
chromatography on silica gel (hexane/EtOAc 95:5) Ry = 0.24, and concentrated in vacuo, but not to
dryness. Commercially available Wittig salt 23 (670 mg, 1.26 mmol, 1.00 equiv.) in THF (16 mL) and
HMPA (1.7 mL) was slowly added NaHMDS (0.6 M in THF, 2.1 mL, 1.04 equiv.) at -78 °C and then
stirred for 15 min at 0 °C. The purified aldehyde 22 was added. The solution was allowed to slowly
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warm up to room temperature in the dry ice/acetone bath for 24 h before it was quenched with phosphate
buffer (12 mL, pH = 7.2). Et,O (15 mL) was added and the phases were separated. The aqueous phase
was extracted with Et;O (2 x 15 mL) and the combined organic layers were dried (Na>SOs), before
concentrated in vacuo. The crude product was purified by column chromatography on silica

(hexane/EtOAc 95:5) to afford the title compound 9 as a clear oil. Yield: 386 mg (45-72% over two

steps). All spectroscopic and physical data were in agreement with those reported in the literature.’ [a] Zl;)

-18.0 (¢ =0.090, MeOH); '"H NMR (400 MHz, CDCl3) § 6.68 (dd, J= 13.4, 10.9 Hz, 1H), 6.27 (d, J
13.5 Hz, 1H), 6.09 (dd, J = 15.2, 10.9 Hz, 1H), 5.71(dd, J = 15.3, 9.6 Hz, 1H), 5.48-5.29 (m, 2H),
417 —4.11 (m, 1H), 3.67 (s, 3H), 2.34 — 2.16 (m, 4H), 2.00 (g, J = 6.8 Hz, 2H), 1.62 (p, J = 7.5 Hz,
2H), 1.41 —1.26 (m, 4H), 0.89 (s, 9H), 0.04 (s, 3H), 0.02 (s, 3H); *C NMR (101 MHz, CDCls) & 174.4,
138.1, 137.2, 131.9, 126.6, 125.2, 108.2, 72.7, 51.6, 36.3, 34.2,29.4, 29.0, 27.4, 26.0 (3C), 25.0, 18.4, -
4.4, -4.6; TLC (hexane/EtOAc 95:5, KMnOj4 stain) Ry= 0.33.
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'"H-NMR and *C-NMR spectra
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Figure S-1. '"H-NMR spectrum of compound 19.
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Figure S-2. *C-NMR spectrum of compound 19.
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Figure S-10. 3C-NMR spectrum of compound 9.
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Figure S-16. *C-NMR spectrum of 22-OH-PD1x.3 pra methyl ester (12).
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Figure S-18. *C-NMR spectrum of 22-OH-PD1x.3 ppa (5).
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HPLC Chromatograms

Data File C:\CHEM32\1\DATA\SILJE\JIN36-F6.D
Sample Name: JIN36-Fé

Acq. Operator : Silje
Acq. Instrument Instrumen

E L Location : Vial 1
Injection Date : 24.05.2018 13:13:24

Inj Volume : 15 pl

Method : C:\CHEM32\1\METHODS\DGTHMTST.M
Last changed : 24.05.2018 10:40:55 by Silje
(modified after loading)
Method Info : Column thermostat functional test method
Sample Info : Flash 5 metylester 22-OH-PDln-3. 60:40, MeCH:H20. lml/m

in, 271 nm, C-18 kolonne

VWD1 A, Wavelength=271 nm (SILJEUIN36-F6.D)

mAU g
B
300
250
200
150
100
© 3 E
B &
o
0 5 10 15 20 25 30 3 min
Area Percent Report
Sorted By Signal
Multiplier : 1.0000
Dilution 1.0000
Sample Amount B 1.00000 [ng/uJ.] (not used in calc.)

Use Multiplier & Dilution Factor with ISTDs

Signal 1: VWDl A, Wavelength=271 nm

Peak RetTime Type Width Area Height Area

#  [min] (min] ®mAU *s  (mAU ) %
1 G e s J e
1 24.383 BB 0.6846 390.51266 6.71915 1.7983
2 32.633 BV 0.8864 2.08952ed 356.39899 96.2198
3 34.700 VB 0.6923 430.39163 7.44101 1.9819

Totals : 2.1716led 370.55914

Figure S-19. HPLC chromatogram of 22-OH-PD1x.3 ppa methyl ester (12).

Data File C:\CHEM32\1\DATA\SILJE\JIN4OTM-ACID.D
Sample Name: JINGOTM-ACID

Acq. Operator : silje
Acg. Instrument : Instrument 1 Location : Vial 1
Injection Date : 20.06.2018 16:04:13
Inj Volume : 10 pl
Acq. Method t C:\CHEM32\1\METHODS\DGTHMTST.M
Last changed  : 20.06.2018 15:55:44 by silje
(modified after loading)
Analysis Method : C:\CHEM32\1\METHODS\DGTHMTST.M

Last changed  : 21.06.2018 13:42:34 by Jorn
(modified after loading)

Method Info : Column thermostat functional test method

Sample Info : JINAOTM-ACIDsyre, malmolekyl 271 nm, 1 mL/min, 65:20:20
metanol vann, 10mM maursyre, C-18, 10mikroliter injeks
jon

VWD?1 A, Wavelength=271 nm (SILIEUINAOTM-ACIO )

2
20 H
20
150
100
50
g8
s & 2
8 ]
o
o s 10 1 ) 2 ma
Area Percent Report
Sorted By signal
Multiplier 1.0000
Dilution 1.0000
Sample Anount : 1,00000 [ng/ull  (not used in calc.)
Use Multiplier & Dilution Factor with ISTDs
Signal 1: VWDl A, Wavelength=271 nm
Peak RetTime Type Width Area Height Area

4 (min] [min] mAU *s  (mAU ] 0
e

1 13.590 BB 0.4379 350.90503 11.84972  3.9367
2 15.316 BB 0.3232 77.37843 _ 2.83119 0.8681
3 18.097 BV  0.5033 8372.52051 257,37936 93.9286
4 19.143 VB 0.3589 112.90607  3.70745 1.2667

Figure S-20. HPLC chromatogram of 22-OH-PD1,:3 ppa (5).
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Lipid Mediator Metabololipidomics

Matching of synthetic 5 with endogenous products was conducted as previously reported.'* Summarily,
biological samples were subject to C18 solid-phase extraction. Prior to sample extraction, d4-LTB4, (500
pg), ds-RvE1 (100 pg), were added as internal standards. Extracted samples were analyzed using QTrap
6500+ (ABSciex) MS system, coupled with a Shimadzu SIL-20AC HT autosampler and LC-20AD LC
pumps. Agilent C18 Poroshell column (150 mm x 4.6 mm x 2.7 um) was used to profile lipid mediators.
The gradient was initiated at 20:80:0.01 (vol/vol/vol) methanol/water/acetic acid for 0.2 min this was
ramped to 50:50:0.01 (vol/vol/vol) over 12 s, maintained for 2 min, then ramped to 80:20:0.01
(vol/vol/vol) over 9 min, and maintained for 3.5 min. The ratio was then ramped to 98:2:0.01

(vol/vol/vol) for 5.5 min. The flow rate was kept at 0.5 mL/min throughout elution.

Mediator identity was established using multiple reaction monitoring (MRM) using signature parent ion
(Q1) and characteristic daughter ion (Q3) pairs to match retention time of the biological material to
synthetic material (5). Then, using an Enhanced Product Ion (EPI) scan a minimum of six diagnostic

ions were used to confirm identity, in accordance with published criteria.'’

Matching of synthetic 22-OH-PD1,.; ppa with material formed in human monocytes incubated
With PDln.3 DPA

100

_= Tx=10.4 min /
S
<+ Human monocytes
- incubated with PD1 .,
£
[
2
3
Q
o
0 2 4 6 8 10 12 14 16 18 20 22
100
B E ) 271 A
E : 282
- Tx=10.4min : %
E! . i
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ZE _ _ H
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=E S
o3 0 e 00
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Time (min)

Figure S-21. PD1,3 ppa is converted to 22-OH-PD1x-3 ppa by human monocytes. Multiple reaction monitoring chromatograms

for m/z 377>361 of the products obtained from (A) Human monocytes incubated with PD14.3 ppa. (B) Synthetic 22-OH-PD1,.

3 DPA.
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MS-MS fragmentation spectra of 22-OH-PD1,.3 ppa
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Figure S-22. MS-MS spectra employed for identification of 5 obtained from (A) Synthetic material, (B) Human serum, (C)
Human neutrophils, (D) Human monocytes, (E) Human neutrophils incubated with 2.
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UV-Vis Spectra
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Figure S-23. UV-Vis chromatogram of (A) synthetic 22-OH-PD 113 ppa and (B) PD1n-3 ppa in ethanol.
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The n-3 polyunsaturated fatty acids eicosapentaenoic acid, docosahexaenoic acid and n-3 docosa-
pentaenoic acid, act as substrates for the biosynthesis of specialized pro-resolving lipid mediators.
Resolvin E1, produced from eicosapentaenoic acid, was the first specialized pro-resolving lipid mediator
reported. This oxygenated polyunsaturated fatty acid displays a plethora of interesting biological activ-
ities, and has entered initial clinical trial development programs. The Evans-Nagao aldol reaction, a

stereoselective alkyne reduction and a Z-selective Wittig reaction, were utilized for the stereocontrolled
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synthesis of resolvin E1 presented herein. In addition, results from HPLC analysis revealed that the
synthetic material matched authentic resolvin E1.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Polyunsaturated fatty acids (PUFAs) such as eicosapentaenoic
acid (EPA) and docosahexaenoic acid (DHA), see Fig. 1, play a major
role in human physiology by dampening the negative effects of
inflammatory processes [1]. These two omega-3 PUFAs are abun-
dant in marine organisms, fat fish and commercial fish oil products
that are widely used as dietary supplements [1]. Furthermore, the
potential health benefits of EPA and DHA have been linked to
prevention of several human diseases [2,3]. More recently, n-3
docosapentaenoic acid (n-3 DPA) has also attracted interest from
the biomedical community [4]. For a long period of time it was
believed that EPA and DHA exhibited anti-inflammatory properties
[5] by competing with arachidonic acid (AA) in the suppression of
inflammatory responses and thereby reducing the biosynthesis of
pro-inflammatory eicosanoids derived from AA [6]. Examples of
classical eicosanoids are the prostaglandins, thromboxanes and
leukotrienes [7]. Recent efforts have shown that lipoxygenase (LOX)
enzymes and cyclooxygenase-2 (COX-2) in resolving inflammatory
exudates use EPA, DHA and n-3 DPA as substrates in the biosyn-
thesis of individual families of oxygenated PUFA products that are

* Corresponding author.
E-mail address: t.vhansen@farmasi.uio.no (T.V. Hansen).

https://doi.org/10.1016/j.tet.2019.130821

collectively named specialized pro-resolving lipid mediators
(SPMs), see Fig. 1 [8].

SPMs are resolution agonists [8] acting on individual G-protein
coupled receptors (GPCRs) [9] that display very potent pro-
resolution and anti-inflammatory bioactions in vivo [10]. These
exciting biological activities have spurred a great interest using
SPMs as biotemplates in drug development efforts - aiming at
providing new anti-inflammatory agents without immunosup-
pressive effects [11]. The pro-resolution and anti-inflammatory
bioactions that SPMs possess have been coined a biomedical
paradigm shift due to the active role SPMs play in the return to
physiology [11,12].

In 1998, Serhan and co-workers reported the isolation, struc-
tural elucidation and biological activities of resolvin E1 (RvE1, 1)
and resolvin E2 (2) [13], see Fig. 1. More recently, resolvin E3 (3) has
been reported [14].

In connection with our ongoing projects related to total syn-
thesis [15] and biological evaluations [16] of SPMs, we needed to
secure multi-mg amounts of resolvin E1 (1). As of today, a few
syntheses have been presented [17].

The sensitive E,E,Z-triene connecting the two secondary allylic
alcohols in 1 must be synthesized in a highly stereoselective
manner, since SPMs’ pro-resolution and anti-inflammatory bio-
actions is highly dependent of stereospecific receptor interactions,
we envisioned that RVE1 could be prepared from Wittig-salt 4,

0040-4020/© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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Fig. 1. Outline of the individual families of SPMs and the chemical structures of EPA, DHA, n-3 DPA and resolvins E1-E3.

aldehyde 5 and alkyne 6. The configurations at C17 and C5 in RVE1
would arrive from commercially available chiral pool starting ma-
terials. The aldehyde 5 can be made from the synthetically versatile
compound 5-bromo-2E,4E-pentadienal (8) [18] and thiazolidine-
thione 9, see Scheme 1.

2. Results and discussion

The synthesis of 1 commenced with the preparation of Wittig-
salt 4 from (R)-butane-1,2-diol that was bis-protected with TBSCI
to afford 11 in 82% yield. Then, regioselective deprotection with
HF-pyridine in THF at —20 °C gave alcohol 12 that was oxidized
with Dess-Martin periodinane to afford aldehyde 13. This aldehyde
was immediately subjected to an E-selective Wittig reaction to
produce ester 14. The ester functionality in 14 was reduced with
DIBAL-H to give alcohol 15, which was reacted in an Appel reaction
to yield the corresponding iodide that was converted to the Wittig-
salt 4. The overall yield of 4 was 14% from commercially available
(R)-butane-1,2-diol over the seven steps presented in Scheme 2.

Alkyne 6 was synthesized from commercially available (S)-
(—)-a-hydroxy-y-butyrolactone (10) as outlined in Scheme 3. First,
a four-step procedure (silyl protection, DIBAL-H reduction, Colvin
rearrangement [19], and oxidation) produced aldehyde 7 [15g]. This
aldehyde was subjected to a highly E-selective Wittig-reaction to
form ester 17. A chemoselective reduction using magnesium in
methanol [20] afforded alkyne ester 6 in 25% yield from lactone 10,
see Scheme 3.

Next, we synthesized 5-bromo-2E,4E-pentadienal (8) [21] that
was subjected to an Evans-Nagao aldol reaction with chiral auxillary
9 [22] using our earlier reported conditions [15k]. This afforded
alcohol 18 in a 15.3:1 diasteromeric ratio of the favored isomer
depicted (Supporting information). Protection of the alcohol as TBS-
ether followed by reduction with DIBAL-H gave aldehyde 5 that was
reacted immediately with the ylide of Wittig-salt 4. The ylide was
formed after reaction with NaHMDS at —78 °C in THF and HMPA
(Scheme 4). The desired vinylic bromide 19 was formed in a 3.5:1
ratio compared to its all E-isomer and was isolated as one diaste-
reomer in 54% yield after chromatography (Supporting information).
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Scheme 4. Synthesis of bromide 19.

The Sonogashira-coupling reaction between alkyne 6 and
vinylic bromide 19 under classical conditions [23] produced the
internal alkyne 20 in 91% yield. Removal of the three TBS-groups
using TBAF in THF followed by a Z-selective Boland-reduction
gave the methyl ester of resolvin E1 (22) in 59% over the two
steps. Hydrolysis (LiOH, MeOH, H,0) yielded the SPM 1 in 83% yield
for the last step (Scheme 5). The spectroscopic data (Supporting
information) were in agreement with literature [17].

SPMs, including resolvin E1 (1), are biosynthesized in nanogram
amounts in vivo [10]. Hence, matching synthetic material with
endogenously formed SPMs is therefore essential. HPLC experi-
ments revealed that synthetic 1 co-elutes with naturally occurring
1 [24], since identical retention times (Tg = 14.2 min) were
observed for both synthetic and biologically produced 1, see Fig. 2.

3. Conclusions

Individual SPMs possess several chiral secondary alcohols and
conjugated E- and Z-double bonds. This reflects the biochemical
origin of each SPM, but also their functions as stereospecific ago-
nists towards individual GPCRs [9—11]. Herein, multi-mg amounts
of resolvin E1 (1) has been stereoselectively prepared in 3% yield
over 12 steps (longest linear sequence). This SPM has attracted a
great interest towards developing new anti-inflammatory drugs
and in particular targeting periodontal disease [25]. As of today, no
effective drug treatment is available against this inflammatory
driven disease [26]. Endogenously formed and non-toxic resolvin
E1 displays nanomolar agonist effects against the ERV1/ChemR23
and the BLT1/GPR16 receptors [8,9,27]. These receptors are inter-
esting biological targets towards developing remedies against the
many inflammatory conditions resulting in periodontal disease
[24]. Our collaborative efforts towards such aims will be presented
in due time.

Supporting information available: 'H, 3C NMR, HPLC-
chromatograms, UV/VIS, MS/MS and HRMS data of 1 and all in-
termediates, see DOI: (to be added/)

4. Experimental
4.1. General procedures

Unless otherwise stated, all commercially available reagents and
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solvents were used in the form they were supplied without any
further purification. The stated yields are based on isolated mate-
rial. All reactions were performed under an argon atmosphere us-
ing Schlenk techniques. Reaction flasks were covered with
aluminium foil during reactions and storage to minimize exposure
to light. Thin layer chromatography was performed on silica gel 60
F254 aluminum-backed plates fabricated by Merck. Flash column
chromatography was performed on silica gel 60 (40—63 um) pro-
duced by Merck. NMR spectra were recorded on a Bruker AVI600,
Bruker AVII400 or a Bruker DPX300 spectrometer at 600 MHz,
400 MHz or 300 MHz respectively for TH NMR and at 150 MHz,
100 MHz or 75 MHz respectively for '3C NMR. Coupling constants
(J) are reported in hertz and chemical shifts are reported in parts
per million () relative to the central residual protium solvent
resonance in '"H NMR (CDCl3 = § 7.26, DMSO-dg = ¢ 2.50 and MeOD-
d4 = 6 3.31) and the central carbon solvent resonance in 3C NMR
(CDCl3 = ¢ 77.00 ppm, DMSO-dg = 6 39.43 and MeOD-d4 = § 49.00).
Optical rotations were measured using a 1 mL cell with a 1.0 dm
path length on a PerkinElmer 341 polarimeter. Mass spectra were
recorded at 70 eV on Micromass Prospec Q or Micromass QTOF 2 W
spectrometer using ESI as the method of ionization. High-
resolution mass spectra were recorded at 70 eV on Micromass
Prospec Q or Micromass QTOF 2W spectrometer using ESI as the
method of ionization. HPLC-analyses were performed using a C18
stationary phase (Eclipse XDB-C18, 4.6 x 250 mm, particle size
5 um, from Agilent Technologies), applying the conditions stated.
The UV/Vis spectrum was recorded using an Agilent Technologies
Cary 8485 UV-VIS spectrophotometer using quartz cuvettes.
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Fig. 2. HPLC chromatograms obtained from the matching experiments.

4.2. (R)-5-ethyl-2,2,3,3,8,8,9,9-octamethyl-4,7-dioxa-3,8-
disiladecane (11)

(R)-Butane-1,2-diol (1.35 g, 15.0 mmol) was dissolved in DMF
(40 mL) and added imidazole (4.49 g, 66.0 mmol, 4.40 eq.) and tert-
butyldimethylsilyl chloride (6.78 g, 45.0 mmol, 3.00 eq.). The
mixture was stirred overnight (22 h). Next, the mixture was
transferred to a separatory funnel and added sat. aq. NH4Cl
(200 mL) and hexane (50 mL). The layers were separated and the
aq. layer was extracted with additional hexane (2 x 30 mL). The
organic layers were combined, washed with sat. aq. NH4Cl
(2 x 30 mL) and water (3 x 30 mL), dried (MgS0O4) and evaporated.
The residue was purified by flash chromatography on silica gel
(2—3% EtOAc in hexane) to afford the desired bis-protected diol as a
colorless oil. Yield: 3.93 g (82%). [ahz)s = +15.2 (c = 1.8, CHyCly); 'H
NMR (400 MHz, CDCl3) § 3.64—3.55 (m, 1H), 3.51 (dd, ] = 9.9, 5.5 Hz,
1H), 3.41 (dd, J = 9.9, 6.4 Hz, 1H), 1.65—1.54 (m, 1H), 1.45—1.32 (m,
1H), 0.89 (s, 9H), 0.89 (s, 9H), 0.89 (m, 3H), 0.06 (s, 6H), 0.05 (s, 3H)
and 0.04 (s, 3H); '3C NMR (101 MHz, CDCls) 6 74.4, 67.2, 27.2, 26.2,
26.1,18.6,18.4,9.7, —4.1, —4.6, —5.1, —5.2. TLC (EtOAc/hexane, 1:19,
KMnOg-stain) Ry = 0.58; HRMS: Exact mass calculated for
C16H3gNa0,Si; [M+Na]™: 341.2303, found: 341.2301.
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4.3. (R)-2-((tert-butyldimethylsilyl)oxy)butan-1-ol (12)

The bis-protected alcohol 11 (3.60 g, 11.3 mmol) was dissolved in
dry THF (200 mL) and pyridine (15.8 mL). Then, hydrogen fluoride
pyridine (13.0 mL, pyridine ca. 30%, HF ca. 70%) was added at O °C.
The mixture was stirred for 1 h at 0 °C before the ice bath was
removed and the mixture was stirred for an additional 1.5 h at rt.
The mixture was cooled on an ice bath and poured over a solution
of sat. aq. NaHCOs (400 mL). After stirring vigorously for a few
minutes, the mixture was added water (200 mL) and hexane
(100 mL) and the layers were separated. The aq. layer was extracted
with additional hexane (2 x 50 mL). Next, the organic layers were
combined, washed with water (50 mL) and brine (50 mL), dried
(MgS04) and evaporated. The residue was purified by flash chro-
matography on silica gel (10—20% EtOAc in hexane) to afford the
desired primary alcohol as a colorless oil. Yield: 1.19 g (52%);
[a]% = —4.8 (c = 1.1, CH,Cly); 'TH NMR (400 MHz, CDCl3) 6 3.71-3.62
(m, 1H), 3.56 (dd, ] = 11.0, 3.7 Hz, 1H), 3.45 (dd, ] = 11.0, 5.4 Hz, 1H),
1.88 (d, J = 0.9 Hz, 1H), 1.56—1.48 (m, 2H), 0.90 (s, 9H), 0,88 (t,
J = 7.6 Hz, 3H), 0.08 (s, 6H); '>C NMR (101 MHz, CDCl3) é 74.2, 66.0,
26.9, 26.0, 18.3, 9.9, —4.3, —4.5; TLC (EtOAc/hexane, 1:4, KMnOg4-
stain) Ry = 0.36; HRMS: Exact mass calculated for CjoH24NaO,Si
[M+Na]": 227.1438, found: 227.1437.

4.4. Ethyl (RE)-4-((tert-butyldimethylsilyl)oxy)hex-2-enoate (14)

The primary alcohol 12 (1.16 g, 5.68 mmol, 1.00 eq.) was dis-
solved in CH;Cl; (25 mL) and added NaHCO3 (2.63 g, 31.3 mmol,
5.50 eq.) and Dess-Martin periodinane (3.37 g, 7.95 mmol, 1.40 eq.).
After stirring for 2 h, hexane was added and the resulting precipi-
tate was removed by filtration through a pad of Celite®. The
mixture was transferred to a separatory funnel and washed with
sat. aq. NaS;03 (50 mL) and brine (50 mL), dried (Na;SO4) and
filtered quickly through a pad of silica gel. The pad was washed
with 10% EtOAc in hexane and the filtrate was evaporated to give
the crude aldehyde (0.880 g) as a colorless oil (Rf = 0.49 in EtOA-
c:hexane 1:4, KMnOg4-stain). The crude aldehyde was immediately
dissolved in dry CH,Cl, and added (carbethoxymethylene)triphe-
nylphosphorane (2.28 g, 6.55 mmol) in one portion at 0 °C. After
stirring for 1 h, the mixture was evaporated and added hexane
(80 mL). The precipitate was removed by filtration through a pad of
Celite that was washed with 5% EtOAc in hexane. The residue was
purified by flash chromatography on silica gel (3—5% EtOAc in
hexane) to give the desired product as a colorless oil. Yield: 0.687 g
(44%) over the two steps; [oc]ZDS = +45.1 (c = 1.1, CHxCly); 'H NMR
(400 MHz, CDCl3) 6 6.91 (dd, J = 15.6 and 4.6 Hz, 1H), 5.97 (dd,
J = 15.6 and 1.7 Hz, 1H), 4.28-4-14 (m, 3H), 1.67—1.50 (m, 2H), 1.29
(t,J = 7.1 Hz, 3H), 9.91 (s, 9H), 0.89 (t, ] = 7.6 Hz, 3H), 0,05 (s, 3H) and
0,03 (s, 3H); '3C NMR (101 MHz, CDCl3) 6 166.9, 151.0, 120.1, 72.7,
60.4, 30.3,26.0,18.4,14.4, 9.3, —4.5, —4.8; TLC (EtOAc/hexane, 95:5,
KMnOg-stain) Ry = 0.29; HRMS: Exact mass calculated for
C14H28Na03Si [M+Na]™: 295.1700, found: 295.1699.

4.5. (RE)-4-((tert-butyldimethylsilyl Joxy )hex-2-en-1-ol (15)

The ester (14) (0.672 g, 2.47 mmol, 1.00 eq.) was dissolved in dry
toluene (6.0 mL) under argon. DIBAL-H (1.0 M in THF 6.20 mmol,
2.50 eq.) was added dropwise at 0 °C. After stirring for 50 min at
0 °C, the mixture was quenched by slow addition of 10% aq.
Rochelle salt (40 mL) and diluted with hexane (20 mL) and diethyl
ether (20 mL). The turbid mixture was then stirred vigorously until
the top layer was clear (approx. 1 h), so that the layers could be
separated in a separatory funnel. The aq. layer was extracted with
EtOAc (2 x 20 mL), the organic layers were combined and washed
with brine (20 mL), dried (Na2SO4) and evaporated. The residue

was purified by flash chromatography on silica gel (EtOAc/hexane
8:2) to afford the desired allylic alcohol as a colorless oil. Yield:
0.494 g (87%); [)3° = +5.5 (¢ = 1.7, CH,Cly); 'H NMR (400 MHz,
CDCl3) 6 5.76 (dt, ] = 15.6 and 5.5 Hz, 1H), 5.66 (dd, J = 15.6 and
5.7 Hz, 1H), 413 (d, ] = 5.4 Hz, 2H), 4.05 (q, ] = 6.1 Hz, 1H), 1.56—1.41
(m, 3H), 0,89 (s, 9H), 0.87 (t, 7.4 Hz, 3H), 0.05 (s, 3H) and 0.02 (s,
3H); 13C NMR (101 MHz, CDCl3) 6 135.2,128.5, 74.0, 63.4, 31.1, 26.0,
184, 9.7, —4.2, —4.6; TLC (hexane/EtOAc, 4:1, KMnOg-stain)
Ry= 0.27; HRMS: Exact mass calculated for C1;Ho6NaO,Si [M+Na]*:
253.1594, found: 253.1594.

4.6. (R,E)-tert-butyl((6-iodohex-4-en-3-yl)oxy )dimethylsilane (16)

Triphenylphosphine (811 mg, 3.09 mmol, 1.50 eq.) and imid-
azole (221 mg, 3.25 mmol, 1.58 eq.) were added to a stirring solu-
tion of alcohol 15 (475 mg, 2.06 mmol, 1.00 eq.) in CHyCl; (22 mL).
The reaction flask was placed in a cooling bath (ice-water/NaCl) and
stirred for 15 min before iodine (816 mg, 1.47 mmol, 3.19 mmol, 1.55
eq.) was added in one portion with rapid stirring. After stirring for
50 min, the mixture was quenched by slow addition of sat. aq.
Na,S03 (2.5 mL) and added distilled water (15 mL). The phases
were separated and the aq. phase was extracted with CH,Cly
(2 x 15 mL). The combined organic extracts were dried (NaySO4)
and evaporated followed by purification by flash chromatography
on silica gel (hexane-10% EtOAc) to give the title compound as a
pale yellow oil. Yield: 617 mg (88%); [¢]3° = —8.9 (c = 0.40, CH,Cl,);
TH NMR (400 MHz, CDCl3); 6 5.90—5.79 (m, 1H), 5.66 (dd, ] = 15.1,
6.0Hz,1H),4.02 (q,] = 6.0 Hz, 1H), 3.88 (d,] = 8.0 Hz, 2H), 1.53—1.44
(m, 2H), 0.90 (s, 9H), 0.86 (t, ] = 7.4 Hz, 3H), 0.05 (s, 3H), 0.04 (s, 3H);
13C NMR (101 MHz, CDCl3) 6 137.4, 127.3, 73.6, 31.0, 26.1 (3C), 18.4,
9.6, 5.8, —4.1, —4.7; TLC (hexane, KMnOy-stain) Ry = 0.46; HRMS:
Exact mass calculated for C12H,5INaOSi [M+Na]™: 363.0611, found:
363.0612.

4.7. (RE)-(4-((tert-butyldimethylsilyl Joxy )hex-2-en-1-yl)
iodotriphenyl-2>-phosphane (4)

lodine 16 (603 mg, 1.77 mmol, 1.00 eq.) in dry MeCN (18.5 mL)
was added triphenylphosphine (937 mg, 3.57 mmol, 2.02 eq.) and
heated to reflux for 16 h. Next, the reaction mixture was cooled to
ambient temperature and concentrated in vacuo. The residual was
purified by flash chromatography (CH,Cl, — 5% MeOH) to give
Wittig salt 4 as a white solid. Yield: 1.036 g (97%); [} = +0.40
(c = 0.50, MeOH); "H NMR (400 MHz, CDCl3) 6 7.82—7.76 (m, 9H),
7.71-7.65 (m, 6H), 6.23—6.16 (m, 1H), 5.55—5.45 (m, 1H), 4.73 (td,
J=15.0,7.8 Hz, 1H), 4.51 (td, ] = 15.3, 7.0 Hz, 1H), 4.10—4.02 (m, 1H),
1.44—1.27 (m, 2H), 0.73 (s, 9H), 0.67 (t, ] = 7.4 Hz, 3H), —0.06 (s,
3H), —0.19 (s, 3H); *C NMR (101 MHz, CDCl5) 6 145.0 (d,
2] = 13.1 Hz), 135.2 (d, ] = 3.0 Hz), 134.1 (d, >] = 9.1 Hz), 130.5 (d,
2J=12.1 Hz), 1181 (d, '] = 85.5 Hz), 112.6 (d, 3] = 9.1 Hz), 72.6 (d,
41=2.0Hz),30.4(d,”] = 3.0 Hz), 27.9 (d, \J = 50.3 Hz), 25.8 (3C), 18.1,
9.0, 4.7, —4.7; TLC (MeOH/CH,Cl, 5:95, UV—vis.) Ry = 0.46; HRMS:
Exact mass calculated for C3gH4oNaOPSi [M+Na]': 475.2580,
found: 475.2581.

4.8. (5R,6E,8Z,11R)-11-((1E,3E)-4-bromobuta-1,3-dien-1-yl)-5-
ethyl-2,2,3,3,13,13,14,14-octamethyl-4,12-dioxa-3,13-
disilapentadeca-6,8-diene (19)

Following the procedure reported by Olivo and coworkers [22d],
the protected thiazolidinethione obtained from compound 18
(335 mg, 0.700 mmol, 1.00 eq.) was dissolved in CH,Cl, (13 mL)
followed by dropwise addition of DIBAL-H (1.0 M in CHyCly,
0.870 mmol, 1.20 eq.) at —78 °C. After 3 h, additional DIBAL-H was
added (1.0 M in CHCl,, 0.140 mmol, 0.200 eq.). The mixture was
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allowed to stir for 30 min and then quenched with sat. aq. NaHCO3
(10 mL). The cooling bath was removed and solid Na—K tartrate
(~0.300 g) (Rochelle salt) was added and stirring was continued for
another 45 min. Et;0 (10 mL) was added. The layers were separated
and the aq. layer was extracted with Et;0 (3 x 10 mL). The combined
organic layers were dried (Na;SO4) and the solvent evaporated. The
residue was purified by column chromatography on silica gel
(hexane/Et;0 95:5) Ry = 0.24, and concentrated in vacuo. Wittig salt
4 (281 mg, 0.466 mmol, 1.00 eq.) in THF (15 mL) and HMPA (2.5 mL)
was slowly added NaHMDS (0.6 M in THF, 0.444 mmol, 0.950 eq.)
at —78 °C and then stirred for 1 h at that temperature. The purified
aldehyde 5 dissolved in a minimum amount THF was added drop-
wise with cooling on syringe. The reaction was stirred at —78 °C for
12 h before it was quenched with phosphate buffer (8 mL, pH = 7.2).
The phases were separated and the aq. phase was extracted with
Et;0 (3 x 10 mL). The combined organic layers were dried (NazSO4)
and the solvent evaporated. The crude product was purified by
column chromatography on silica gel (8% EtOAc in hexane) to afford
the title compound 19 as a pale yellow oil. Yield: 236 mg (54% over
two steps); [a]2’ = —21.7 (c = 0.60, CHCl3); 'H NMR (400 MHz,
CDCl3) 6 6.67 (dd, J = 13.4,10.9 Hz, 1H), 6.40—6.32 (m, 1H), 6.27 (d,
J = 13.5 Hz, 1H), 6.14—6.01 (m, 2H), 5.71 (dd, J = 15.3, 5.7 Hz, 1H),
5.63 (dd, J = 15.1, 6.2 Hz, 1H), 5.41-5.33 (m, 1H), 4.18 (q, ] = 6.0 Hz,
1H), 4.08 (q, ] = 6.0 Hz, 1H), 2.42—2.33 (m, 2H), 1.53—1.46 (m, 2H),
0.91-0.85 (m, 21H), 0.06—0.02 (m, 12H); *C NMR (101 MHz, CDCl3)
0 137.9,137.6,137.2,130.3, 126.8, 126.5, 124.6, 108.3, 74.6, 72.5, 36.7,
31.3, 26.1 (3C), 26.0 (3C), 184, 18.4,9.8, —4.2, —4.4, —4.6, —4.6; TLC
(8% EtOAc in hexane, UV—Vis.) R = 0.28; HRMS: Exact mass calcu-
lated for Cy5H47Br NaO,Sip [M+Na]*: 537.2190, found: 537.2190; d.r:
1:3.5 (E/Z, based on isolated yields).

4.9. Methyl (5S,8E,10E,12R,14Z,16E,18R)-5,12,18-tris((tert-
butyldimethylsilyl)oxy )icosa-8,10,14,16-tetraen-6-ynoate (20)

To a solution of vinyl bromide 19 (122 mg, 0.236 mmo], 1.00 eq.)
in EpNH (0.55 mL) and benzene (0.25 mL) was added Pd(PPhs)s
(9.00 mg, 0.00788 mmol, 3.00 mol%), and the reaction was stirred for
45 min in the dark. Cul (3.00 mg, 0.0158 mmol, 7.00 mol%) dissolved
in a minimum amount of Et;NH was added, followed by dropwise
addition of alkyne 6 (68.0 mg, 0.251 mmol, 1.06 eq.) in Et;NH
(0.5 mL). After 20 h of stirring at ambient temperature, the reaction
was quenched with sat. aq. NH4Cl (7.0 mL). Et;0 (7.0 mL) was added
and the phases were separated. The aq. phase was extracted with
Et;0 (2 x 7.0 mL), and the combined organic layers were dried
(NazS0y), before being concentrated in vacuo. The crude product was
purified by column chromatography on silica gel (hexane/EtOAc,
95:5) to afford the title compound 20 as a pale yellow oil in 91% yield
(153 mg); (]2’ = —57.4 (c = 0.35, CHCl3); "H NMR (400 MHz, CDCl3)
6 6.50 (dd, | = 15.6,10.8 Hz, 1H), 6.37 (dd, J = 15.1, 11.0 Hz, 1H), 6.19
(dd, J = 15.0,10.8 Hz, 1H), 6.04 (t, ] = 11.0 Hz, 1H), 5.76 (dd, ] = 15.2,
6.0 Hz, 1H), 5.63 (dd, ] = 15.2, 6.2 Hz, 1H), 5.57 (d, | = 15.6 Hz, 1H),
538 (dt, ] = 10.8, 7.7 Hz, 1H), 4.52—4.47 (m, 1H), 4.21 (q, ] = 6.0 Hz,
1H), 4.08 (q,] = 6.1 Hz, 1H), 3.67 (s, 3H), 2.46—2.29 (m, 4H), 1.85—1.65
(m, 4H), 1.54—1.43 (m, 2H), 0.93—0,82 (m, 30H), 0.13 (s, 3H), 0.11 (s,
3H),0.03 (dd, ] = 8.8, 3.7 Hz, 12H); '*C NMR (101 MHz, CDCl3) 6 174.4,
141.2, 139.3, 131.9, 128.6, 128.5, 126.6, 125.3, 110.6, 93.3, 83.2, 72.9,
63.6, 63.0, 51.6, 37.0, 36.4, 34.2, 31.5, 29.4, 29.0, 27.4, 26.1, 26.0, 26.0,
25.0,18.5,18.4,18.4, —4.3, —4.3, —4.6, —4.8, —5.1; TLC (hexane/EtOAc
95:5, KMNOg-stain) Rf = 0.42; HRMS: Exact mass calculated for
C39H7,Na0sSi3 [M+Na]*t: 727.4580, found: 727.4578.

4.10. Methyl (5S,8E,10E,12R,14Z,16E,18R)-5,12,18-trihydroxyicosa-
8,10,14,16-tetraen-6-ynoate (21)

TBAF (1.0 M in THF, 0.27 mL, 0.270 mmol, 4.00 eq.) was added to

a solution of TBS-protected triol 20 (48.0 mg, 0.0682 mmol, 1.00
eq.) in THF (3.0 mL) at —78 °C. The reaction was stirred for 21 h
before it was quenched with phosphate buffer (pH = 7.2, 5.0 mL).
Brine (6.0 mL) and EtOAc (6.0 mL) were added, and the phases were
separated. The aq. phase was extracted with EtOAc (3 x 6.0 mL),
and the combined organic layers were dried (Na;SO4) and the
solvent evaporated. The crude product was purified by column
chromatography on silica gel (hexane/EtOAc, 4:6) to afford the title
compound as a pale yellow oil. Yield: 24 mg (96%); [a]?f =-23.0
(c = 0.10, MeOH); 'H NMR (400 MHz, MeOD) 6 6.62—6.43 (m, 2H),
6.31 (dd, J = 15.2, 10.7 Hz, 1H), 6.11 (t, ] = 10.9 Hz, 1H), 5.84 (dd,
J=15.2,6.2Hz,1H), 5.72—5.64 (m, 2H), 5.46 (dt,] = 11.0, 7.6 Hz, 1H),
4.50—4.42 (m, 1H), 419 (q, ] = 6.3 Hz, 1H), 4.03 (q, ] = 6.6 Hz, 1H),
3.68 (s, 3H), 2.49—-2.42 (m, 2H), 2.46—2.35 (m, 2H), 1.90—1.63 (m,
4H), 1.62—1.47 (m, 2H), 0.93 (t, ] = 7.4 Hz, 3H); '3C NMR (101 MHz,
MeOD) 6 175.6, 142.5, 139.7, 137.9, 131.2, 130.4, 127.8, 126.6, 111.8,
93.7,84.4,74.7,72.7,62.9, 52.1, 38.2, 36.6, 34.4, 31.2, 21.9, 10.2; TLC
(hexane/EtOAc 4:6, KMnOjy-stain) Ry = 0.28; HRMS: Exact mass
calculated for Co1H3p NaOs [M+Na]*: 385.1985, found: 385.1986.

4.11. Methyl (5S,8E,10E,12R,14Z,16E,18R)-5,12,18-trihydroxyicosa-
8,10,14,16-tetraen-6-ynoate (22)

The Zn(Cu/Ag) mixture was prepared as described by Boland
etal. [28] Zinc dust (1.57 g) in degassed H0 (9.5 mL, pH = 7.0) was
stirred under argon for 15 min before Cu(OAc); (158 mg) was added
and stirred for an additional 15 min AgNOs (157 mg) was then
added and the reaction mixture was stirred for 30 min. The mixture
was filtered and washed successively with H,0, MeOH, acetone and
Et,0 before it was transferred to a flask containing alkyne 21
(22.0 mg, 60.7 pmol) in MeOH/H,0 (3:1, 4.6 mL). The mixture was
stirred at room temperature and monitored by TLC analysis. After
4.5 h, the reaction mixture was filtered through a pad of Celite® and
washed with Et,0. Water was added to the filtrate and the layers
were separated. The aq. layer was extracted with Et;0 (2 x 6.0 mL).
The combined organic layers were washed with brine (10 mL) and
dried (NazS04). The solvent was evaporated and the crude product
was purified by column chromatography on silica gel (50—60%
EtOAc in hexane) to afford the title compound as a pale yellow oil.
Yield: 14.2 mg (61%) with purity > 91% determined by HPLC anal-
ysis; [a]5 = —10.0 (c = 0.20, MeOH); 'H NMR (600 MHz, MeOD)
6 6.89—6.77 (m, 2H), 6.66—6.52 (m, 2H), 6.39 (t, ] = 11.4 Hz, 2H),
6.06 (dd, ] = 14.8, 6.5 Hz, 1H), 5.96 (dd, ] = 15.1, 6.6 Hz, 1H), 5.75 (dt,
J =10.8, 7.6 Hz, 1H), 5.66 (t, ] = 9.9 Hz, 1H), 4.89—4.84 (m, 1H), 4.47
(q,] = 6.4 Hz, 1H),4.32 (q,] = 6.4 Hz, 1H), 3.96 (s, 3H), 2.80—2.70 (m,
2H), 2.66 (t, ] = 7.1 Hz, 2H), 2.03—1.89 (m, 3H), 1.88—1.79 (m, 2H),
1.78—1.70 (m, 2H), 1.22 (t, ] = 7.5 Hz, 2H); *C NMR (151 MHz,
MeOD) 6 175.8, 137.9, 137.8, 135.1 (2C), 131.5, 131.1, 130.6, 128.8,
128.0,126.6, 74.7,73.0,68.1, 52.1, 37.9, 36.7, 34.6, 31.2, 22.0,10.3; TLC
(Hexane/EtOAc 4:6, UV—vis.) Rf = 0.21; HRMS: Exact mass calcu-
lated for Co1H3NaOs [M+Na]*: 387.2142, found: 387.2142; UV—vis:
Amax = 262, 271, 282 nm. After additional purification using Bio-
tage® Select Purification system (Biotage® Sfar-C-18, MeOH/H,0
60:40, 4 mL/min) the purity (97%) of product 22 was determined by
HPLC analysis (Eclipse XDB-C18, MeOH/H,0 3:1, 1.0 mL/min);
tr = 13.7.

4.12. Resolvin E1 (1)

Solid LiOH (2.30 mg, 83.5 umol, 30.5 eq.) was added to a solution
of methyl ester 22 (1.00 mg, 2.74 umol, 1.00 eq.) dissolved in THF-
MeOH-H,0 (2:2:1, 0.34 mL) at 0 °C. The reaction mixture was
stirred at 0 °C for 3 h and then allowed to warm to rt. After 4.5 h, the
solution was acidified with sat. ag. NaHPO4 (0.5 mL), and then
added EtOAc (0.5 mL). The layers were separated and the water
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phase was extracted with EtOAc (2 x 0.5 mL). The combined
organic layers were dried (NaSO4) before the solvent was removed
in vacuo. RVE1 (1) was obtained as a pale yellow oil after filtration
through a plug of silica gel (Hexane/MeOH/EtOAc 3:1:6). TLC
(EtOAc/hexane 7:3, UV—vis.) Ry = 0.26; Yield: 0.80 mg (83%);
(@)% = +8.0 (c = 0.12, MeOH); 'H NMR (600 MHz, MeOD) 6 6.56
(dd, J = 14.6, 11.4 Hz, 1H), 6.50 (dd, J = 15.2, 11.1 Hz, 1H), 6.31 (dd,
J = 15.1, 10.7 Hz, 1H), 6.23 (dd, J = 14.7, 10.7 Hz, 1H), 6.07 (q,
J =10.5 Hz, 2H), 5.74 (dd, ] = 15.0, 6.6 Hz, 1H), 5.66 (dd, ] = 15.1,
6.7 Hz, 1H), 5.45 (dt, ] = 11.0, 7.6 Hz, 1H), 5.37 (t, ] = 9.9 Hz, 1H),
4.61-4.53 (m, 1H), 416 (q, ] = 6.7 Hz, 1H), 4.01 (q, ] = 6.5 Hz, 1H),
2.50—2.38 (m, 2H), 2.25 (t,] = 7.0 Hz, 2H), 1.59—1.44 (m, 6H), 0.91 (t,
J = 7.2 Hz, 3H); HRMS: Exact mass calculated for CypH3gNaOs
[M+Na]": 373.1985, found: 373.1985; UV—Vis: Amax (EtOH) = 262,
271, 282 nm. The purity (94%) was determined by HPLC analysis
(Eclipse XDB-C18, MeOH/3.3 mM agq. acetic acid 55:45, 1.0 mL/min);
tr = 14.2 min.
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General Information

Unless otherwise stated, all commercially available reagents and solvents were used in the form in which
they were supplied without any further purification. The stated yields are based on isolated material. All
reactions were performed under an argon atmosphere using Schlenk techniques. Reaction flasks were
covered with aluminium foil during reactions and storage to minimize exposure to light. Thin layer
chromatography was performed on silica gel 60 F254 aluminum-backed plates fabricated by Merck.
Flash column chromatography was performed on silica gel 60 (40-63 pum) produced by Merck. NMR
spectra were recorded on a Bruker AVI600, Bruker AVII400 or a Bruker DPX300 spectrometer at 600
MHz, 400 MHz or 300 MHz respectively for '"H NMR and at 150 MHz, 100 MHz or 75 MHz
respectively for '*C NMR. Coupling constants (J) are reported in hertz and chemical shifts are reported
in parts per million () relative to the central residual protium solvent resonance in '"H NMR (CDCl; =
8 7.26, DMSO-ds = § 2.50 and MeOD-d4 = § 3.31) and the central carbon solvent resonance in *C NMR
(CDCls =6 77.00 ppm, DMSO-dg = 8 39.43 and MeOD-d4 = & 49.00). Optical rotations were measured
using a 1 mL cell with a 1.0 dm path length on a Perkin Elmer 341 polarimeter. Mass spectra were
recorded at 70 eV on a Micromass Prospec Q or Micromass QTOF 2 W spectrometer using ESI as the
method of ionization. High-resolution mass spectra were recorded at 70 eV on a Micromass Prospec Q
or Micromass QTOF 2W spectrometer using ESI as the method of ionization. HPLC-analyses were
performed using a C18 stationary phase (Eclipse XDB-C18, 4.6 x 250 mm, particle size 5 pm, from
Agilent Technologies), applying the conditions stated. The UV/Vis spectrum was recorded using an
Agilent Technologies Cary 8485 UV-VIS spectrophotometer using quartz cuvettes.

Experimental details

Methyl (S)-5-((tert-butyldimethylsilyl)oxy)hept-6-ynoate (6)

OH OTBS O

ref. 1
o~y =, A
o) Z

The terminal alkyne 6, was prepared from commercially available (S)-(-)-o-hydroxy-y-butyrolactone
10 as previously reported in the literature.' Yield: 24% over the 6 steps. All spectroscopic and physical
data were inn agreement with those reported in the literature.' [a] Zl;) =-36 (c=0.20, MeOH); 'H
NMR (400 MHz, CDCl3) 6 4.37 (td, /= 6.0, 2.1 Hz. 1H), 3.67 (s, 3H), 2.39-2.32 (m, 3H), 1.83-1.66
(m, 4H), 0.9 (s, 9H), 0.13 (s, 1H), 0.10 (s, 3H); 3C NMR (101 MHz, CDCls) § 174.0, 85.3, 72.5, 62.5,
51.6,37.9, 33.8,25.9 (3C), 20.8, 18.3, -4.4, -5.0; TLC (hexane/Et;O 9:1, KMnOjy-stain) Ry= 0.48.
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(S)-4-isopropylthiazolidine-2-thione (9)

1.5eq. CS,, o S
H,N OH
N 1M KOH,40ha )LNJLS
—\ 2. AcCl, NaH, \‘—-’
THF, 0 °C —
23 9

Nagao’s chiral auxiliary 9, was prepared from commercially available (S)-(+)-2-amino-3-methyl-1-
butanol (23) as previously reported in the literature.”> Yield: 67% over the two steps. All spectroscopic
and physical data were inn agreement with those reported in the literature.’ [a] Zl;) = +434 (¢ =0.26,
CHCl3); "H NMR (400 MHz, CDCls) § 5.15 (ddd, J= 7.6, 6.2, 1.2 Hz, 1H), 3.50 (dd, J=11.5, 8.0 Hz,
1H), 3.02 (dd, J=11.5, 1.2 Hz, 1H), 2.77 (s, 3H), 2.45 — 2.28 (m, 1H), 1.06 (d, J= 6.8 Hz, 3H), 0.97
(d, J= 6.9 Hz, 3H); *C NMR (101 MHz, CDCls) § 203.4, 170.9, 71.40, 30.9, 30.5, 27.1, 19.2, 17.9;
TLC (hexane/Et,0 9:1, KMnOgs-stain) Ry= 0.25.

(R,4E,6E)-7-bromo-3-((tert-butyldimethylsilyl)oxy)-1-((R)-4-isopropyl-2-thioxothiazolidin-3-
ylDhepta-4,6-dien-1-one (26)

@ ref. 4 o] ref. 5 0
—_— > Jl\/\/\ — >

NG H” N NZoK H” NNy
| -

S0;

24 25 8

s | A
\i

o S
s
\“\-—/

TBSO (o] S OH O S
/\/\/E\)L JL ret- 7 /\/\/E\)L JL
Brr 7N\ N” s Brr 7N N” s
26 /‘\ 18 /‘\

Thiazolidinethione 26 was prepared in four steps from commercially available pyridinium-1-sulfonate
24 as previously reported in the literature.*” Yield: 28% over the four steps. Stereoselectivity obtained

for compound 18: dr 15.3:1 (R:S). All spectroscopic and physical data were in agreement with those
reported in the literature.’ [a] Zl;) =+265 (¢ = 0.40, CHCl;); 'TH NMR (400 MHz, CDCl5) § 6.69 (dd, J =
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13.5,10.9 Hz, 1H), 6.31 (d, J = 13.5 Hz, 1H), 6.15 (dd, /= 15.3, 10.9 Hz, 1H), 5.79 (dd, J= 154, 6.3
Hz, 1H), 5.08 — 4.98 (m, 1H), 4.79 — 4.69 (m, 1H), 3.64 (dd, /= 16.6, 7.9 Hz, 1H), 3.47 (dd, J=11.5,
7.8 Hz, 1H), 3.21 (dd, J=16.6, 4.5 Hz, 1H), 3.03 (dd, /= 11.4, 1.1 Hz, 1H), 2.43 —2.29 (m, J = 6.9 Hz,
1H), 1.05 (d,J= 6.8 Hz, 3H), 0.97 (d, J= 7.0 Hz, 3H), 0.86 (s, 9H), 0.05 (s, 3H), 0.03 (s, 3H); *C NMR
(101 MHz, CDCls) 6 203.0, 171.0, 136.9, 127.5, 109.1, 71.8, 69.9, 46.3, 31.0, 30.9, 26.0 (3C), 19.3,
18.2,18.0, 4.2, -4.8; TLC (hexane/EtOAc, 7:3, KMnOjs-stain) Ry = 0.56.
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'"H-NMR and 3C-NMR Spectra
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Figure S-1 "H-NMR spectrum of compound 11.
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Figure S-2 “C-NMR spectrum of compound 11.
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Figure S-3 '"H-NMR spectrum of compound 12.
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Figure S-4 “C-NMR spectrum of compound 12.
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Figure S-5 '"H-NMR spectrum of compound 14.
i I i K N T 007 kY%
OTBS
/
CO,Et
I
200 190 180 10 160 150 0 130 120 o 100 % & N 6 0 4 3 0 10 0 1
f1 (ppm)

Figure S-6 *C-NMR spectrum of compound 14.
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Figure S-7 '"H-NMR spectrum of compound 15.
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Figure S-8 *C-NMR spectrum of compound 15.
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Figure S-9 '"H-NMR spectrum of compound 16.
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Figure S-10 *C-NMR spectrum of compound 16.
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Figure S-11 '"H-NMR spectrum of compound 4.
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Figure S-12 *C-NMR spectrum of compound 4.
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Figure S-13 '"H-NMR spectrum of compound 19.
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Figure S-14 *C-NMR spectrum of compound 19.
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Figure S-15 "H-NMR spectrum of compound 20.
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Figure S-17 "H-NMR spectrum of compound 21.
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Figure S-18 *C-NMR spectrum of compound 21.
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Figure S-19 '"H-NMR spectrum of compound 22.
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Figure S-20 *C-NMR spectrum of compound 22.
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HPLC Chromatograms

VWD1 A, Wavelength=254 nm (JANNICKE\RVE1-6.D)
mAU
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Area Percent Report

Sorted By J Signal
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Use Multiplier & Dilution Factor with ISTDs

Signal 1: VWDl A, Wavelength=254 nm
Peak RetTime Type Width Area Height Area
# [min] [min] mAU *g [mAaU ] %
e | mmmn]mnmenms |memmmemees e [mmmmemmm |
1. 1185275 'BE 0.3341 3808.83154 175.94061 97.1350
2 14.888 BB (31 T > L ) I PR 075 4.55900 22050

Totals : 3921.17229 180.49967

Figure S-22 HPLC chromatogram of compound 22.
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VWD1 A, Wavelength=254 nm (JANNICKE\RVE1-HYDROLYSE2.D)
mAU
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Multiplier 4 1.0000
Dilution 3 1,0000
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Signal 1: VWDl A, Wavelength=254 nm

Peak RetTime Type Width Area Height Area
# [min) [min] mAU  *s [mAU ] %

1 0.3327 21.73546 1.08892 0.9036

2 0.4538 70.02503 2.,21212 2.,9112

3 14.368 VB 0.4364 2252.63916 79.60614 93.6505

4 03504 12.88284 6.04135e-1 0ii5356

5 0.5844 48.08612 137139 1.9991

Totals : 2405.36861 84.88270

Figure S-23 HPLC chromatogram of resolvin E1 (1).
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UV-Vis spectra

Spectrum/Peak Report Date 6/25/2019 Time 17:26:29 Page 1 of 2
Method file <method not saved>
Information Default Method
Data File <data not saved>
Overlaid Spectra:
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# Name Peaks (nm) Abs (AU) # HName Peaks (nm) Abs (AU)
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Report generated by Silignatifel muramswrmem o 0s
*** End Spectrum/Peak Report ***
Figure S-24 UV-Vis chromatogram of compound 22.
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Figure S-25 UV-Vis chromatogram of compound Resolvin E1 (1).
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