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Abstract 
 

The last decades have witnessed extensive efforts dedicated to gain knowledge of the 

inflammatory processes. This has led to the identification of several oxygenated lipid 

mediators derived from ω-6 and ω-3 polyunsaturated fatty acids. The oxygenated lipid 

mediators that have anti-inflammatory and pro-resolving properties have recently been coined 

specialized pro-resolving mediators. These compounds play an important role in the 

resolution of inflammation and return to homeostasis by halting the infiltration of neutrophils 

and stimulating the clearance of apoptotic cells and debris. This thesis reports on new 

knowledge on the chemical, biochemical and cellular events mediated by some novel 

specialized pro-resolving lipid mediators using stereoselective total synthesis 

 

In the first part of this thesis, a stereoselective protocol for the asymmetric reduction of the 

methyl esters of 5-oxo-ETE, 5-oxo-EPE and 4-oxo-DHA has been developed, rendering short 

and stereoselective syntheses of the natural products 5-(S)-HETE, 5-(S)-HEPE and (+)-

zooxanthellactone (the lactone derived from 4-(S)-HDHA). 5-(S)-HETE is a known mediator 

of neutrophil recruitment during inflammatory processes, but 5-(S)-HEPE and 4-(S)-HDHA 

have not been thoroughly investigated. The three hydroxylated polyunsaturated fatty acids 

were prepared in six steps by biomimetic synthesis from arachidonic acid, eicosapentaenoic 

acid and docosapentaenoic acid.  

 

In the second part of the thesis, an efficient, convergent and stereoselective total synthesis of 

the potent pro-inflammatory lipid mediator LTB4 is described. The synthesis was achieved in 

5% yield over ten steps from commercial starting materials. The key steps in this synthesis 

were the stereocontrolled Nagao acetate-aldol reaction and the Z-selective Boland reduction. 

No HPLC purification was required in any of the steps. 

 

Knowledge of the intricate mechanism involved in the biosynthesis of the lipid mediators and 

the structural elucidation of each lipid mediator is necessary in the hopes of developing new 

strategies for the treatment of inflammation and chronic diseases. For this reason, we were 

interested in investigating the biosynthetic pathways of the specialized pro-resolving 

mediators PD1n-3 DPA and the novel 13-series resolvins.  

 

To establish the structure and involvement of the precursors of these lipid mediators, 

stereoselective total syntheses of the intermediates, 13R-HDPA and 16(S),17(S)-epoxy-PDn-3 

DPA, were conducted. Further, biological experiments involving matching of synthetic and 

authentic material and acidic aqueous trapping studies confirmed the structure of both 13R-

HDPA and 16(S),17(S)-epoxy-PDn-3 DPA. Additionally, incubation studies proved that 13R-

HDPA and 16(S),17(S)-epoxy-PDn-3 DPA were converted into the potent pro-resolving 13-

series resolvins and PD1n-3 DPA, respectively. Hence, we have provided evidence for the 

involvement of these two intermediates in individual biosynthesis of the mentioned 

specialized pro-resolving lipid mediators. In addition, we provide evidence that 16(S),17(S)-

epoxy-PDn-3 DPA also regulates human leukocyte responses with similar potency to PD1n-3 DPA. 
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In the last part of the thesis, initial synthetic studies towards the novel 13-series resolvin lipid 

mediator, RvT3, is disclosed. 
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Chapter 1 

1 Introduction 
 

1.1 Inflammation and Resolution 
 

Inflammation is the human body’s immune system responding to injury or invasion of 

harmful pathogens. This is a protective mechanism where the ideal outcome is removal of the 

injurious stimuli followed by repair of damaged tissue and ultimately restoring cellular 

homeostasis.1  

 

The signs of acute inflammation were first described by the Roman encyclopaedist of ancient 

times, Aulus Cornelius Celsus, and they are tumor, rubor, calor and dolor (swelling, redness, 

heat and pain).2 Later, loss of function was included in the list. Resolution of acute 

inflammation, or its catabasis as it is also referred to,3 involves the reduction and removal of 

leukocytes and debris to pre-inflammation levels and return to normalcy.4 The absence of this 

process leads to a persistent immune response, eventually causing chronic inflammation. It 

has been recognised that uncontrolled inflammation can contribute to the pathogenesis of a 

variety of diseases, such as cardiovascular diseases,5 rheumatoid arthritis,6 periodontal 

diseases,7 asthma,8 diabetes,9 Alzheimer’s disease and cancer.10    

 

 
 

Figure 1.1 Chronic inflammation in the lung, showing all three characteristics: 1) collection of chronic inflammatory cells 

(asterisk), 2) normal alveoli are replaced by cuboidal epithelium (arrowheads), and 3) Fibrosis (arrows).11 

 

The course of action during inflammation depends on the type of stimuli and is orchestrated 

by a series of highly complex biochemical events.12 In the initiation phase, pro-inflammatory 

proteins, cytokines and chemokines are synthesized, which all activate the release and 

production of potent chemoattractants such as histamine and bradykinin, as well as the classic 

eicosanoids derived from arachidonic acid (AA, 1), including the prostaglandins and the 

leukotrienes.12 Polymorphonuclear neutrophils (PMNs) and other representatives of white 

blood cells are recruited to the inflamed site by the chemoattractants produced previously. 

The mobilization of PMNs is the first line of defence required for the neutralization and 
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removal of invading microbes by phagocytosis. However, debris from neutrophils and 

granule content might unintentionally leak into the extracellular milieu during incomplete  

phagocytosis by the neutrophils, causing tissue damage and increasing the pro-inflammatory 

response.4 

 

 
 

Figure 1.2 An outline of the time course of inflammation. 

 

Resolution is the ideal outcome of inflammation, which involves the halt of neutrophil 

infiltration and the removal of debris and apoptotic neutrophils by macrophages, referred to 

as efferocytosis, ultimately leading to the return to homeostasis. Traditionally, this was 

thought to be a passive process where the degradation of the pro-inflammatory components 

was assumed to be adequate for the termination of the inflammatory response, causing the 

inflammation to die out with time.13 New evidence has proven that this prosses is tightly 

regulated by an intricate biochemical and cellular mechanisms, confirming it beyond doubt to 

be an active process.14 These mechanisms include the production of anti-inflammatory and 

pro-resolving oxygenated polyunsaturated fatty acids (PUFAs), such as the lipoxins, 

resolvins, protectins and maresins. Their actions are mediated through G-protein-coupled 

receptors (GPCRs) that efficiently promote the decrease in inflammatory response, tissue 

repair and protection of cells, as well as the complete resolution of the inflamed site.3     

 

1.2 Polyunsaturated Fatty Acids and Their Oxygenated Products 

 

The importance of dietary essential fatty acids, such as linoleic acid (LA), was first 

demonstrated in a study conducted by George Burr and his wife Mildred Burr in 1929. They 

provided evidence for the critical role of fatty acids to maintain the health of rats.15,16 Later, 

several human studies have shown the beneficial effects of ω-3 fatty acids, including 

eicosapentaenoic acid (EPA, 2) and docosahexaenoic acid (DHA, 3) in cardiovascular 

health.17-20 It is widely accepted that chronic inflammation may lead to several serious 
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diseases, such as cancer and autoimmune diseases.10,21 The observed positive health effects 

are linked to the ratio between ω-3 and ω-6 PUFAs due to the formation of anti-inflammatory 

and pro-inflammatory lipid mediators as described below.22    

 

The PUFAs predominantly exist as esters in the phospholipids of the cell membrane. Upon 

activation, such lipids associated PUFAs, including AA (1), EPA (2) and DHA (3), are 

released by the activation of enzymes belonging to the phospholipase family. When released, 

these PUFAs can be oxidized either by enzymes or via free radical mechanisms to a wide 

array of products. Among the biologically most interesting and active oxygenated lipids are 

the lipid mediators. The three main enzymatic pathways involved in the formation of these 

oxygenated PUFAs are catalysed by lipoxygenases (LOX), cyclooxygenases (COX) and 

cytochrome P450 (CYP). 

 

 

Figure 1.3 The structures of AA (1), EPA (2) and DHA (3). 

 

The products resulting from enzymatic oxidation of the ω-6 fatty acid AA (1), namely 

prostaglandins of the 2-series and the leukotrienes, possess pro-inflammatory properties. On 

the other hand, the third class of AA-derived lipid mediators, the lipoxins, are pro-

resolving.23,24 The corresponding pathway for the ω-3 fatty acids, EPA (2) and DHA (3), 

primarily leads to the formation of anti-inflammatory, pro-resolving and cytoprotective lipid 

mediators, such as the resolvins, protectins and maresins (Figure 1.4).25,26 The prostaglandins 

of the 3-series are also formed from EPA (2).27 

 

 
 

Figure 1.4 Biosynthetic cascades and actions of selected lipid mediators derived from AA (1), EPA (2) and DHA (3).26 
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1.2.1 Lipoxygenases  

 

The stereoselective insertion of molecular oxygen into PUFAs containing more than one 

cis,cis-1,4-pentadiene component in the molecule is catalysed by a class of non-heme, iron-

containing enzymes entitled lipoxygenases.28-32 Lipoxygenases are abundant in plants, fungi 

and animals. In humans, five different LOXs are expressed: 5-LOX, 12-LOX, 12R-LOX, 

12/15-LOX, and epithelial LOX. The names of the different isoforms are assigned according 

to which carbon in the AA fatty acid chain first subjected to dioxygenation. The 

lipoxygenation is initiated by the stereoselective hydrogen abstraction from a cis,cis-1,4-

pentadiene moiety in the PUFA, as illustrated in Scheme 1.1. The configuration of the 

hydroperoxyl group formed is predominantly S (e.g. 5-(S)-HpETE (4), 5-(S)-HpEPE (5), 4-

(S)-HpDHA (6)).33 The hydroperoxy acid products constructed by LOX enzymes are further 

submitted to enzymatic transformations leading to a comprehensive assembly of biologically 

active lipid mediators including leukotrienes, lipoxins, resolvins, protectins and maresins.34  

 

 
 

Scheme 1.1 Mechanism for lipoxygenation of a cis,cis-1,4-pentadiene system.33 

 

1.2.2 Products Derived From 5-LOX Pathways and Their Biological Importance  

 

5-LOX is predominantly expressed in cells that are involved in the immune system, including 

neutrophils, eosinophil, basophil, macrophages, etc. AA (1), EPA (2) and DHA (3) are 

suitable substrates for 5-LOX and molecular oxygen is stereoselectively incorporated at C5 in 

AA (1) and EPA (2), while DHA (3) can be oxygenated at either C4 or C7. The hydroperoxy 

species can then undergo further enzymatic conversion, either by peroxidase to the 

corresponding S-hydroxy acids, 5-(S)-hydroxyeicosatetraenoic acid (5-(S)-HETE, 7), 5-(S)-

hydroxyeicosapentaenoic acid (5-(S)-HEPE, 8) and 4-(S)-hydroxydocosahexaenoic acid (4-

(S)-HDHA, 9)35-38 (Scheme 1.2) or by different pathways to provide a diverse array of 

biologically active lipid mediators (Figure 1.4).   

 

The biological actions of the AA derived products, 5-(S)-HETE (7) and 5-keto acid as potent 

chemoattractants during inflammation have been thoroughly investigated.39-43 However, this 

is not the case for 5-(S)-HEPE (8) and 4-(S)-HDHA (9). These products formed from the 5-

LOX oxidation of EPA (2) and DHA (3), have not been sufficiently documented.  
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Scheme 1.2 Biogenesis of 5-(S)-HETE (7), 5-(S)-HEPE (8) and 4-(S)-HDHA (9) from AA (1), EPA (2) and DHA (3) 

respectively. 

 

Some research has been conducted on the beneficial effects of 5-(S)-HEPE (8) and 4-(S)-

HDHA (9) toward diabetes. 5-(S)-HEPE (8) was proven to be a potent agonist for the GPCR, 

G119, increasing glucose-dependant insulin secretion.44 This EPA-derived metabolite also 

demonstrated agonistic effect towards another G-coupled receptor, G120, mediating potent 

insulin-sensitizing and anti-diabetic effects.45 On the other hand, 4-(S)-HDHA (9) and its 

keto-analogue were identified as potent activators of the peroxisome proliferator-activated 

receptor γ (PPARγ) and potential anti-diabetic agents through a study conducted by 

Yamamoto and co-workers.46 A further beneficial effect observed from the intake of ω-3 

PUFAs was recently published by Sapieha and co-workers.38 Their study showed that 4-(S)-

HDHA (9) mediated angiogenesis, neovascularization and decreased endothelial cell 

proliferation through the receptor, PPARγ. 4-(S)-HDHA (9) and similar ω-3 PUFA 

metabolites are therefore interesting as potential therapeutics targeting vasoproliferation 

diseases.   

 

1.2.3 Leukotrienes  

 

The discovery of the leukotrienes was a result of the study on the transformation of AA (1) in 

polymorphonuclear leukocytes performed by Borgeat and Samuelsson.47,48 The name 

originates from the white blood cells that biosynthesize the leukotrienes, namely the 

leukocytes. The latter part of its name, triene, reflects the three conjugated double bonds 

present in the structures. The leukotrienes are pro-inflammatory mediators of the 5-LOX 

pathway of AA (1) metabolism (Scheme 1.3). Upon activation, the enzyme phospholipase A2 

releases AA (1) from the membrane phospholipids. The free acid can subsequently act as a 

substrate for 5-LOX, which inserts molecular oxygen at C5 to produce 5-(S)-HpETE (4). It is 

further converted to leukotriene A4 (LTA4, 10) by a second catalytic activity of 5-LOX. At 

this stage, LTA4 (10) can either undergo enzymatic hydrolysis by LTA4 hydrolase to yield 
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leukotriene B4 (LTB4, 12) or it can be transformed into the glutathione conjugate leukotriene 

C4 (LTC4, 11) by leukotriene C4 synthase (glutathione S-transferase) (Scheme 1.3). 

 

 
 

Scheme 1.3 Outline of the biosynthesis of three leukotrienes, LTA4 (10), LTC4 (11) and LTB4 (12). 

 

The leukotrienes are generated in the early phases of inflammation and possess pro-

inflammatory properties. Their actions are mediated through GPCRs termed B leukotriene 

receptors (BLT1 and BLT2) and cysteinyl leukotriene receptors (CysLT1 and CysLT2), which 

are located on the outer plasma membrane of structural and inflammatory cells.49,50 LTB4 (12) 

is a potent chemoattractant causing recruitment and accumulation of neutrophils and other 

leukocytes at the site of inflammation.51 The interesting biological effects of LTB4 (12) have 

caused a demand in the market, reflected in the extensive library of published syntheses on 

this specific bioactive lipid mediator.52-59 The cysteinyl-containing leukotrienes stimulate 

contraction of the airway through tightening of the smooth muscle as well as vascular 

permeability in the venous blood vessels.60 

 

1.2.4 Lipoxins  

 

The lipoxins are a class of lipid mediators consisting of a tetraene and three hydroxyl groups 

containing inherent pro-resolving effects. The lipoxins were isolated in 1984 as a product 

formed by the involvement of the enzyme 15-LOX from AA (1) in human leukocytes.61,62 

Lipoxins biosynthesized from EPA (2) by similar mechanisms have also been identified.63  

The name of these trihydroxylated lipid mediators are associated with the interaction of 

multiple distinct lipoxygenase pathways involved in their biogenesis.  
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Scheme 1.4 Structures of LXA4 (13), LXB4 (14) and the aspirin-triggered lipoxins (AT-LXA4 (15) and AT-LXB4 (16)). 

 

Lipoxin A4 (LXA4, 13) and lipoxin B4 (LXB4, 14) have prominent roles in the resolution of 

inflammation. They terminate the infiltration and accumulation of neutrophils, as well as 

activation of monocyte-derived macrophages to remove apoptotic PMNs by phagocytosis.64  

This is a crucial step in the resolution of inflammation. If the cell debris is not excised, the 

inflammatory process can become chronic and several diseases may develop. Similar 

biological effects are observed for the aspirin-triggered lipoxins (AT-LXA4 (15) and AT-

LXB4 (16)), underpinning the beneficial dampening effect of aspirin on inflammation.65 

During inflammation, a switch of lipid mediator class occurs from the pro-inflammatory 

mediators, leukotrienes and prostaglandins to the anti-inflammatory lipoxins. This switch is 

initiated by prostaglandin E2 (PGE2, 96) and prostaglandin D2 (PGD2), which induce the 

aforementioned change in formation of the products formed from the 5-LOX pathways to the 

lipoxins allocated by 15-LOX routes.66 The lipoxins also play an essential role in the wound 

healing process by stimulating the nonphlogistic infiltration of monocytes.67   

 

1.2.5 Cyclooxygenase 

 

Cyclooxygenase (COX), also known as prostaglandin synthase (PGHS), is a heme-containing 

enzyme involved in the biosynthesis of the pro-inflammatory class of lipid mediators coined 

prostaglandins. Two isoforms of this enzyme have been identified, namely COX-1 and COX-

2. COX-1 is expressed in most tissues and responsible for the homeostatic production of 

prostaglandins, while COX-2 is induced by several stimuli during inflammation.68 Even 

though the two isoforms have approximately the same molecular weight, small variations in 

the amino acid composition might be the reason for their different courses of action.69 There 

are two active sites present in each of the COX enzymes: the cyclooxygenase active site and 

the peroxidase active site. Aspirin and nonsteroidal anti-inflammatory drugs have the ability 

to inhibit COX. Several side effects, including gastrointestinal ulceration and bleeding, renal 

damage, and platelet dysfunction, have been associated with the incapacitation of both 

isoforms.68 Selective inhibition of COX-2 is desirable because of the possible suppression of 

inflammatory prostaglandins. Although COX-2 is related with inflammation, recent 

publications show that COX-2 is involved in the biosynthesis of novel potent anti-
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inflammatory and pro-resolving lipid mediators, termed 13-series resolvins (RvTs, 59-

62).70,71   

 

1.2.6 Prostaglandins 

 

The presence of vasodepressor and smooth muscle-stimulating agents in human seminal 

plasma and mammalian prostate glands were discovered independently by Goldblatt and von 

Euler in the early 1930s.72-74 These agents are now known as the prostaglandins. The name 

assigned to these bioactive lipid mediators is a reflection of their prostate gland origin. 

Approximately 30 years after the discovery of the prostaglandins, Samuelsson and Bergström 

demonstrated that they were the products of AA (1) metabolism.75 Shortly thereafter, the 

mechanism of prostaglandin biosynthesis was outlined by Hamberg and Samuelsson.76 This 

mechanism is outlined in Scheme 1.5.   

 

Prostaglandin synthesis is initiated by several different kinds of stimuli, causing the release of 

membrane bound AA, thus allowing AA (1) to act as a substrate for the cyclooxygenase 

enzymes. In the active site of COX-1, an oxygen-centred phenol radical on the tyrosine-385 

residue may then abstract a hydrogen at the 13-position leading to the formation of a radical, 

which is trapped by molecular oxygen, resulting in a cyclic peroxide. Incorporation of 

another oxygen molecule at C15 followed by reduction of the hydroperoxyl group yields 

prostaglandin H2 (PGH2, 18), the precursor to all the 2-series of prostaglandins and 

thromboxanes.77 The inhibition of the prostaglandin biosynthesis by aspirin and NSAIDs was 

proven by Sir John R. Vane.78 These drugs are now known as potent inhibitors of COX, 

which have a crucial role in the formation of the prostaglandins. In 1982, Sir John Vane was 

awarded the Nobel Prize in Physiology or Medicine together with Sune K. Bergstrøm and 

Bengt I. Samuelsson for their efforts concerning prostaglandins and related biologically 

active molecules.79  

 

 

 

Scheme 1.5 Outline of the biosynthesis of prostaglandins and thromboxanes from AA (1) catalysed by COX-1. 
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The prostaglandins have later been found in numerous other tissues containing AA (1).75 

These pro-inflammatory lipid mediators are formed in the initiation phase of inflammation 

and they are involved in the regulation of the cardinal signs of inflammation, such as edema 

and redness caused by vasodilation and vasopermeability.80,81 As previously mentioned, 

PGE2 (96)  and PGD2 are involved in the biosynthesis of the pro-resolving mediators, 

lipoxins, by stimulating the transcription of the necessary enzymes for their biogenesis.66     

 

1.3 Specialized Pro-Resolving Lipid Mediators (SPMs) 

 

Several beneficial effects have been associated with the consummation of ω-3 oxygenated 

PUFAs, such as potential immunoregulatory and anti-inflammatory responses in 

arteriosclerosis, arthritis, and asthma,82 along with antitumor and antimetastatic effects.83 

Protective effects against cardiovascular diseases have also been related with dietary 

supplementation of EPA (2) and DHA (3).20 However, the underlying biomolecular 

mechanisms connected with the protective actions of ω-3 fatty acids have long remained 

unclear. In the last two decades, efforts headed by Charles N. Serhan have established 

resolution of inflammation to be an active process, orchestrated by several novel families of 

oxygenated PUFA derivatives that display both anti-inflammatory and pro-resolving 

effects.34 These oxygenated PUFAs are now commonly referred to as specialized pro-

resolving lipid mediators (SPMs).84 The aforementioned compounds were discovered after 

Serhan and co-workers studied the fate of EPA (2) and DHA (3) in several models of 

inflammation by using LC-MS/MS techniques. Resolvins, protectins and maresins are 

families of SPMs, formed by stereoselective, enzymatic oxygenation of the essential ω-3 fatty 

acids, EPA (2) and DHA (3). They play an active role in the termination of inflammation by 

halting the infiltration of leukocytes and promoting removal of apoptotic cells, permitting the 

natural resolution to homeostasis.3 

 

1.3.1 Resolvins of the E- and D-Series 

 

The first SPM reported, denominated resolving E1 (RvE1, 20), was isolated from inflamed 

exudates extracted from mice using the air pouch model.85 The term resolvins is a reflection 

of the presence of this family of lipid mediators in the resolution phase of inflammation, as 

well as their potent pro-resolving abilities.86 To confirm the absolute configuration of the 

stereogenic centres present in the structure of RvE1 (20), the biological material was 

compared with synthetically obtained material.87 This method has later been used in the 

assignment of other lipid mediators where the absolute configuration of each compound is 

established. After the identification of RvE1 (20), two new members of the resolvin family 

derived from EPA (2) followed, namely RvE2 (21) and RvE3 (22).88,89  

 

The formation of 18-(R)-HpEPE (19) catalysed by either aspirin acetylated COX-2 or 

cytochrome P450, is the first step in the biosynthesis of these three resolvins. Further, this 

hydroperoxide intermediate 19 can be converted in the neutrophils by the 5-LOX pathway, 

yielding RvE1 (20) and RvE2 (21). In the case of RvE3 (22) formation, 18-(R)-HpEPE (19) 
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is transformed in the eosinophils via the 12/15-LOX pathway, which leads to two equally 

bioactive stereoisomers with different configurations of the hydroxyl group located at C18.89 

An outline of the biosynthesis of RvE1 (20) - RvE3 (22) is shown in Scheme 1.6.    

 

 

 

Scheme 1.6 Outline of the biosynthesis of the E-series resolvins. 

 

A similar pathway for the DHA analogues exists and a total of six resolvins derived from 

DHA (3) (RvD1-RvD6) have been discovered (Scheme 1.7).90,91 Depending on whether the 

resolvins are derived from EPA (2) or DHA (3), they are divided in two subclasses, the E- 

and D-series. The biosynthesis of the D-series resolvins involves the incorporation of oxygen 

at C17 in DHA (3) catalysed by 15-LOX, providing the hydroperoxy acid 17-(S)-HpDHA 

(23). Additional conversion of this intermediate 23 by lipoxygenase enzymes yields the six 

different DHA-originated resolvins, all carrying a hydroxyl group at carbon 17 with S-

configuration. Aspirin can alter the biosynthesis of the D-series resolvins, where acetylated 

COX-2 incorporates oxygen with the opposite configuration at C17, leading to the formation 

of so-called aspirin-triggered resolvins (AT-Rv).86 
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Scheme 1.7 Outline of the biosynthesis of three members of the D-series resolvins. 

 

Anti-inflammatory and pro-resolving properties are observed for the resolvins of both the E- 

and D-series, also including the aspirin-triggered versions, by potently regulating the 

infiltration of neutrophils to the site of inflammation.91 Additionally, RvE1 (20) upregulates 

the phagocytosis of apoptotic PMNs by macrophages92 and the possibility of reducing pain 

during inflammation.93    

   

1.3.2 Protectins 

 

In 2002, Serhan and co-workers discovered a new family of the SPMs, generated from DHA 

(3) in murine inflammatory exudate and human PMNs.86,90 The most prominent compound 

was a dihydroxylated fatty acid that was coined protectin D1 (PD1, 28), reflecting its highly 

protective properties during the course of inflammation. This SPM is also referred to as 

neuroprotection D1 (NPD1) when it is biosynthesised in neural tissues. Further investigations 

led to the elucidation of the absolute stereochemistry of PD1 (28): Its configuration and 

structure was assigned 10R,17S-dihydroxy-docosa-4Z,7Z,11E,13E,15Z,19Z-hexaenoic acid 

by matching synthetically prepared material with the endogenous composed isolate. 

Consequently, the two carbinols were determined to be 10R and 17S, and a E,E,Z 

configuration for the conjugated triene.94 Based on the data generated from experiments using 

both identification of  alcohol trapping products via mass spectrometry and isotopic oxygen 

(18O2) incorporation, an epoxide intermediate 27 was proposed for the biosynthesis of PD1 

(28).94,95 In 2015, the structure of this epoxide intermediate 27 was established by matching 

of synthetic and biogenetic material.96 Additionally, the synthetically prepared epoxide 27 

was converted into PD1 (28), which further confirmed the involvement of an epoxide 

intermediate in the formation of PD1 (28).96   
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The biosynthesis of PD1 (28) commences with the formation of the 17-(S)-hydroperoxy 

intermediate 23 from DHA (3), catalysed by 15-LOX. Further conversion of this unstable 

hydroperoxide 23 by human leukocytes leads to the generation of the 16S,17S-epoxide 27. 

The last step is the enzymatic hydrolysis of the previously formed epoxide 27, providing PD1 

(28).94 An outline of the biosynthesis can be found in Scheme 1.8.  

 

 

 

Scheme 1.8 Outline of the biosynthesis of PD1 (28) from DHA (3). 

 

Similar to the resolvins, PD1 (28) in nanomolar range regulates the chemotaxis and 

aggregation of neutrophils, in addition to promoting the uptake of dead cell debris by 

macrophages at the site of inflammation.92 During peritonitis, PD1 (28) has proven potently 

to prevent further recruitment of neutrophils,97 modulate the production of inflammatory 

chemo- and cytokines,87 promote phagocyte removal92 and regulate T-cell migration.98 

Protective actions against damage and loss of kidney function in the case of acute kidney 

injury99,100, as well as positive effects on diseases such as asthma,101 Alzheimer’s disease102 

and Parkinson’s disease103 have been indicated.  PD1 (28) might play an important role in 

ocular health due to its protective properties observed in retinal injury,104-106 

neovascularization107 (loss of sight associated with different eye diseases) and the potential of 

PD1 (28) as a therapeutic treatment of dry eye syndrome.108   
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1.3.3 Maresins 

 

Maresin 1 (MaR1, 31), a member of the third family of SPMs, was discovered in 2009 by 

Serhan and co-workers.109 This anti-inflammatory and pro-resolving mediator derived from 

DHA (3) was first observed in self-resolving exudates by the use of lipidomics. A second 

member of this family, with similar mode of action as the previously mentioned MaR1 (31), 

was identified five years later and coined maresin 2 (MaR2, 32).110 The name maresin was 

established on the basis that these lipid mediators are biosynthesised by macrophages in 

resolving inflammation.3,109 The maresins are biosynthesized from DHA (3) through a 12/15-

LOX pathway, generating a 14S-hydroperoxide 29. Further transformation of this 

hydroperoxide intermediate 29 results in a 13S,14S-epoxide 30, which upon enzymatic 

hydrolysis yields the maresins (31 and 32) (Scheme 1.9).111 The stereochemistry of the 

13S,14S-epoxy-maresin (30) and its role as an intermediate in the biosynthesis of the 

maresins were confirmed along the same line as for PD1.111  

 

 

 

Scheme 1.9 Outline of the biosynthesis of MaR1 (31) and MaR2 (32). 

 

The maresins display a vast array of potent bioactions resembling those observed for the 

other SPMs. However, MaR1 (31) has been proven to be more potent than RvD1 (24) in 

promoting efferocytosis by macrophages.112 In studies where a flatworm (planarian) was 

decapitated, administration of MaR1 (31) accelerated the regeneration and reappearance of 

the head.112 Additionally, relief of both inflammatory and chemotherapy-induced pain in 

mice and suppression of allergic lung inflammation and ILC2 function, which are involved in 

the pathogenesis of asthma, have been reported.8,112       
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1.3.4 The Sulfido-Conjugates of Resolvin, Protectin and Maresin 

 

Recently, novel sulfido-conjugates of the resolvin (RCTR1-RCTR3, 34-36), protectin 

(PCTR1-PCTR3, 37-39) and maresin (MCTR1-MCTR3, 40-42) were discovered by the 

Serhan group in Escherichia coli (E.coli) infected mice, infectious murine exudates, human 

spleen and human blood from sepsis patients.113,114 These newly identified mediators 

originate from DHA and share a similar biosynthetic pathway with the known congeners 

resolvins, protectins and maresins, including the formation of a 17S- or 14S-hydroperoxide 23 

and 29 by LOX enzymes, which can undergo further transformations leading to the three 

different epoxides 27, 30 and 33. Enzymatic addition of peptides to these epoxides yields 

PCTR1 (37), MCTR1 (40) and RCTR1 (34), respectively (Scheme 1.10).114-116 γ-Glutamyl 

transferase (GGT) regulates the conversion of these products to PCTR2 (38) and PCTR3 

(39), MCTR2 (41) and MCTR3 (42) and RCTR2 (35) and RCTR3 (36).115 The structures of 

PCTR1 (37) and MCTR1 (40) were established through matching experiments of biological 

PCTR1 (37) and MCTR1 (40) with synthetic material obtained by ring-opening on the 

methyl esters of the 16S,17S-epoxy-protectin (27) and 13S,14S-epoxy-maresin (30) with 

glutathione. These results established the role of the epoxides 27 and 30 in the biosynthesis of 

these potent pro-resolving lipid mediators 37 and 40.115,116   

 

The sulfido-conjugates described above are capable of resolving E. coli infection by 

downregulating the infiltration of neutrophils and the clearance of bacteria by macrophage 

phagocytosis, as well as the removal of apoptotic cells.113,114 Low concentrations of these 

pro-resolving mediators also accelerate tissue repair and regeneration in planarian.113,114 The 

actions discussed above prove that the resolvin-, protectin- and maresin-conjugates control 

host responses to restrain infections, promote resolution and tissue regeneration, ultimately 

leading to the return to homeostasis.   

 



15 

 

 

 

Scheme 1.10 Outline of the biosynthesis of the PCTRs (37-39) and MCTRs (40-42), as well as the  

proposed biosynthesis of the RTCRs (34-36).114-116 
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1.4 New SPMs Derived From n-3 Docosapentaenoic Acid 

 

EPA (2) is generated from elongation and desaturation of α-linolenic acid (ALA) in 

mammals. This fatty acid is further converted to DHA (3) through the intermediate n-3 

docosapentaenoic acid (n-3 DPA, 43) (Scheme 1.11).117-119 The only structural difference 

between n-3 DPA (43) and DHA (3) is the absence of the Z-double bond between C4 and C5, 

present in DHA (3). In 2013, Serhan and co-workers observed that n-3 DPA (43) is also a 

substrate for different LOX pathways in mice and human leukocytes, leading to the discovery 

of a novel family of SPMs.120 These newly identified mediators share structural resemblance 

with their sister analogues of the D-series resolvins, protectins and maresins, except from the 

absence of the C4-C5 Z-double bond.121     

 

 

 

Scheme 1.11 Outline of the conversion of EPA (2) to DHA (3) through the intermediate n-3 DPA (43) (the longest rout 

occurs in mammals). 

 

As mentioned above, these SPMs are biosynthesised by oxygen insertion, catalysed by LOX 

enzymes. In the formation of PD1n-3 DPA (46), oxygen is incorporated at C17 in n-3 DPA (43) 

by 17-LOX, yielding hydroperoxide 44, which is enzymatically converted to epoxide 45. 

This transient epoxide can then undergo enzymatic hydrolysis to PD1n-3 DPA (46). In similar 

fashion, n-3 DPA (43) may be oxidised at C14 by 12-LOX to the 14S-hydroperoxide 53. 

Further transformation of this hydroperoxide 53 leads to the 13,14S-epoxide 56, which upon 

enzymatic hydrolysis furnishes MaR1n-3 DPA (57). Several other n-3 DPA-derived SPMs 

produced by similar pathways have been identified.120 
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Scheme 1.12 Proposed biosynthetic scheme for novel n-3 docosapentaenoic acid derivatives.120 

 

Recently, new host-protective members originating from the n-3 DPA-family of lipid 

mediators that are biosynthesised via a COX-2 pathway have been identified in sterile 

inflammation or infection in mice and humans, termed 13-series resolvins.70 Currently, four 

structures have been determined, RvT1-RvT4 (59-62), although the complete configuration 

of the stereocenters present in these four molecules has as yet not been established. The RvTs 

increase the phagocytic removal of bacteria and regulate the production of inflammatory 

proteins. They have also showed potent protective actions during infection, increasing the 

survival rate of E. coli-infected mice.70 
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Scheme 1.13 Biosynthetic scheme for the novel RvT1-RvT4 (59-62). 

 

The proposed biosynthesis of the RvTs (59-62) involves a two-step transcellular process that 

requires neutrophil-endothelial cell interaction. In the first step, n-3 DPA (43) is converted to 

the 13R-hydroperoxide (13-(R)-HpDPA) by endothelial COX-2. The hydroperoxyl group is 

then reduced to a hydroxyl group, resulting in 13R-hydroxydocosapentaenoic acid (13R-

HDPA, 58). Further, 13R-HDPA (58) is transferred to adjacent neutrophils where it is 

converted by 5-LOX to the four RvTs (59-62) (Scheme 1.13).70 

 

1.5 Asymmetric Reduction of Ketones  

 

The preparation of chiral secondary alcohols from the asymmetric reduction of prochiral 

ketones is a method of paramount importance for the construction of building blocks in the 

synthesis of a variety of enantiopure drugs and natural products.122 Several methods have 

been developed for this purpose, including stochiometric and catalytic reactions. In this 

section, a selection of methods concerning the enantioselective reduction of ketones will be 

addressed.  

 

One example is the binaphthol-modified aluminium hydride reagent (BINAL-H), which can 

be prepared in situ from lithium aluminium hydride (LAH), the chiral diol, 1,1’-binaphthol 

and an alcohol, usually ethanol.123 BINAL-H provides highly enantioselective reduction of 

aromatic ketones, as well as unsaturated ketones such as alkenyl and alkynyl ketones.124  
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Figure 1.5 Structures of both the (S)-BINAL-H (63) and (R)-BINAL-H (63) reagents. 

 

Predominantly, (R)-63 gives the R-enantiomer of the alcohol, while with (S)-63, the S-

enantiomer predominates. This can be explained by the six-membered transition state 

displayed in Scheme 1.14, given that the π-system has a higher priority than the alkyl 

chain.124 In this transition state, the π-system present in the ketone prefers the equatorial 

position due to the repulsive interactions by the π-system in the ketone and the lone pair on 

the oxygen in BINAL-H, known as the n-π repulsion. 

 

 

 

Scheme 1.14 Stereoselectivity in reduction of ketones by (S)-BINAL-H 63.124 

 

This method has been utilized by Noyori in the assignment of the S-configuration at C-15 in 

prostaglandin F2α and PGE2 (96) following the route published by Corey and co-

workers.125,126 In Scheme 1.15, three examples of the asymmetric reduction of α,β-

unsaturated ketones, including the prostaglandin building block 69, by BINAL-H are 

shown.127 One drawback with this method is the high amount of catalyst loading.     
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Scheme 1.15 Three examples of the asymmetric reduction of α,β-unsaturated ketones by BINAL-H.127 

 

Diisopinocampheylchloroborane (Ipc2BCl or DIP-chloride) is another reagent first used by 

Brown and co-workers in the asymmetric reduction of acetophenone.128 Both enantiomers of 

DIP-chloride ((+)- and (-)-72) are commercially available, but they can also be prepared from 

inexpensive α-pinene. This reagent is most often used in the enantioselective reduction of 

aryl alkyl ketones. Nevertheless, good to excellent enantiomeric excess (ee) was observed in 

the reduction of alkynyl ketones,129 aliphatic acylsilanes130 and sterically hindered ketones,131 

as well as promising results for the reduction of prostaglandin intermediates 68 and 70 

(Scheme 1.16).131  

 

 
 

Scheme 1.16 Reduction of two prostaglandin intermediates 68 and 70 by DIP-chloride.131 

     

DIP-chloride reduces prochiral ketones by the donation of the hydrogen on the tertiary carbon 

adjacent to the boron, also referred to as transfer hydrogenation. For this reason, the transition 

state involves a six-membered ring, shown in Scheme 1.17.131 Through this transition state, it 

is possible to predict the conformation of the resulting chiral alcohol.   
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Scheme 1.17 The proposed six-membered transition state in the reduction of a ketone by DIP-chloride.131 

 

B-3-pinanyl-9-borabicyclo[3.3.1]nonane (Alpine-Borane®) is an organoboron reagent which 

effectively reduces aldehydes and alkynic ketones.132-137 Both the (R)- and (S)-enantiomer 75 

can easily be prepared from hydroboration of either (+)- or (-)-α-pinene by 9-

borabicyclo[3.3.1]nonane (9-BBN). Ketones are reduced at a much lower rate than 

aldehydes, and Alpine-Borane® is consequently able to selectively reduce aldehydes in the 

presence of a ketone.138 One example of the chemoselective reduction of the acetylenic 

ketone in 2-nonyne-4,8-dione is obtained, leaving the methyl ketone untouched (Scheme 

1.18).137 The above-mentioned reagent, DIP-chloride, is considerably more efficient in the 

stereoselective reduction of ketones.  

 

 

 

Scheme 1.18 The chemoselective reduction of 2-nonyne-4,8-dione (73) by Alpine-Borane®.137 

 

A kinetic study confirmed that the reduction of aldehydes proceeds through a six-membered 

transition state (Scheme 1.19).139 Hence, the rate of the reaction is dependent on the 

concentration: running the reaction neat affords the fastest rate.140 An electron-withdrawing 

group in the substrate will also accelerate the rate of the reduction of aldehydes and ketones 

(Scheme 1.20).139 To avoid deceleration towards the end of the reaction, an excess of Alpine-

Borane® is usually exploited. A competing side reaction is the dehydroboration, which occurs 

under more harsh reaction condition, causing the release of 9-BBN. Free 9-BBN will then 

reduce carbonyl compounds to racemic products, corroding the enantiomeric purity.141 This 

problem can be avoided by running the reactions at elevated pressure (Scheme 1.20).142 
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Scheme 1.19 The six-membered transition state in the Alpine-Borane® reduction.139 

 

 

 

Scheme 1.20 A) Alpine-Borane reduction of a ketone with an electron-withdrawing group.139 B) The effect observed by 

running the Alpine-Borane reduction at elevated pressure.142 

 

A fourth alternative of a reducing agent is the enantiomers of 2,5-dimethylborolane 

(borolane), utilized in the stereoselective reduction of a variety of prochiral ketones.143 The 

reagent system consists of 1.0 equivalent of one of the enantiomers of borolane and 0.2 

equivalents of borolanyl mesylate, which can be prepared in situ by treating the lithium 

dihydridoborate 82 in pentane with methanesulfonic acid.143 Exceptional diastereoselectivity 

was observed when pregnenolone (80) was reduced by (R,R)-borolane and (S,S)-borolane 

(Scheme 1.21).143 

 

 
 

Scheme 1.21 Asymmetric reduction of pregnenolone (80) by (R,R)- or (S,S)-borolane.143 

 

The asymmetric reduction occurs through the formation of a complex by the coordination of 

borolanyl mesylate 84 syn to the smallest alkyl group (R1) in the ketone (Scheme 1.22).144 

Following the completion of the reaction, the chiral borolane can be recovered as a crystalline 

complex with 2-amino-2-methyl-1-propanol.  
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Scheme 1.22 A) Preparation of the borolane reagent system. B) The mechanism of borolane reduction.144 

 

The Corey-Bakshi-Shibata (CBS) catalyst is named after its three inventors and is an efficient 

component in the enantioselective borane reduction of a wide array of ketones.145-147 This 

proline-derived catalyst was developed based on the interesting catalytic activities observed 

for oxazaborolidine 87, obtained by reacting amino alcohol 86 with borane in tetrahydrofuran 

(THF) and was first reported by Itsuno and his group (Scheme 1.23).148  

 

 
 

Scheme 1.23 Catalytical activity observed for oxazaborolidine 87 in the reduction of acetophenone.148 

 

The proposed mechanism for the reduction of acetophenone catalysed by CBS is depicted in 

Scheme 1.24.145,149 The stochiometric reductant in this case is BH3, but catecholborane is also 

commonly applied. During the initial step, BH3 coordinates to the Lewis basic nitrogen, 

forming a cis-fused complex 89. This step activates BH3 as a hydride donor, as well as 

increasing the Lewis acidity of boron. The existence of the oxazaborolidine complex 89 was 

confirmed by 11B NMR spectroscopy145 and single-crystal X-ray diffraction analysis.150,151  

Next, boron binds to the most sterically accessible electron lone pair on the oxygen in the 

ketone 78, minimising the unfavourable interaction between the ketone and oxazaborolidine. 

Face-selective hydrogen transfer can then occur through a six-membered transition state, 

leading to the formation of intermediate 91. Finally, the product is released either by 

cycloelimination or by decomposition of the six-membered BH3-bridged species 92 formed 

by addition of BH3.  
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Scheme 1.24 Proposed mechanism for the CBS reduction.147 

    

Considering the wide tolerability in ketones reduced by CBS with good enantioselectivity, it 

has been utilized in the total syntheses of several natural products. For example, the CBS 

reduction has been used to set the stereochemistry at C15 in the synthesis of PGE2 (96)146 and 

PGE1.
152 The assignment of the stereocenter at C1 in JBIR-108 (99) and (100) was confirmed 

by total synthesis, where the key chiral secondary alcohol was constructed by CBS reduction 

of the former ketone (Scheme 1.25).153  

 

 

 
Scheme 1.25 Application of CBS reduction in the synthesis of A) PGE2 (96),146 and B) JBIR-108 (99) and (100).153 

 

Noyori asymmetric hydrogenation is the asymmetric reduction of olefins and ketones 

catalysed by chiral ruthenium or related rhodium complexes and was introduced by Noyori 
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and co-workers. In 2001, Ryoji Noyori shared half of the Nobel Prize in Chemistry with 

William S. Knowles, “for their work on chirally catalysed hydrogenation reactions”154  

 

 

 

 

Scheme 1.26 Industrial application of BINAP-Ru catalysed hydrogenation to the asymmetric synthesis of carbapenem 

antibiotic.155 

 

The BINAP-Ru(II) complexes efficiently hydrogenate functionalized ketones.156,157 In 

Scheme 1.26, this methodology is utilized in the industrial preparation of carbapenem 

antibiotics. The coordination of the functional group to the catalytic centre assures 

stereochemical control and accelerates the reaction rate. These complexes are not able to 

hydrogenate simple ketones due to the lack of heteroatoms necessary for the binding to the 

Ru-metal core. Due to this shortcoming, an improved tertiary catalytic system 104 was 

developed, based on a similar catalytic system generated a few years earlier.158 This 

improved complex effectively hydrogenates simple ketones in 2-propanol, such as 

acetophenone 78 (Scheme 1.27).159 Another benefit with these tertiary systems are the 

chemoselective hydrogenation of C=O vs C=C.160  

  

 

 

Scheme 1.27 The asymmetric hydrogenation of simple ketones in 2-propanol by Ru-complex 104.159 

 

In 1995, a new type of nonphosphin-based chiral Ru(II) pre-catalysts (Figure 1.6) was 

prepared. 161 These new Ru(II) complexes are more reactive than the above-mentioned 

phosphine-containing complexes, as they can accomplish high enantioselective reduction at 

room temperature and without acquiring hydrogen.161 Instead, 2-propanol is often used as the 

hydrogen source in these reactions, but due to the structural similarities between the hydrogen 

donor and the product, both being secondary alcohols, the process is reversible and can cause 

a decrease in the enantiomeric purity of the product.161 This problem can be overcome by 

using a mixture of formic acid and triethylamine.162  
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Figure 1.6 Pre-catalysts for the asymmetric Noyori transfer hydrogenation.161 

 

The proposed mechanism for the transfer hydrogenation of ketones is found in Scheme 1.29. 

The first asymmetric transfer hydrogenation of α,β-acetylenic ketones was achieved utilizing 

these chiral Ru(II) complexes and 2-propanol as the hydrogen donor (Scheme 1.28).163  The 

propargylic alcohol products are of immense importance as building blocks in the synthesis 

of bioactive natural products and other interesting molecules. 

   

 

 

Scheme 1.28 Asymmetric Noyori transfer hydrogenation of α,β-acetylenic ketone 106.163 
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Scheme 1.29 Proposed mechanism for the asymmetric Noyori transfer hydrogenation. 164-166 

 

The use of biocatalysts in organic chemistry has become more prominent in the last decades, 

due to the fact that enzymes are able to perform reactions under mild conditions (e.g., pH and 

temperature) with impressive chemo-, regio- and stereoselectivity.167 Biocatalytic reduction 

of achiral ketones is a green and useful tool to access enantiopure alcohols. One example is 

the biocatalytic reduction of ketone 111 to the key intermediate 112 in the synthesis of 

montelukast sodium (Singulair) (113) which is illustrated in Scheme 1.30.168 This drug is a 

leukotriene receptor antagonist developed to control the symptoms of asthma and allergies.169   
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Scheme 1.30 Biocatalyst reduction of ketone 111 to the key intermediate 112 in the synthesis of montelukast sodium 

(113).168 

 

1.6 Challenges and Different Strategies in the Synthesis of PUFAs  

 

The interesting biological effects observed for the PUFAs have encouraged their preparation, 

considering that they are produced in minute amount from natural sources. Common 

structural similarities for these molecules are the presence of multiple double bonds, often as 

a mixture of both E- and Z-configurations, as well as skipped Z-olefin components and 

alkenes in conjugation.170 Other familiar functional groups observed include carboxylic acids, 

alcohols, ketones, ethers and epoxides.170 

 

In this section, a selection of the most commonly applied methods for creating Z-olefins and 

other functional groups present in the PUFAs will be highlighted. 

 

1.6.1 Hemisynthesis of PUFAs 

 

To construct structures containing several skipped (Z,Z)-1,4-diene moieties, an attractive and 

efficient alternative is to employ natural sources, where the desired skipped diene system 

already is incorporated in the compound, such as AA (1), EPA (2) and DHA (3). In the 

hemisynthesis of racemic 5-HETE (7), published by Corey and co-workers, AA (1) was 

utilized as staring material.171 First, AA (1) was subjected to iodolactonization, affording 

iodolactone 114a. Elimination of iodide, facilitated by DBU, provides the corresponding δ-

lactone 115a. The lactone was opened by using triethylamine and methanol, yielding the 

methyl ester, which after basic hydrolysis furnishes (±)-5-HETE (7) (Scheme 1.31). The 

initial iodolactonization step was later improved by Ulven and co-workers and full 

conversion of AA (1) was achieved by using γ-collidine as a base and dichloromethane as the 

solvent.172 Both 4-HDHA (9) and 5-HEPE (8) were prepared by Itoh et al. by using the same 

approach.173,174 The racemic lactone formed from DHA (3), which is a natural product in 

itself named (±) zooxanthellactone, was also prepared using iodolactonization followed by 
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elimination of iodide by Kuklev and co-workers.175 This natural product has also been 

stereoselectively synthesized in our group.176 

 

 

 

Scheme 1.31 The synthesis of racemic 5-HETE (7).171 

 

Skattebøl and co-workers have utilized both EPA (2) and DHA (3) as starting materials in the 

syntheses of sulfur- and oxygen-containing fatty acids,177 as well as three metabolites of EPA 

(2) and DHA (3).178 In our group, hemisynthesis methodology has been used to synthesize 

interesting PUFAs such as,179 juniperonic acid, eicosatetraenoic acid (ETA), stearidonic acid 

(SDA) and n-3 DPA (43).180 The synthesis of the latter from the ethyl ester 116 is illustrated 

in Scheme 1.32.      

 

 

Scheme 1.32 The synthesis of n-3 DPA (43) from the ethyl ester 116.180 

 

Iodolactonization of PUFAs yields only the racemic product and optical resolution of the 

racemic mixture gives access to both enantiomers. This method was utilized to produce the S 

and R enantiomers of 5-HETE (7) and 4-HDHA (9).173,181 A direct route to access 

enantiomeric material  ̶  without the use of time-consuming multiple step total synthesis or a 

maximum achievable yield of 50%, which is the case of optical resolution  ̶  is by asymmetric 

reduction of the ketones derived from the hydroxylated PUFAs. Itho and co-workers 

attempted to produce 4-(S)- and 4-(R)-HDHA (9) by asymmetric iodolactonization and 

asymmetric reduction of  4-oxo-DHA, but they reported that both asymmetric reduction of 

the DHA-derived ketone and the halolactonization product were obtained in poor 
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enantioselective excess and no reaction conditions were provided.173 Hence, further 

investigation of the asymmetric reduction of keto-analogues is required.          

 

1.6.2 Z-selective Wittig Reaction 

 

The Z-selective Wittig reaction furnishes Z-alkenes from the reaction between an unstabilized 

ylide and an aldehyde.182 Georg Wittig shared the Nobel Prize in Chemistry with Herbert C. 

Brown (mentioned in section 1.6) in 1979 "for their development of the use of boron- and 

phosphorus-containing compounds, respectively, into important reagents in organic 

synthesis", reflecting the importance of this reaction in organic chemistry.183 The mechanism 

concerning the construction of these Z-olefins is still debated. One highly supported 

mechanism involves the formation of a cis-oxaphosphetane transition state, which ensures 

maximal space between the large substituents (Scheme 1.33).184-186 The subsequent 

decomposition is stereospecific, where the cis-oxaphosphetane undergoes syn-elimination to 

give the corresponding Z-alkene. 

 

 

 

Scheme 1.33 Proposed mechanism for the Wittig reaction. 

 

The factors that influence Z-selectivity can be controlled to greatly enhance the desired 

selectivity. These factors include the choice of ylide, running the reaction at low temperature, 

high dilution of the reaction mixture, and lithium-free conditions.182 In Scheme 1.34, the 

construction of a (Z,Z)-1,4-diene component, in the SPM PD1n-3 DPA (46), is established by a 

Wittig reaction between the ylide of Wittig salt 123, generated by treatment of the salt 123 

with NaHMDS and aldehyde 122.187  

 

 

 

Scheme 1.34 Construction of the (Z,Z)-1,4-diene moiety by a Wittig reaction between aldehyde 122 and Wittig salt 123.187  
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In the Horner-Wadsworth-Emmons (HWE) reaction, phosphonate-stabilized carbanions are 

reacted with carbonyl compounds and the double bond formed in this reaction is 

predominantly E.188,189 The phosphonates used in the HWE reaction are more reactive. Thus, 

they will react with both ketones and aldehydes, assuring a wider scope for the HWE 

reaction, since hindered ketones are less susceptible to undergo a classic Wittig reaction.190 

Another advantage is that the phosphonates can be easily prepared, and the separation of the 

desired alkene and the dialkyl phosphate by-product is less complicated due to the high 

water-solubility of the side product.  

 

In 1983, Still and Gennari reported a modification of the HWE reaction to generate Z-alkenes 

by reacting phosphonates with electron-withdrawing groups, such as trifluoromethyl, with 

aldehydes in presence of a strong base.191 It is believed that the electron-withdrawing effect 

of the two trifluoroalkoxy groups on the phosphonate ester increases the nucleophile attack 

on phosphor by oxygen, enhancing the elimination rate of the oxaphosphetane intermediate. 

O’Doherty and co-workers used the Still-Gennari modification to prepare cryptocarya 

triacetate (128) (Scheme 1.35).192   

  

 

 

Scheme 1.35 Application of the Still-Gennari modification in the synthesis of cryptocarya triacetate (128).192  

 

Z-alkenes can also be prepared by using the Ando method as illustrated in Scheme 1.36,193 

which is a another modification of the HWE reaction.194  

 

 

 

Scheme 1.36 Application of the Ando method in the generation of Z-alkene 131.193 

 

1.6.3 Z-selective Hydrogenation of Alkynes 

 

The constructions of the carbon skeletons of PUFAs often include acetylene chemistry. 

Terminal alkynes are useful intermediates in organic syntheses, since they easily can be 

deprotonated to undergo organometallic cross-coupling reaction, metathesis and other 

advantageous reactions.170 The internal alkyne present in the resulting product can then be 
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subjected to partial hydrogenation, providing a double bond with Z-geometry by numerous 

established methods.  

 

The most frequently utilized reagents for Z-selective hydrogenations of alkynes are the 

palladium-based, such as the Lindlar catalyst in which palladium is deposited on CaCO3 and 

further poisoned with lead acetate or lead oxide to decrease the reactivity of the catalyst to 

avoid over-reduction to the corresponding alkane.195,196 However, over-reduction may still 

occur when using this method. For this reason, pyridine and 1-octene (sacrificial olefin) have 

been added as co-solvents in the reaction to avoid this problem.187,197-200 The reduction of the 

alkyne is proposed to proceed through syn-addition of hydrogen, which is bound on the 

surface of the catalyst, generating Z-alkenes exclusively. Quinoline and 2,2’-(ethylenedithio) 

diethanol are additives that can be used to enhance the selectivity.196 Palladium on activated 

charcoal is disfavoured for the partial hydrogenation due to the high risk of over-reduction. 

The Lindlar reduction has found extensive applications in organic chemistry since the 

introduction by Herbert Lindlar in 1952.195 One example of the application of the Lindlar 

catalyst is in the semi-hydrogenation of intermediate 132, furnishing the methyl ester of DHA 

133 (Scheme 1.37).201  

 

 

 

Scheme 1.37 Selective semi-hydrogenation of intermediate 132 by Lindlar’s catalyst.201 

 

Z-geometry by partial hydrogenation can be obtained by other methods as well, including 

nickel-based catalyst such as P-2 Ni202 and Raney®-nickel,203 and the copper (I) hydride 

reagent, known as Stryker’s reagent.204 Of the three, P-2 Ni, introduced by Brown, is the most 

commonly used. The black nickel catalyst can easily be prepared in situ by the reduction of 

nickel acetate by sodium borohydride in ethanol and the addition of ethylenediamine 

increases the Z-selectivity of the reaction.202 A more recently published protocol for the 

preparation of Z-double bond from the corresponding internal alkyne is the platinum-

catalysed hydrosilylation of internal alkynes followed by desilylation.205,206          

 

The reduction of an alkene in conjugation is challenging to achieve when using the above-

mentioned methods. The conjugated systems are more reactive, making them susceptible for 

unwanted side reactions, even though these systems are considered to be thermodynamically 

more stable. This problem was overcome by the development of an activated zinc complex 

(Zn(Cu/Ag)) by Boland and co-workers, which efficiently reduced conjugated acetylenes in 

MeOH and H2O solvent systems to Z-alkenes.207 One example is the reduction of the E,E-

conjugated dialkyne 134 to the methyl ester of bosseopentaenoic acid 135, which was 

achieved in high yield and good diastereomeric ratio (50:1 of the desired Z,E,E,Z-isomer) 

using the Zn(Cu/Ag)) complex, further activated by 10 equivalents of TMSCl.208  
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Scheme 1.38 Application of Boland reduction in the synthesis of the methyl ester  of bosseopentaenoic acid 135.208 

 

1.6.4 Metathesis in the Construction of Z-Alkenes 

 

Olefin metathesis is the transformation involving the cleaving and formation of a new 

carbon-carbon double bond.209 The most commonly and versatile catalysts used in this field 

are the first-,210 and the  second211 generation of the ruthenium-based catalyst developed by 

Grubbs and co-workers. The first212 and second213 generation of the Hoveyda-Grubbs 

catalysts, and the tungsten and molybdenum complexes developed by Schrock and co-

workers214 are also commonly employed in metathesis reactions. The ring-closing metathesis 

(RCM) is a widely used variant of the olefin metathesis reactions. This reaction comprises the 

formation of diverse sized unsaturated rings by intramolecular metathesis of two terminal 

alkenes. A drawback with the RCM is the lack of control of the configuration of the newly 

formed double bond in macrocycles, leading to the formation of a mixture of E- and Z-

isomers in the product, where the thermodynamically most stable E-isomer often dominates 

in large macrocycles.209 Even so, improvements have been made during the last decade with 

the development of the Ru-, Mo- and W-based catalysts mentioned above, which provide Z-

alkenes in satisfactory selectivity. Further development might increase the utilization of this 

methodology in total synthesis of natural products. The value of olefin metathesis 

methodology was acknowledged by awarding the Nobel Prize in Chemistry in 2005 to Yves 

Chauvin, Robert H. Grubbs and Richard R. Schrock, “for the development of the metathesis 

method in organic synthesis".215  

 

To address the problem with the lack of stereo-control observed in RCM, a new strategy was 

developed by the Fürstner group, which includes ring-closing alkyne metathesis (RCAM) 

followed by Lindlar reduction of the alkyne, which provides Z-macrocycloalkenes 

selectively.216 Fürstner utilized this strategy in the synthesis of PGE2-1,15-lactone (138), as 

illustrated in Scheme 1.39.217  
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Scheme 1.39 Preparation of PGE2-1,15-lactone (138) by RCAM followed by Lindlar reduction.217 

 

Olefin cross-metathesis (CM) is another method to generate functionalized olefins from 

simple alkene precursors. This reaction predominantly produces E-double bonds, due to the 

thermodynamic control of metathesis.218 For this reason, CM is less prominent than the 

above-mentioned metathesis reactions. More Z-selective catalysts have been developed, 

including the previously mentioned Ru-, Mo- and W-based catalysts, which have improved 

the Z-selectivity in CM reactions. One example of a Z-selective CM-reaction in the total 

synthesis of falcarindiol (143) is illustrated in Scheme 1.40.219   

 

 

 

Scheme 1.40 Application of Z-selective cross-metathesis reaction in the total synthesis of falcarindiol (143).219    

 

1.6.5 Cross-Coupling Reactions in the Construction of Alkenes 

  

A powerful tool for accessing both Z- and E-olefins are the Pd- or Ni-catalyzed cross-

coupling reactions, such as Heck,220 Negishi,221 Stille,222 Suzuki-Miyaura223 and the 

Sonogashira reactions.224 The stereochemistry of the starting alkenyl halides or alkenylmetal 

species is retained through the reaction as a consequence of the cross-coupling step being 

mainly stereospecific. As a reflection of the importance of the cross-coupling reactions in 

organic chemistry, Richard F. Hech, Ei-ichi Negishi and Akira Suzuki were jointly awarded 
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the Nobel Prize in Chemistry in 2010 for their work on palladium-catalysed cross-coupling 

reactions.225 Cross-coupling reactions are frequently utilized in the synthesis of the highly 

unsaturated PUFAs. One example of the application of the Sonogashira reaction in the 

synthesis of RvD3 (26) is illustrated in Scheme 1.41.226      

 

 

 

Scheme 1.41 The use of the Sonogashira reaction in the synthesis of RvD3 (26).226 

 

1.6.6 Pyridinium Salt Derived Dienals in the Synthesis of PUFAs 

 

Dienals can be prepared by ring-opening of quaternary pyridinium salt, rendering access to 

functionalized conjugated dienes. This E,E-polyene motif is often present in natural products, 

such as macrolides, polyketides and PUFAs, thus increasing the utilization of these 

conjugated dines in total synthesis of the aforementioned structures.227 Treatment of a 

pyridine sulfur trioxide complex with potassium hydroxide gives rise to a glutaconaldehyde 

alkoxide. Subsequent interconversion provides the corresponding 5-halopenta-2,4-dienal, 

which is generally considered exceptionally useful in terms of synthetic application. Our 

group has synthesised various SPMs, including PD1 (28),198 MaR1(31)199 and their n-3 DPA 

congeners (46 and 57)187,200 from (2E,4E)-5-bromopenta-2,4-dienal (149), as illustrated in 

Scheme 1.42. 
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Scheme 1.42 Synthesis of several SPMs from (2E,4E)-5-bromopenta-2,4-dienal (149).227 

 

1.6.7 The Aldol Reaction 

 

The aldol reaction was discovered independently by Borodin228 and Wurtz229,230 in the 1870s. 

They almost concurrently observed the self-condensation of the aldehyde starting material 

through similar experiments, and the product obtained by Wurtz featured both an alcohol and 

an aldehyde. Hence, he named the term aldol. The diastereofacial selectivity in the aldol 

reaction can be rationalized based on the Zimmerman-Traxler model published in 1957.231 

They proposed that the metal enolates proceed through a six-membered chair-like transition 

state, where the E-enolates give rise to the anti-diastereomer, while the Z-enolates lead to the  

syn-diastereomer. The enolate imposes the orientation of the R2-group to be either pseudo-

equatorial or -axial in the six-membered transition state, while the R3-group in the aldehyde 

orients itself in the more stable pseudo-equatorial position, minimizing the steric interference 

(Scheme 1.43).231,232  

 

 

 

Scheme 1.43 The Zimmerman-Traxler six-membered transition state of the Z- and E-enolate.231,232   
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Particularly when the process occurs through the Zimmerman-Traxler transition state, 

controlling the geometry of the enolate formed in the reaction will also control the 

stereoselective outcome of the aldol reaction. Lithium and boron are often preferred as the 

metal source due to the relatively short bond between the oxygen and the previously 

mentioned metals. This leads to a tighter transition state, which in turn elevates the 

stereoselectivity.232 Titanium233 and silyl-based Lewis acids are also used in the generation of 

enolates. The aldol reaction between silyl enol ethers and an aldehyde is known as the 

Mukaiyama aldol reaction.234    

 

1.6.8 Evans Aldol 

 

The Evans aldol is a highly successful and broadly used version of the aldol reaction where 

chiral oxazolidinones are deployed in the generation of enantiopure alcohols.232,235 Generally, 

both enantiomers of the chiral oxazolidinones are commercially available. To minimize the 

steric interactions, the geometry of the formed enolate will be Z, and the chirality of the 

auxiliary usually ensures that the nucleophile addition occurs to one face of the aldehyde, 

leading to syn products.232,235 The Zimmerman-Traxler transition state can be used to 

rationalize the observed stereochemistry in the Evans aldol reaction.231 This is illustrated in 

Scheme 1.44, where nBu2BOTf and Et3N are utilized to generate the enolate. In the favoured 

transition state, the dipoles of the oxygen in the enolate and the carbonyl group of the 

auxiliary are placed opposite of each other. In addition, the R-group of the aldehyde is 

oriented in the pseudo-equatorial position, consequently minimizing steric interactions.  

 

 

 

Scheme 1.44 Mechanism for the Evans aldol reaction.  

 

1.6.9 The Nagao Acetate-Aldol Reaction 

 

The discovery that acetylated thiazolidinethiones undergo highly stereoselective acetate-aldol 

reactions in the presence of Sn(OTf)2 and 1-N-ethylpiperidine was made by Nagao and co-

workers in 1986.236 Both the oxazolidinone- and thiazolidinethione auxiliaries can be 
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converted into the corresponding alcohols, esters or acids. An additional advantage observed 

for the thiazolidinethiones is that they can be transformed into the aldehyde by DIBAL-H.                    

The Nagao acetate aldol reaction has since its discovery been extensively utilized in natural 

product synthesis. One example of its application in the total synthesis of (+)-phorboxazole A 

(155) is illustrated in Scheme 1.45.237 

 

 

 

Scheme 1.45 Application of Nagao acetate-aldol reaction in the synthesis of (+)-phorboxazole A (155).237 
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1.7 Aims  

 

The main aim of this study was to exploit different strategies to obtain both pro-inflammatory 

and anti-inflammatory lipid mediators. The partial objectives of this work are listed below: 

 

➢ Develop stereoselective protocols for the synthesis of 5-(S)-HETE (7), 5-(S)-HEPE 

(8), 4-(S)-HDHA (9). 

 

➢ Develop an efficient, stereoselective and convergent synthesis of LTB4 (12). 

 

➢ Develop a stereoselective synthesis of 16S,17S-epoxy PDn-3 DPA (45), enabling 

investigations of its role in the biosynthesis of the specialized pro-resolving mediator 

PD1n-3 DPA (46). 

 

➢ Develop a stereoselective synthesis rendering 13R-HDPA (58) to assign its absolute 

stereochemistry and confirm the role of 13R-HDPA (58) as the key intermediate in 

the biogenesis of the 13-series resolvins (59-62). 

 

➢ Develop a stereoselective synthesis of the novel specialized pro-resolving mediator 

RvT3 (61). 
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Chapter 2 

 Results and Discussion 
 

2.1 Paper I: Synthesis of 5-(S)-HETE, 5-(S)-HEPE and (+)-Zooxanthellactone: 

Three Hydroxylated Polyunsaturated Fatty Acid Metabolites  

 

The following section will give an outline of the results obtained from the investigation of the 

asymmetric reduction of the methyl ester of 5-oxo-eicosatetraenoic acid (5-oxo-ETE) 157a, 

the methyl ester of 5-oxo-eicosatetraenoic acid (5-oxo-EPE) 157b and the methyl ester of 4-

oxo-docosahexaenoic acid (4-oxo-DHA) 157c to the corresponding 5-(S)- and 4-(S)-

hydroxylated analogues of AA (1), EPA (2) and DHA (3), respectively.  

 

 
 

Figure 2.1 The structure of 5-(S)-HETE (7), 5-(S)-HEPE (8) and 4-(S)-HDHA (9). 

 

Studies have shown interesting antidiabetic effect for 5-(S)-HEPE (8)1,2 and 4-(S)-HDHA 

(9).3  Antiangiogenetic effects have also been observed for the latter.4 Thus, further biological 

investigation is necessary to thoroughly understand the biological effects of 5-(S)-HEPE (8) 

and 4-(S)-HDHA (9). So far, both racemic and stereoselective syntheses of 5-HETE (7) are 

reported,5-11 while for the EPA derived analogues, only racemic syntheses have been 

published.12,13 4-HDHA (9) has been prepared racemic and in the synthesis reported by 

Yamamoto and co-workers, 4-(S) and 4-(R)-HDHA (9) were accessed by optical 

resolution.3,12,14 Hence, the need for efficient stereoselective synthesis of these oxygenated 

PUFAs is of interest. In this context, we wanted to investigate if stereoselective reductions of 

the corresponding oxo-compounds of 5-HETE (7), 5-HEPE (8) and 4-HDHA (9) could yield 

the target molecules with high stereoselectivity.  

 

2.1.1 Investigation of Reaction Conditions 

 

The three oxo compounds 157a-c were prepared as illustrated in Scheme 2.1. Following a 

procedure reported by Ulven and co-workers, the free acids were converted into the 

iodolactones 114a-c.11 Further, a DBU induced elimination reaction was preformed, 

affording lactones 115a-c.15 Ring opening of the lactones 115a-c to the corresponding 

hydroxy methyl esters 156a-c was achieved using Et3N in methanol.15,16 The secondary 

alcohols 156a and 156b were then oxidized by Dess-Martin periodinane, furnishing the 

ketones 157a and 157b. The Swern oxidation17 was utilized to oxidize the secondary alcohol 

in compound 156c according to a procedure reported by Itho and co-workers.14   
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Scheme 2.1 Preparation of oxo compounds 157a-c.  

 

Next, various methods and protocols for the stereoselective reduction of the ketones 157a-c 

were investigated. We decided to focus on the Noyori’s transfer hydrogenation catalyst and 

Corey-Bakshi-Shibata (CBS) catalyst because they are readily available from commercial 

sources. Additionally, the CBS catalyst have proven to reduce α,β-unsaturated ketones to the 

corresponding alcohol in good yields and high %ee.18-20  

 

Noyori’s transfer hydrogenation catalyst 105a and CBS catalyst (R)-158 were tested in the 

stereoselective reduction of the methyl ester of 5-oxo-EPE 157b. Employing Noyori’s 

catalyst 105a in the asymmetric reduction of oxo-compound 157b afforded the desired 5-

hydroxy-compound (S)-156b in moderate yield and ee-values in the mid 70’s (Table 2.1, 

entries 1 and 2). It became apparent that the results were difficult to reproduce. Hence, the 

focus was shifted to the CBS reduction and CBS catalyst (R)-158. When borane dimethyl 

sulfide (BMS) was utilized as the reducing agent with 15 mol% of the catalyst (R)-158 in 

either THF or toluene the product (S)-156b was formed in poor yields and poor ee-values 

(Table 2.1, entries 3 and 4) In entry 5, the reducing agent was switched to catecholborane, 

which remarkably increased both the yield and the selectivity. The selectivity was further 

enhanced when switching the solvent from toluene to dichloromethane (entry 6). Also 

important, the obtained results were reproducible. The opposite enantiomer of the catalyst 

(S)-158, the (S)-catalyst, provided the (R)-enantiomer of the product (R)-156 in comparable 

yield and ee-value to the results obtained with the (R)-catalyst 158 (entry 7). Increasing the 

catalyst loading did not affect the yield or ee-value to a great extent (entry 8). 
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Table 2.1 Stereoselective reduction of compounds 157a-c. 

 

Entry Solvent Substrate Catalyst Reducing 

agent 

Temperature 

(°C) 

Yield 

(%)a 

ee 

(%)b 

1 i-PrOH 157b (S,S)-105a 

(2 mol%) 

̶ rt 58 74 

2 CH2Cl2 157b (S,S)-105a 

(2 mol%) 

̶ rt 60 77 

3 THF 157b (R)-158 

(15mol%) 

BMS -50 to -10 21 42 

4 Toluene 157b (R)-158 

(15 mol%) 

BMS 0 19 34 

5 Toluene 157b (R)-158 

(15 mol%) 

CB -78 80 63 

6 CH2Cl2 157b (R)-158 

(15 mol%) 

CB -78 85 79 

7 CH2Cl2 157b (S)-158 

(15 mol%) 

CB -78 81 75 

8 CH2Cl2 157b (R)-158 

(50 mol%) 

CB -78 83 69 

9 CH2Cl2 157a (R)-158 

(15 mol%) 

CB -78 84 71 

10 CH2Cl2 157c (R)-158 

(15 mol%) 

CB -78 63 69 

a Isolated material 
b Determined by HPLC analysis 

 

Since the conditions in entry 6 gave the best results in the reduction of 157b, the same 

conditions were applied for the remaining reduction of the methyl ester 157a and the methyl 

ester 157c. Similar ee-values were obtained for products 156a and 156c (entries 9 and 10). 

The reason for the moderate yield obtained in the reduction of 157c was due to the formation 

of the γ-lactone during the reaction. The final step was the hydrolysis of the methyl esters 

156a-c. This worked well for the (S)-alcohols 156a and 156b, affording 5-(S)-HETE (7) and 
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5-(S)-HEPE (8) in 90% and 84% yields, respectively (Scheme 2.2). The hydrolysis of methyl 

ester 156c resulted in the γ-lactone, which is a natural product called (+)-zooxanthellactone 

(115c). This is most likely due to the easily formed γ-lactone.21,22  

 

 

 

Scheme 2.2 Hydrolysis of compound 156a, 156b and the transformation of 156c to (+)-zooxanthellactone (115c). 

 

2.1.2 Conclusion 

 

The three naturally occurring PUFAs, 5-(S)-HETE (7), 5-(S)-HEPE (8) and (+)-

zooxanthellactone (115c), were obtained by short and stereoselective syntheses. By the use of 

the chiral CBS-catalyst 158, ee-values up to 79% were achieved and the results proved to be 

reproducible. The preferred protocol was applied in a convenient synthesis of (+)-

zooxanthellactone (115c). Thus, a highly stereoselective synthesis of this natural product is 

still elusive. 

 

The three keto-metabolites 5-oxo-ETE, 5-oxo-EPE and 4-oxo-DHA, as well as the oxo 

methyl esters 157a-c synthesized in the above-mentioned work, have been subjected to 

molecular modelling studies and evaluations as agonists towards the GPCR receptor 

oxoeicosanoid receptor 1 (OXER1). This receptor mediates the undesirable effects observed 

for the potent chemoattractant 5-oxo-ETE.4 The results reported from this study indicate that 

the oxo-compounds likely migrates through the membrane in order to access the receptor. 

Further, 5-oxo-EPE proved to activate the OXER1 receptor with similar efficiency as the 

natural agonist 5-oxo-ETE, while the methyl ester of 157a and 157b proved to be less 

efficient. 4-oxo-DHA and the methyl ester 157c did not activate the receptor at all. These 

finding spiked the interest in performing molecular modeling studies towards the OXER1 

receptor and the results obtained from these molecular modeling studies will be useful in the 

design of novel synthetic antagonist for OXER1.  
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                               Table 2.2 Agonist effects measured in the β-arrestin assay. 

Compound  EC50 (μM)a Max Response* 

5-oxo-AA Me ester (157a) 1,54±0.1 133 

5-oxo-ETE 0,22±0.1 100 

5-oxo-EPA Me ester (157b) 2,08 119 

5-oxo-EPA 0,38 80 

4-oxo-DHA Me ester (157c) >100 64 

4-oxo-DHA >100 23 
                                             aBased on three experiments in triplicates. 

 

In addition, the lactones 115b and 115c (both racemic and (+)-zooxanthellactone) have been 

subjected to preliminary evaluations in their ability to increase Ca2+ in endothelial cells. This 

study is currently ongoing and further biological experiments are needed.  
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2.2 Paper II: An Efficient Total Synthesis of Leukotriene B4 

 

LTB4 (12) is a potent pro-inflammatory lipid mediator biosynthesized from AA (1) by the 5-

LOX pathway. This powerful chemoattractant promotes recruitment and accumulation of 

leukocytes at the inflamed site.23 Herein, an overview of the synthetic planning and synthesis 

will be given.   

 

2.2.1 Retrosynthetic Analysis of Leukotriene B4 

 

The conjugated Z,E,E-triene present in LTB4 (12) is highly labile and prone to undergo 

isomerization in the presence of light, oxygen and acidic conditions. The two chiral allylic 

alcohols flanking the triene moiety are predisposed to encounter water elimination, further 

increasing the instability of the labile triene. To avoid disarrangement of the geometry in the 

structure, the instalment of the Z,E,E-triene is preferred at a late stage. In our group, several 

SPMs containing similar triene moieties by the use of the acetate–aldol reaction using the key 

building block (2E,4E)-5-bromopenta-2,4-dienal (149) have been synthesised.24-28 Based on 

the success in these syntheses, a retrosynthetic analysis, including this strategy, was designed 

for an efficient and convergent synthesis of LTB4 (12) (Figure 2.2). 

 

 

 

Figure 2.2 Retrosynthetic analysis of LTB4 (12). 

 

The first disconnection was done between C7 and C8, envisioning the construction of the Z-

double bond by a Sonogashira cross-coupling reaction29 between the terminal alkyne 160 and 

a suitable vinyl bromide, followed by Z-selective partial hydrogenation of the internal alkyne. 

This strategy ensures a late instalment of the labile Z,E,E-triene moiety. Next, the Z-double 

bond between C14 and C15 may result from a Z-selective Wittig reaction.30 These two 
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disconnections will divide the desired molecule in three fragments of comparable size, 

labelled the ω-end 159, the middle fragment 122 and the α-end 160.  

 

The middle fragment 122 contains a β-hydroxy carbonyl moiety that can be constructed by a 

Nagao acetate-aldol reaction.31 Consequently, this fragment may be cleaved between C12 and 

C13, rendering the acetylated chiral auxiliary (S)-153 and (2E,4E)-5-bromopenta-2,4-dienal 

(149), as illustrated in Figure 2.2. To generate the terminal alkyne, with the Colvin reaction in 

mind,32 the α-end 160 can be disconnected back to the corresponding ylide 162 and an 

aldehyde, which in turn can be prepared from the commercially available hydroxy lactone 

161.   

 

2.2.2 Total Synthesis of LTB4  

 

The synthesis towards LTB4 (12) commenced with the preparation of the α-end 160, as 

illustrated in Scheme 2.3. The secondary alcohol of commercially available (S)-(−)-α-

hydroxy-γ-butyrolactone (161) was protected using TBS-triflate. Further, 163 was reduced to 

the corresponding lactole 164 by DIBAL-H and subjected to a Colvin reaction to generate the 

terminal alkyne 165.32 The Dess-Martin periodinane reagent was utilized in the oxidation of 

the primary alcohol 165 and the resulting aldehyde 166 was reacted with methyl 

(triphenylphosphoranylidene)acetate (162) in a Wittig reaction,30 affording the α,β-

unsaturated methyl ester 167. The next step was the reduction of the conjugated double bond 

in 167. First, based on a paper published by Tsuda,33 DIBAL-H in the presence of CuI 

dissolved in a mixture of THF and HMPA was used. In our hands, however, this procedure 

gave low conversion of the starting material 167. Thereafter, the Stryker reagent was used,34 

giving the desired product in a disappointing 41% yield. The best result was obtained using 

magnesium turnings in methanol,35 which enhanced the yield of 160 to 60%.  

 

 

 

Scheme 2.3 Synthesis of the α fragment 160. 

 

Aldehyde 149 was prepared according to a slightly modified literature procedure from the 

commercially available pyridinium salt 168.36,37 The salt 168 was treated with aqueous 
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potassium hydroxide, affording the potassium salt 169. Further, 169 was reacted with a 

PPh3/Br2 complex in dichloromethane, followed by treatment with p-TsOH in diethyl ether, 

which yielded multi-gram quantities of (2E,4E)-5-bromopenta-2,4-dienal (149). The chiral 

alcohol in the middle fragment 122 was introduced by using a Nagao acetate aldol reaction 

between aldehyde 149 and enantiopure N-acetyl thiazolidinethione (S)-153, using TiCl as the 

Lewis acid and Hünig's base.38,39 This reaction gave intermediate 170 in good yield and a 

15.3:1 ratio of the desired diastereomer. Next, the secondary alcohol in 170 was protected, 

affording TBS silyl ether 171 (Scheme 2.4).  

 

 

 

Scheme 2.4 Preparation of TBS silyl ether 171. 

 

The chiral auxiliary in 171 was removed by reductive cleavage using DIBAL-H, giving 

aldehyde 122, which was immediately employed in a Z-selective Wittig reaction30 with the 

ylide generated by treating the commercially available Wittig salt 159 with NaHMDS. After 

purification by flash chromatography, only the desired Z-isomer 172 was detected by 1H and 
13C NMR analysis. Next, the two key fragments 172 and 160 were assembled by a 

Sonogashira cross-coupling reaction,29 using Pd(PPh3)4 and CuI in Et3N. The coupled product 

173 was obtained in 84 % yield. Five equivalents of TBAF were used to efficiently remove 

the two TBS groups, affording diol 174 (Scheme 2.5). 
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Scheme 2.5 Assembly of the middle fragment 122 and the ω-end 159, and the preparation of 174. 

 

Semihydrogenation of the conjugated alkyne 174 to the corresponding Z-alkene 175, using 

Lindlar’s catalyst,40 gave disappointing yields and an undesired by-product, which we were 

not able to separate from the desired product. The Boland protocol,41 on the other hand, with 

freshly prepared Zn(Cu/Ag) in methanol and water, yielded the chemically pure methyl ester 

175 in acceptable yields. The free hydroxyl groups promote adsorption to the surface of the 

metal catalyst, which in turn activates the selective reduction of the internal alkyne.42   

Finally, basic hydrolysis of the methyl ester 175 furnished LTB4 (12) in 78% yield (Scheme 

2.6). 

 

 

 

Scheme 2.6 Final steps in the total synthesis of LTB4 (12). 

 

2.2.3 Conclusion   

 

The potent inflammatory lipid mediator leukotriene B4 (12) was synthesized in ten steps 

(longest linear sequence) using 19 synthetic operations in an overall yield of 5%. This 

synthesis is one of the most efficient syntheses published and none of the steps required 

purification by HPLC. 
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2.3 Paper III: Stereocontrolled Synthesis and Investigation of the Biosynthetic 

Transformations of 16(S),17(S)-epoxy-PDn-3 DPA 

 

The role of epoxides in the biosynthesis of oxygenated PUFAs, including SPMs originated 

from EPA (2) and DHA (3), has earlier been reported.43 In 2015, the Lipchem group in 

collaboration with Serhan’s group at Harvard Medical School, Brigham and Women’s 

Hospital, established the biosynthesis of PD1 (28).44 Recently, it was reported that n-3 DPA 

(43) is converted to n-3 products, congeners of D-series resolvins, protectins and 

maresins.45,46 The configuration of PD1n-3 DPA (46), illustrated in Scheme 2.7, was later 

confirmed by the matching of authentic and synthetic material.25 Based on structural 

similarities with PD1 (28), it is highly likely that an epoxide intermediate is involved in the 

biosynthesis of PD1n-3 DPA (46) as well.45 However, to confirm the role of epoxide 45 in the 

biosynthesis of PD1n-3 DPA (46) total synthesis of 45 is required, as well as subjecting the 

synthetic material to biological systems. Hence, we became interested in developing a 

stereoselective synthetic strategy for the synthesis of 16(S),17(S)-epoxy-PDn-3 DPA (45). In this 

section, the planning and synthesis of 16(S),17(S)-epoxy-PDn-3 DPA (45) will be discussed. 

 

 

 

Scheme 2.7 Proposed biosynthesis of PD1n-3 DPA (46) from n-3 DPA (43). 

 

2.3.1 Retrosynthetic Analysis of 16(S),17(S)-epoxy-PDn-3 DPA  

 

Using a synthetic strategy with similarities to that reported for the synthesis of 16(S),17(S)-

epoxy-protectin (27),44 retrosynthetic scissoring between C10 and C11 was made, which will 

divide the target molecule into two fragments of similar size 176 and 177, as shown in Figure 

2.3. This carbon-carbon bond may in turn be forged by a Z-selective Wittig reaction.30 

Recognising that the two E-double bonds in aldehyde 176 may be generated by a Wittig 
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homologation, 176 can in a forward direction consequently be prepared from the 

commercially available ylide,  (triphenylphosphoranylidene)acetaldehyde (179) and aldehyde 

178, obtained from the corresponding alcohol. With a Katsuki-Sharpless epoxidation 

reaction47 in mind, the epoxide moiety in 178 can be transformed back to the alkene. Making 

a functional group manipulation of the primary alcohol in the previously mentioned alkene 

back the methyl ester 181, followed by a disconnection between C16 and C17, leads to the 

commercially available (Z)-hex-3-en-ol (182) and a suitable ylide as potential precursors. The 

Wittig salt 177 may be prepared from a Z-selective Wittig reaction30 after making two 

functional group manipulations. Disconnection between C7 and C8 leads back to the 

aldehyde 180, obtained from commercially available 3-((tert-butyldimethylsilyl)oxy)-

propanol and  Wittig salt 123, which in turn can be prepared from cycloheptanone (183).   

 

 

 

Figure 2.3 Retrosynthetic analysis of 16(S),17(S)-epoxy-PDn-3 DPA (45). 

 

2.3.2 Total Synthesis of the Methyl Ester of 16(S),17(S)-epoxy-PDn-3 DPA 

 

First, aldehyde 176 was prepared in five steps, as previously reported,44 from commercially 

available (Z)-hex-3-en-ol (182). This work commenced with the conversion of the primary 

alcohol in 182 to an aldehyde by the Dess-Martin reagent, which was utilized in a Wittig 
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olefination to obtain intermediate 181. The methyl ester in 181 was reduced using DIBAL-H 

to the corresponding alcohol 184, which was further transformed to epoxide 185 under the 

Sharpless condition47 in 70% yield and 96% ee. The oxidation of the primary alcohol in 185 

was achieved by a Swern oxidation,17 and the resulting aldehyde was then immediately 

subjected in a Wittig homologation with the commercially available ylide 

(triphenylphosphoranylidene)-acetaldehyde (179), furnishing aldehyde 176 in 61% yield after 

purification by flash chromatography (Scheme 2.8).  

 

 

 

Scheme 2.8 Preparation of aldehyde 176.  

 

The Wittig salt 177 was obtained from cycloheptanone (183). The first four steps were 

performed as previously reported.25 The sequence started with a Baeyer-Villager oxidation48 

of 183. The resulting lactone was treated with catalytic amount of H2SO4 in methanol, 

affording hydroxy methyl ester 186.49 The primary alcohol in 186 was then converted into 

Wittig salt 123, by first reacting 186 in an Apple reaction,50 followed by addition of PPh3 to 

afford 123.25 This Wittig salt 123 was treated with NaHMDS at -78 °C to generate the 

corresponding ylide and then reacted in a Z-selective Wittig reaction30 with aldehyde 180, 

yielding the desired product containing an internal Z-double bond as the single stereoisomer. 

The TBS-protecting group was then removed using camphorsulfonic acid (CSA) in methanol 

and dichloromethane, furnishing hydroxy methyl ester 187, which was converted into the 

Wittig salt 177, as outlined in Scheme 2.9. 
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Scheme 2.9 Preparation of the second key α fragment 177. 

 

The aldehyde 176 and the ylide of Wittig salt 177 were assembled in a Z-selective Wittig 

reaction.30 The desired methyl ester 188 was obtained in 58% yield (Scheme 2.10). Due to the 

instability of the hydrolysed product, this step was performed just prior to conducting the 

biological experiments, which were executed by our collaborators in Dalli’s group in London. 

They observed full conversion of 188 to the highly labile 16(S),17(S)-epoxy-PDn-3 DPA (45), 

which was confirmed by LC/MS-MS experiments, while UV-data confirmed the presence of 

the E,E,Z-triene after saponification.  

 

 

 

Scheme 2.10 Final step in the synthesis of 16(S),17(S)-epoxy-PDn-3 DPA (45). 
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2.3.3 Biological Actions of 16(S),17(S)-epoxy-PDn-3 DPA 

 

First, we wanted to investigate whether an enzyme was involved in the hydrolysis of epoxide 

45 to PD1n-3 DPA (46). Thus, acidified water (pH = 3.0) was added to the epoxide 45 and a 

shift in the λmax (MeOH) from 280 nm to 270 nm in the UV-visible absorption spectra was 

observed (Figure 2.4A, B). This newly formed ultraviolet absorbance profile is consistent 

with the formation of a conjugated E,E,E-triene moiety. From the aqueous hydrolysis of 45, 

four main products with a parent ion of m/z 361 were detected and characterized by LC/MS-

MS metabololipidomics (Figure 2.4C). The MS-MS fragmentation of product I and II 

resulted in identical spectra, which were in accordance with two isomers of 10,17(S)-

dihydroxydocosa-7Z,11E,13E,15E,19Z-pentaenoic acid (189) (Figure 2.4D). This product is 

the result of water added to the least sterically-hindered carbon of the putative carbocation 

intermediate (Scheme 2.11)  

 

When assessing the MS-MS fragmentation spectra of product III and IV, it became evident 

that they were essentially identical and consistent with products containing a vicinal diol 

corresponding to 16,17(S)-dihydroxydocosa-7Z,10Z,12E,14E,19Z-pentaenoic acid (190) 

(Figure 2.4E and Scheme 2.11). PD1n-3 DPA (46) was not detected in any of the incubations, 

hence, PD1n-3 DPA (46) does not form by non-enzymatic hydrolysis of epoxide 45.   

 

  

 

Scheme 2.11 Non-enzymatic hydrolysis of synthetic 45 at pH 3.0. 
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Figure 2.4 16(S),17(S)-epoxy-PDn-3 DPA (45) is rapidly hydrolyzed in aqueous conditions. Synthetic 16(S),17(S)-epoxy-PDn-3 

DPA (45, 1 ng/1 μL) was placed in double distilled water acidified to pH = 3.0, products were extracted and profiled using 

lipid mediator profiling. UV chromophore of (A) 16(S),17(S)-epoxy-PDn-3 DPA (45) and (B) 16(S),17(S)-epoxy-PDn-3 DPA (45) 

non-enzymatic hydrolysis products. (C) MRM chromatogram of products m/z 361 > 263. Arrow denotes retention time of 

synthetic and authentic PD1n-3 DPA (46). (D, E) MS-MS spectra employed for identification of products under peaks I (D) and 

IIII (E). Results are representative of n = 3 incubations 
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Next, we were interested in establishing whether 15-LOX is the enzyme involved in the 

biosynthesis of epoxide 45. For this reason, n-3 DPA (43) was incubated with human 

recombinant 15-LOX type 1 and the products formed in these incubated were evaluated by 

LC/MS-MS based profiling. 

 

 

 

Scheme 2.12 Outline of 15-LOX mediated formation of 16(S),17(S)-epoxy-PDn-3 DPA (45) from n-3 DPA (43). 

 

Five main products were observed, where the MS-MS fragmentation patterns for the products 

in peak I and II (RT = 13.2 and 13.6 min) were identical and consistent with two isomers of 

10,17(S)-dihydroxy-7Z,11E,13E,15E,19Z-docosapentaenoic acid (189) (Figure 2.5A and B, 

and Scheme 2.12). The product under peak (III) (RT =13.7 min) corresponds to the 

dioxygenated product, 10(S),17(S)-dihydroxy-7Z,11E,13Z,15E,19Z-docosapentaenoic acid 

(191) (Figure 2.5A, Scheme 2.12). The two last peaks (IV and V) gave identical MS-MS 

fragmentation patterns that were consistent with the two isomers formed from the aqueous 

hydrolysis of epoxide 45, namely 16,17(S)-dihydroxy-7Z,10Z,12E,14E,19Z-

docosapentaenoic acid (190) (Figure 2.5A and C, and Scheme 2.12). Hence, these results 

confirm that 15-LOX is involved in the biosynthesis of 16(S),17(S)-epoxy-PDn-3 DPA (45).  

 



64 

 

 

 

Figure 2.5 Product profile of human 15-LOX supports the formation of 16(S),17(S)-epoxy-PDn-3 DPA (45) from n-3 DPA 

(43). Human 15-LOX was incubated with n-3 DPA (43) (Tris Buffer, pH = 8.0). Incubations were quenched with ice-cold 

methanol and products profiled using LC/MS-MS-based lipid mediator profiling. (A) MRM chromatogram of products m/z 

361 > 263. Arrow denotes retention time of synthetic and authentic PD1n-3 DPA (46). (B, C) MS-MS spectra employed for 

identification of products under peaks (B) I and (C) IV. Results are representative of n = 3 incubations. 

 

In the next experiment, 16(S),17(S)-epoxy-PDn-3 DPA (45) was incubated with human 

neutrophils to determine if the intermediate 45 is converted into PD1n-3 DPA (46) in the 

presence of neutrophils. The products formed in these incubations were assessed by LC/MS-

MS-based profiling. In the multiple reaction monitoring (MRM) chromatogram, one sharp 

peak at RT = 13.8 min was observed (Figure 2.6A). The MS-MS fragmentation pattern of this 

product was consistent with data previously reported for both synthetic and endogenously 

produced PD1n-3 DPA (46) (Figure 2.6B).25,45 Of note, a significantly lower amount of PD1n-3 

DPA (46) was detected when the epoxide (45) was incubated with denaturated neutrophils 

(heated to 100 °C for 1 hour) or incubated in vehicle (Figure 2.6C and D). These results 

confirm that 16(S),17(S)-epoxy-PDn-3 DPA (45) is converted to PD1n-3 DPA (46), as well as the 

involvement of an epoxide hydrolase in this biosynthetic step.    
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Figure 2.6 16(S),17(S)-epoxy-PDn-3 DPA (45) is converted to PD1n-3 DPA (46) by human neutrophils. 16(S),17(S)-epoxy-PDn-

3 DPA (45; 10 nM) was incubated with human primary neutrophils (5 x 106 cells), human neutrophils previously (5 x 106 cells) 

incubated at 100 °C for 1 h (denatured cells), or PBS. To these incubations, E. coli (2.5 x 108 CFU/mL) were added and cells 

incubated for 15 min, 37 °C. Veh denotes solution containing 0.1% EtOH in PBS (A) MRM chromatogram of PD1n-3 DPA 

(46) m/z 361 > 155. (B) MS-MS spectrum employed for identification of PD1n-3 DPA (46). (C) MRM chromatogram of 

products m/z 361 > 263. (D) PD1n-3 DPA (46) concentrations in incubations. Results are representative of n = 4 incubations. ** 

P < 0.01 vs Veh incubations. $ < 0.05 vs neutrophils + E. coli incubations. 

 

Allylic epoxides such as LTA4 (10) and 13(S),14(S)-epoxy-MaR1 (30) have proven to 

regulate the activity of enzymes that are involved in the biosynthesis of lipid mediators 

through a suicide inactivation.51,52 Hence, it was in our interest to examine whether 

16(S),17(S)-epoxy-PDn-3 DPA (45) shows similar biological activity. The 16(S),17(S)-PDn-3 DPA 

epoxide’s ability to regulate LTB4 (12) biosynthesis in human neutrophils was then 

investigated as illustrated in Figure 2.7. Epoxide 45 dose-dependently reduces LTB4 (12) 

concentrations in human peripheral blood neutrophil incubations with E.coli.  This activity 

was also observed at concentrations as low as 0.1 nM. Additionally, the ability of 45 to 

reduce LTB4 (12) production proved to be equivalent to that observed with equimolar 

concentrations of PD1n-3 DPA (46), indicating that epoxide 45 is able to potently regulate 

human leukocyte responses and possesses anti-inflammatory activities.  
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Figure 2.7 16(S),17(S)-epoxy-PDn-3 DPA (45) and PD1n-3 DPA (46) inhibit human neutrophil LTB4 (12) production. Human 

neutrophils (5 x 106 cells) were incubated with either 45 or 46 at 0.1, 1 or 10 nM; 37 °C; PBS (pH = 7.45) for 5 min, then 

with E. coli (2.5 x 108 CFU/mL) for 30 min. Incubations were quenched and LTB4 (12) concentrations determined using 

lipid mediator profiling. Results are percentage of vehicle incubations. n = 4, *p < 0.05, ** p < 0.01 vs vehicle. 

 

2.3.4 Conclusion 

 

Stereoselective synthesis of the methyl ester 188 was achieved in nine steps (longest linear 

sequence) and in an overall yield of 22% starting from cycloheptanone (183). The results 

obtained herein provide evidence for the conversion of epoxide 45 to PD1n-3 DPA (46) by 

human neutrophils, confirming its role as an intermediate in the biosynthesis of this SPM. We 

have also established that 15-LOX is involved in the conversion of n-3 DPA (43) to 45. 

Additionally, 16(S),17(S)-epoxy-PDn-3 DPA (45) proved to be equally potent to PD1n-3 DPA (46) 

in the regulation of the biosynthesis of the potent chemoattractant LTB4 (12).   

 

  



67 

 

2.4 Paper IV: Synthesis of 13(R)-Hydroxy-7Z,10Z,13R,14E,16Z,19Z-

Docosapentaenoic Acid (13R-HDPA) and Its Biosynthetic Conversion to the 

13-Series Resolvins   

 

Four novel host protective and pro-resolving lipid mediators, RvT1-4 (59-62), were recently 

discovered by Dalli, Chiang and Serhan.53 These interesting SPMs all share a hydroxyl group 

at C13, as well as the lack of a double bond between C4 and C5. Hence, the n-3 DPA derived 

compound, 13(R)-hydroxy-7Z,10Z,13R,14E,16Z,19Z docosapentaenoic acid (13R-HDPA, 58) 

was proposed as the intermediate in the biosynthesis of RvT1-4 (59-62). In this section, the 

prominent role of 13R-HDPA (58) as the key intermediate in the biosynthesis of these 

bioactive lipid mediators 59-62 will be disclosed based on results from LC/MS-MS 

metabololipidomics and the stereoselective synthesis of 13R-HDPA (58). 

 

2.4.1 Retrosynthetic Analysis of 13R-HDPA     

 

A disconnection between C10 and C11, with a Z-selective Wittig30 in mind, will divide the 

target molecule into two fragments of approximately the same size, namely the ω-3 end 192 

and the α-end 177, as shown in the retrosynthetic analysis depicted in Figure 2.8. The C16-

C17 Z-double bond in 58 may result from a Z-selective semihydrogenation of the 

corresponding internal alkyne. The resulting fragment 192 from the previous scissoring can 

in turn be disconnected back to the terminal alkyne 193 and vinyl iodine 194. In the synthetic 

direction, this bond may be created by a Sonogashira reaction.29 Realising that the vinyl 

iodide 194 may be constructed by a hydrozirconation reaction54,55 and treatment with iodide, 

194 can be taken back to the corresponding alkyne (R)-165. This alkyne is the same building 

block used in the synthesis of LTB4 (12), except for opposite stereochemistry at the carbinol 

carbon, indicating that this fragment can be obtained from the hydroxy lactone (R)-161. On 

the other hand, mentally transforming intermediate 193 back to the corresponding alkyne 

enables a disconnection between C17 and C18, leading back to 195 and 196 as potential 

precursors.  
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Figure 2.8 Retrosynthetic analysis of 13R-HDPA (58). 

 

The Wittig salt 177 is the same as the one used in the synthesis of 16(S),17(S)-epoxy-PDn-3 

DPA (45), which can be prepared from commercially cycloheptanone (183) as illustrated in 

Scheme 2.9 

 

2.4.2 Total Synthesis of 13R-HDPA  

 

The synthesis of the terminal alkyne 193 started with the preparation of diyne 198 from 

commercially available 2-pentyn-1-ol (195), as illustrated in Scheme 2.13. Following a 

literature procedure56, alcohol 195 was converted into the mesylate 197 and thereafter reacted 

with TMS-acetylene (196) to form diyne 198. Furthermore, the Lindlar reduction was 

attempted for the reduction of the internal alkyne in 198, but no conversion of the starting 

material was observed. Then, Z-selective reduction using P-2 nickel boride (P-2 Ni)57 was 

attempted, which successfully reduced the internal alkyne in 198, affording the desired 

product 199 in 80% yield. The TMS-protecting group was removed by using TBAF, buffered 

with acetic acid, as reported by Trost and Pinkerton.58 Adding acetic acid was essential to 

avoid isomerisation of the double bond. The terminal alkyne 193 was purified by distillation. 

This lead to somewhat modest yield. The same fragment has been prepared previously by 

Trost and Pinkerton,58 but in our hands this protocol gave a complex mixture, so we decided 

to abandon this strategy. 
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Scheme 2.13 Preparation of the terminal alkyne 193. 

 

Next, vinyl iodide 194 was prepared in a four-step sequence as outlined in Scheme 2.14. 

Through the same procedures as described for the same fragment (S)-165 (opposite 

stereochemistry) in the synthesis of LTB4 (12), alcohol (R)-165 was prepared from (R)-α-

hydroxy-γ-butyrolactone ((R)-161). Then, (R)-165 was subjected to an alkyne 

hydrozirconation,55,59 followed by adding iodide, which furnished the vinyl iodide 194 in 

32% yield over five steps. A Sonogashira cross-coupling reaction29 was utilized to assemble 

vinyl iodide 194 and terminal alkyne 193. The coupling product 200 was obtained in 86% 

yield. The primary alcohol in 200 was thereafter oxidized by using Dess-Martin Periodinane 

to the corresponding aldehyde 192 (Scheme 2.14), which was immediately used in the next 

reaction. 

 

 

 

Scheme 2.14 Preparation of key ω-3 fragment 192. 

 

With the two key fragments in hand, a Z-selective Wittig reaction30 between the ylide of 177 

and freshly prepared aldehyde 192 was performed using the conditions disclosed earlier, i.e 

NaHMDS in THF and HMPA at -78 °C. The desired product 201 was obtained in 77% yield 

and none of the undesired E-isomer was detected by 1H and 13C NMR analysis. First, we tried 

to remove the TBS-protecting group with TBAF, but this gave a mixture of the desired 

alcohol 202 and a by-product, which we were not able to isolate. Next, in situ-generated HCl 

from AcCl in dry MeOH was attempted, which successfully removed the silyl group without 
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generating any by-products, affording alcohol 202 in 92% yield. The stereoselective 

reduction of the internal alkyne in 202 to the corresponding E,Z-diene 203 was achieved 

using the Boland reduction protocol41 with freshly prepared Zn(Cu/Ag) in methanol and 

water. Finally, saponification of the methyl ester 203 with LiOH in methanol, water and THF 

at 0 °C, furnished 13R-HDPA (58) in 87% yield, as shown in Scheme 2.15. 

 

 

 

Scheme 2.15 Final steps in the total synthesis of 13R-HDPA (58). 

 

2.4.3 Matching Experiments and Investigation of the Biosynthesis of the RvTs. 

 

In order to confirm the absolute stereochemistry of 13-HDPA (58), matching experiments 

were conducted during my one-month sojourn in 2016 and in collaboration with Dalli’s 

group at the William Harvey Research Institute in London. MS-MS spectra of 13-HDPA (58) 

from HUVEC incubation, infectious exudates and synthetic material of 58 were recorded to 

provide evidence for the matching of synthetic 13R-HDPA (58) and biogenetic material. The 

three spectra essentially looked identical, containing the same fragmentation pattern with m/z 

327, 301, 283, 223, 205 and 195 (Figure 2.9A-C). 
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Figure 2.9 MS-MS spectra employed in the identification of 13-HDPA (58) from (A) endothelial cells, (B) infectious 

exudates, and (C) synthetic material. n = 3 endothelial cell donors, n = 3 mouse exudates, and n = 3 for synthetic material. 

 

In Figure 2.10A-C, the peak for biologically generated 13-HDPA (58) is shown, and the 

retention time (RT) observed is the same in all three multiple reaction monitoring (MRM) 

chromatograms (RT = 17.5 min). The biological material was isolated from human umbilical 

endothelial cells (HUVEC), infectious exudates and human recombinant COX-2 (hrCOX-2). 

Synthetically prepared 13R-HDPA (58) eluted at the exact same time (RT = 17.5 min) as the 

biological material, as shown in Figure 2.10D. Furthermore, one single peak with RT at 17.5 

min was observed when endogenously produced 13-HDPA (58) and synthetic material of 58 

were co-injected (Figure 2.10E). The same results were obtained when the samples were run 

on a chiral HPLC-column, where both the biological and synthetic 13R-HDPA (58) eluted at 

5.1 min (Figure 2.11A-E). COX-2 is not stereospecific, hence small amounts of the S-

enantiomer were observed in the MRM chromatograms with endogenous isolated material 

(Figure 2.11). 
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Figure 2.10 13-HDPA (58) MRM chromatograms from 

(A) endothelial cells, (B) infectious exudates, (C) hrCOX-

2, and (D) synthetic material of 58. (E) Co-injection of 

endothelial and synthetic 58. 

Figure 2.11 13R-HDPA (58) chiral LC-MS-MS 

derived from (A) endothelial cells, (B) infectious 

exudates, (C) hrCOX-2, and (D) synthetic material. 

(E) Co-injection of endothelial and synthetic 13R-

HDPA (58). 
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Next, we wanted to investigate whether 13R-HDPA (58) acts as an intermediate in the 

biosynthesis of RvT1-4 (59-62). In this experiment, human neutrophils were isolated from 

peripheral blood of healthy donors and incubated with synthetic 13R-HDPA (58) or without. 

The products formed during this incubation were then profiled using lipid mediator 

metabololipidomics. In the MRM chromatograms shown in Figure 2.12A, the peaks represent 

the relative abundance of each of the RvTs (59-62) from the two incubations. Noteworthy is 

that the levels of RvT1-4 (59-62) detected when the neutrophils were incubated without 13R-

HDPA (58) were >75% lower than when 13R-HDPA (58) was added to the incubation. In 

Figure 2.12B, the MS-MS spectra employed in the identification of RvT1-4 (59-62) are 

shown. 

 

 

 

Figure 2.12 Human neutrophils convert 13R-HDPA (58) to RvT1−4 (59-62). (A) MRM chromatograms for each of the 

RvTs with relative abundances to their levels in each of the incubations. (B) MS-MS spectra employed in the identification 

of RvT1 (59), RvT2 (60), RvT3 (61) and RvT4 (62). Results are representative of n = 3 healthy volunteers. 

 

 

 

 



74 

 

2.4.4 Conclusion 

 

13R-HDPA (58) was prepared in 16 steps (longest linear sequence), starting from 

commercially available cycloheptanone (183) in 16% overall yield. Synthetic material 

matched the biological material, confirming the structure of this intermediate. Herein, we also 

demonstrate that 13R-HDPA (58) is converted by human neutrophils to the four RvTs (59-

62), confirming the role of 13R-HDPA (58) as a key intermediate in the biosynthesis of these 

novel SPMs, as well as the involvement of COX-2 in the biosynthesis of 13R-HDPA (58).  
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2.5 Synthetic Studies Towards RvT3   

 

Four novel lipid mediators produced during the resolution phase of acute inflammation were 

recently reported.53 These pro-resolving SPMs were coined 13-series resolvins, namely RvT1 

(59), RvT2 (60), RvT3 (61) and RvT4 (62). Due to the low amount produced in vivo, total 

synthesis is necessary to prepare sufficient amounts of these bioactive lipid mediators to 

conduct further biological studies and for the assignment of the absolute configuration of 

RvT1-4 (59-62). No synthesis of any of the RvTs have been published so far. This section 

includes a discussion of the retrosynthetic analysis and the synthetic work towards RvT3 

(61).   

    

2.5.1 Retrosynthetic Analysis of RvT3  

 

With a Nozaki-Hiyama-Kishi reaction in mind60-62, a disconnection between C8 and C9 will 

lead to the two fragments aldehyde 205 and vinyl bromide 204. With a chiral heteroatom α to 

the aldehyde, the NHK reaction generally affords the Felkin-Anh product in moderate to 

good stereoselectivity.63 In order to ascertain the 1,2-anti relationship depicted in the 

synthetic material 61, a two-step approach based on both theoretical and experimental data 

was chosen. First, density functional theory-calculations performed by Dr. Giacomo Saielli 

showed that the 3J-coupling H-C(OH)-C(OSiEt3)-H was 1.0 Hz for the syn conformer and 3.7 

Hz for the anti, thus allowing us to effectively differentiate between the two diastereomers. 

Furthermore, the absolute configuration on the newly formed carbinol carbon was planned to 

be confirmed with the reliable Mosher ester analysis. 

 

E-selective reduction of the internal alkyne may construct the double bond between C14 and 

C15 in 204. The C13-C14 carbon-carbon bond may in turn be forged by an enantioselective 

addition of terminal acetylene 206 to aldehyde 149 mediated by Zn(OTf)2 and (-)-N-methyl 

ephedrine.64 The terminal alkyne 206 can be disconnected back to aldehyde 208 and a 

suitable Wittig salt, obtained for the commercially available (Z)-hex-3-en-ol (182). This Z-

double bond may in a forward direction be created by a Z-selective Wittig reaction.30        
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Figure 2.13 Retrosynthetic analysis of RvT3 (61). 

 

Identifying that the secondary hydroxyl group in 205 can be generated by an asymmetric α-

carbonyl oxidation65-67 will consequently take 205 back to aldehyde 207. This aldehyde can 

be prepared from methyl 8-hydroxyoctanoate (224) after one functional group manipulation. 

Internal cyclisation of ester 224 leads to the corresponding 9-membered lactone, which can 

be obtained from a Baeyer-Villiger oxidation48 of commercially available cyclooctanone 

(209).  

 

2.5.2 Synthesis Towards RvT3 

 

The synthetic studies towards RvT3 (61) commenced with the preparation of terminal alkyne 

206, as illustrated in Scheme 2.16. First, (Z)-hex-3-en-ol (182) was converted into Wittig salt 

210, by using the previously disclosed conditions. Wittig salt 210 was then subjected to a 

Wittig reaction.30 The conditions used in previous syntheses, utilizing NaHMDS in THF and 

HMPA, gave a 7:3 ratio of the Z and E product. We then explored a variety of conditions, 

listed in Table 2.3. Surprisingly, the best result was obtained using n-BuLi at 0 °C (entry 5). 

At room temperature, the same ratio of the products was observed, but at this temperature, 

additional by-products were also detected (entry 6). Pure Z-product 211 was obtained by 

column chromatography on silica (pentane).  
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Scheme 2.16 Synthesis of fragment 212. 

  

Table 2.3 Reaction condition explored the Wittig reaction. 

Entry  Reagent Solvent Temperature 

(°C) 

Ratio 

(Z:E) 

1  NaHMDS THF, HMPA -78  7:3 

2  KHMDS, TMEDA THF -78 7:3 

3  NaHMDS, 18-crown-6 THF -78 NA 

4  KHMDS, 18-crown-6 THF -78 NA 

5  n-BuLi THF 0 8:2 

6  n-BuLi THF rt. 8:2 

 

Next, removal of the TMS-protecting group was achieved by K2CO3 in MeOH, affording 206 

in good yield. This terminal acetylene 206 was then asymmetrically added to aldehyde 149, 

using the chiral ligand (-)-NME, Zn(OTf)2 and Et3N, yielding fragment 212. The first time 

this reaction was performed on a relatively small scale, the yield was fairly good (60%), but 

when the same reaction was scaled up, the yield declined drastically to around 20-30%. This 

problem made it difficult to obtain larger quantities of the product 212. In addition, this 

fragment was highly labile and could not be stored for a great extent of time.    

   

Thus, it was important to find suitable conditions for the swift transformation of the internal 

acetylene in 212 into the corresponding E-alkene 221. In general, olefins of the desired 

geometrical configuration are available from internal alkynes. A divide does exist, however, 

as an excess of reliable protocols have been developed for the generation of the 

corresponding Z-isomer (syn-addition of hydrogen using heterogeneous and homogeneous 

metal catalysts,57,68-70 diimide reduction,71,72 frustrated-Lewis-pair catalyzed reduction,73 
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activated metals such as Zn(Cu/Ag),41 et cetera), whereas surprisingly few methods are 

available for the fundamental transformation of an alkyne to an E-alkene.  

 

Dissolving method reduction of alkynes, employing what is often referred to as the Birch 

reduction conditions,74 represents a tried-and-tested protocol for the production of E-olefins 

from acetylenes. Unfortunately, the reactions conditions are often not suitable for delicate and 

labile compounds and this effectively limits the scope of application. Several variations 

involving ruthenium-catalyzed hydrosilylation, followed by proto-desilylation of the resulting 

vinylsilane, have been developed by the groups of Trost and Fürstner,75,76 and these methods 

have also been used in the context of complex natural product synthesis. An example on the 

use of this methodology is illustrated in Scheme 2.17.77  

 

 

 

Scheme 2.17 The formation of the E,E-diene in 214 by ruthenium-catalysed hydrosilylation and proto-desilylation of the 

resulting vinylsilane.77  

 

A third, and perhaps the most extensively applied method, uses lithium aluminium hydride 

(LiAlH4) or sodium bis(2-methoxyethoxy)aluminumhydride (Red-Al®),78 and is available for 

substrates having a suitable functional group (in practice often alcohols or ethers) situated in 

close proximity to the alkyne. Mechanistically, this works by complexation of aluminium to a 

heteroatom, intramolecular delivery of a hydride followed by the formation of an 

alkenylaluminium compound and finally hydrolysis during aqueous workup. 

  

Different protocols involving the ruthenium-catalyzed hydrosilylation followed by proto-

desilylation methodology were first attempted. Unfortunately, they all led to elimination of 

the labile propargylic and allylic hydroxyl group and furnished complex product mixtures in 

our hands. Following this setback, we contemplated the above-mentioned methods using 

LiAlH4 or Red-Al®. However, we were wary at the outset given the labile vinyl bromide 

functionality and the few successful cases of similar transformations are documented in the 

literature (Scheme 2.18). In the first documented occurrence, a more robust vinyl chloride 

215 is present,79 and in the second example, the alkyne 217 is more electrophilic and reactive 

due to conjugation with an ester functionality.80  
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Scheme 2.18 The E-selective reduction of internal alkyne in A) vinyl chloride 215 and B) aryl bromide 217.79,80 

 

Indeed, after we had performed a staggering amount of experimentation, our doubt and 

apprehension were proved right, as considerable amounts of reductive debromination were 

observed to occur in all cases – even with careful variation and control of stoichiometry, 

temperature of -78 °C and also addition of sacrificial bromobenzene. 

 

On a more positive note, we did observe reduction of the internal alkyne 212 to the E-olefin 

221 in the above-mentioned reactions, and after considering the generally accepted 

mechanism, we realized that the problem occurred from the fact that both reductive reagents, 

LiAlH4 and Red-Al®, are in the form of activated ate complexes. Whereas we needed an 

aluminium hydride species which only becomes activated after it has formed a complex with 

the hydroxyl moiety. This way, no ate complex capable of reducing the vinylbromide should 

be in close proximity to the labile functionality. 

 

As we were thinking along these lines, DIBAL-H invoked our interest, as it is an 

electrophilic reducing agent which is only activated when forming the mentioned ate 

complex, after coordination to a hetereoatom – for example oxygen as in a typical ester 

reduction. The reagent only has one hydride, however, and complexation with the hydroxyl 

group followed by the release of hydrogen gas would obviously not be conducive to 

achieving the desired transformation. It dawned on us immediately that the solution was 

simply to deprotonate the alcohol moiety prior to the addition of DIBAL-H. In this manner, 

the reducing agent ought to efficiently bind to the alkoxide, form the activated ate complex 

219 and thereafter reduce the alkyne in an intramolecular fashion (Figure 2.14). 
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Figure 2.14 Mechanism for the reduction of the internal alkyne in 212 by DIBAL-H. 

 

These predictions did in fact bear out when we attempted this experimentally in the 

laboratory and the crucial chemoselectivity between the acetylene and vinyl bromide 

functionality was as planned and hoped (Scheme 2.19).  

 

 

 

Scheme 2.19 The E-selective reduction of the internal alkyne in 212 by DIBAL-H. 

 

The isolated yield for the transformation illustrated above was 50%, and examination of the 

crude product mixture revealed unreacted starting material as well as decomposed material, 

presumably due to the instability of the propargylic alcohol. To confirm the S-configuration 

of the newly constructed carbinol Mosher ester analysis was carried out. From these results, 

we also determined the %ee to be 90%. Indeed, when applying this protocol on more robust 

compounds such as 222, high yields were observed (Scheme 2.20).  

 

 

 

Scheme 2.20 The E-selective reduction of the internal alkyne in 222 by DIBAL-H.    

 

 

A literature search was performed in order to check the novelty of the developed procedure,  

and while numerous examples of hydroalumination of alkynes are reported, only one 

example was found using DIBAL-H for the reduction of internal alkynes to the 
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corresponding E-alkene. In this procedure 10 equivalents of DIBAL-H was used and the 

reaction mixture was refluxing in THF for 15 hours, resulting in a yield of only 38%.81 In 

addition, several examples were found where DIBAL-H was premixed with n-butyllithium, 

forming an ate complex reagent which presumably functions in a similar manner as LiAlH4. 

None of the identified substrates contained a vinyl halide moiety.82,83 

 

After we found a suitable method for the reduction of the internal alkyne in fragment 212, the 

secondary alcohol in 221 was protected with a TES-group, affording 204 in 85% yield.  

 

 

 

Scheme 2.21 Preparation of vinyl bromide 204. 

  

Next, we began investigations towards the synthesis of aldehyde 207, needed for the 

synthesis of the key α-hydroxy-aldehyde 205 intended for the Nozaki-Hiyama-Kishi reaction 

(Scheme 2.22).60-62 Aldehyde 207 was prepared by the following sequence: cyclooctanone 

(209) was converted to the lactone in a Baeyer-Villiger reaction,48 followed by ring-opening 

of the lactone, catalysed by H2SO4 in methanol, affording hydroxy methyl ester 224. The 

primary alcohol in 224 was subsequently oxidized to the corresponding aldehyde 207 by 

Dess-Martin periodinane. When this work started, a literature search of aldehyde 207 

revealed that this aldehyde can be prepared in a more step-efficient and higher yielding way 

by ozonolysis of cis-cyclooctene 227 (Scheme 2.23),84,85 but we were not able to use this 

protocol due to the lack of a ozonolysis apparatus. 

 

 

 

Scheme 2.22 preparation of aldehyde 205.  

 



82 

 

The asymmetric α-aminoxylation of aldehyde 207 was accomplished by using chiral D-

proline and nitrosobenzene. The aldehyde in the resulting product was reduced by adding 

NaBH4, followed by N-O cleavage, which gave diol 225 in 50% and 97% ee, as illustrated in 

Scheme 2.22. The measured optical rotation was very close to the literature value,86 

confirming the conformation of C7 to be S. Since our work on the enantioselective 

organocatalytic α-oxidation, a recent investigation has found that the corresponding 

potassium and tetrabutylammonium prolinate salts are more efficient catalysts, thus enabling 

shorter reaction time, lower catalyst loading, as well as affording both higher yields and 

%ee.87 

  

 

 

Scheme 2.23 An alternative way to prepare aldehyde 207.84,85  

 

 

Both hydroxyl groups were then protected with TES-groups, knowing that selective oxidation 

of the primary hydroxy group can be achieved under the Swern conditions.17,88 This worked 

well the first time, but unexpectedly, we were not able to reproduce these results at a later 

stage. We observed the desired product, but in all the later attempts, an inseparable by-

product was present as well. 

 

Before time ran out, we were able to do one test-reaction with the Nosaki-Hiyama-Kishi 

reaction.60-62 Since we could not prepare large amounts of vinyl bromide 204, we decided to 

use a more stable and easily prepared vinyl bromide such as 228 in the first attempt. This lead 

to 58% yield of a 2:1 mixture of the two diastereomers 229 and 230, show in Scheme 2.24.   

 

 

Scheme 2.24 Test-reaction of the Nozaki-Hiyama-Kishi reaction.  
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Chapter 3 
 

 Summary and Future Perspectives 

 

This thesis contains efforts concerning the synthesis of the pro-inflammatory lipid mediator 

LTB4 (12). This lipid mediator was synthesized in ten steps in an overall yield of 5% and no 

HPLC purification was needed.   

 

Protocols for the asymmetric reduction of oxo methyl esters 157a-c to the corresponding 5-

(S)-HETE (7), 5-(S)-HEPE (8) and (+)-zooxanthellactone (115c) was developed. The 

products of the latter were obtained in up to 79% ee by the use of CBS catalyst 158.  

 

We were also interested in investigating the biosynthetic pathway of both the novel identified 

RvTs (59-62) and the n-3 DPA-derived SPM, PD1n-3 DPA (46). Hence, the proposed 

intermediates in these biosynthetic pathways were synthesised, namely the 13R-HDPA (58) 

and 16(S),17(S)-epoxy-PDn-3 DPA (45). Matching and biological experiments were undertaken 

by our collaborators in the Dalli group and in the experiments regarding 13R-HDPA (58), I 

had the honour to participate in the execution of the experiments as a visitor in his group.  

 

Additionally, the synthetic work towards the potent pro-inflammatory lipid mediator, RvT3 

(61), has been initiated, and the progression hitherto is described herein. At this point, we 

have encountered a few obstacles in the strategy chosen towards the target molecule 61, 

which has halted the progress. Luckily, in synthetic organic chemistry, there is rarely only 

one route to the target molecule. As we were not able to reproduce the Swern oxidation of the 

diTES fragment 226, the diol 225 can be protected with other silyl groups, i.e. TBS, which 

would allow selective deprotection of the primary TBS group followed by oxidation of the 

resulting primary alcohol in 232,89,90 as illustrated in Scheme 3.1. 

 

 

 

Scheme 3.1 Alternative preparation of aldehyde 205. 
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A possible solution to the problem concerning the low yield observed for vinyl bromide 212 

is to prepare the fragment by racemic alkynylation, which hopefully will proceed in better 

yield and then either do an oxidation of the secondary alcohol followed by asymmetric 

reduction to the desired product or to perform a racemate resolution (Scheme 3.2). In this 

case the Noyori asymmetric hydrogenation should be the first choice, as this protocol usually 

reduces propargylic ketones with high stereoselectivity.91  

 

 

 

Scheme 3.2 Two alternative preparations of vinyl bromide 212. 

 

Furthermore, to confirm the structure and stereochemistry of the remaining RvTs (59, 60 and 

62), total synthesis and matching experiments are necessary. For example, making the 

mentioned disconnections between C9 and C10, as well as C16 and C17 of RvT2 (60), will 

lead back to the following fragments: the ω-end 234, the α-end 235 and aldehyde 238, which 

can be obtained from commercially available D-threono-1,4-lactone (242) and ylide 179. The 

α-end 235 may in turn be prepared from cycloheptanaone (183) and terminal acetylene 240 

(Figure 3.1).  

 



85 

 

 

 

Figure 3.1 Retrosynthetic analysis of RvT2 (60) 

 

Considering that the epoxide precursors of protectins and maresins are converted to potent 

pro-resolving and tissue-protecting sulfido-conjugated mediators,92,93 it is highly likely that 

also the 16(S),17(S)-epoxy-PDn-3 DPA (45) can be subjected to the same transformation, as 

illustrated in Scheme 3.3. Thus, it should be possible to convert this epoxide 45 to the 

corresponding sulfido-conjugates 243-245 by previously established methods94 to provide 

material for biological evaluation and the identification of new pro-resolving agents. 
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Scheme 3.3 Proposed biosynthesis of the 16(S),17(S)-epoxy-PDn-3 DPA derived CTRs (243-245). 
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Chapter 4  

 Conclusion 
 

Since the discovery of the classic eicosanoids, prostaglandins, leukotrienes and lipoxins 

during the 20th century, immense efforts have been dedicated to understand the course of 

inflammation where these lipid mediators participate. Through the pioneering work in this 

field, headed by Charles N. Serhan, several novel anti-inflammatory SPMs derived from EPA 

(2), DHA (3), n-3 DPA (43) have been identified, as well as an extensive understanding of 

the inflammatory process. This new class of lipid mediators provide the basis for medicinal 

chemistry programs towards the development of novel anti-inflammatory drugs using 

immunoresolvents as biotemplates. If successful, these efforts may result in the development 

of new strategies for treating infections and chronic inflammatory diseases. However, such 

efforts will only be successful if the detailed biosynthetic pathways of the SPMs are 

determined, as well as performing structural assignment for each individual SPM. 

 

In this thesis, the total synthesis of the pro-inflammatory lipid mediator LTB4 (12) is reported. 

An asymmetric protocol was developed for the preparation of 5-(S)-HETE (7), 5-(S)-HEPE 

(8) and (+)-zooxanthellactone (115c). In addition, our efforts towards the synthesis the potent 

pro-resolving SPM, RvT3 (61) are reported herein.  

 

Furthermore, as mentioned above, it is of considerable interest to investigate the biosynthetic 

pathways of the SPMs. Hence, the work concerning the preparation of the intermediates 45 

and 58 in the biogenesis of PD1n-3 DPA (46) and RvTs (59-62) is presented herein.        
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Chapter 5  

 Experimental 
 

This section contains the experimental protocols for the unpublished work concerning the 

synthesis of RvT3 (61), as well as the characterization data for the products prepared for this 

synthesis.    

 

General Information 

 

Unless stated otherwise, all commercially available reagents and solvents were used in the 

form 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 stored 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 µm) 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 1H NMR and at 150 MHz, 100 MHz or 75 MHz respectively for 13C 

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 1H NMR (CDCl3 

=  7.26, DMSO-d6 =  2.50 and MeOD-d4 =  3.31) and the central carbon solvent 

resonance in 13C NMR (CDCl3 =  77.00 ppm, DMSO-d6 =  39.43 and MeOD-d4 =  

49.00). Mass spectra were recorded at 70 eV on Micromass Prospec Q or Micromas QTOF 

2W spectrometer using EI, ES or CI as the methods of ionization. High resolution mass 

spectra were recorded on a Micromass Prospec Q or Micromas QTOF 2Wspectrometer using 

EI or ES as the methods of ionization. Optical rotations were measured using a 0.7 mL cell 

with a 1.0 dm path length on an Anton Paar MCP 100 polarimeter. HPLC analyses were 

performed on an Agilent Technologies 1200 Series instrument with diode array detector set at 

254 nm and equipped with a chiral stationary phase (Chiralpak AD-H, 4.6 x 250 mm, particle 

size 5 µm, from DAICEL CHEMICAL IND. LTD). 

 

Methyl 8-hydroxyoctanoate (224). 

 

 

 

 m-CPBA (28.4 g, 127 mmol, 2.00 equiv.) was dissolved in CH2Cl2 (205 mL) and cooled to 0 

°C. Cyclooctanone (209) (8.00 g, 63.4 mmol, 1.00 equiv.) was then added, and the reaction 

was refluxed (40 °C) for 5 days. The reaction mixture was then cooled to 0 °C before 
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filtrated. The filtrate was washed with sat. aq. NaHCO3 (43.0 mL) and water, dried (Na2SO4) 

and concentrated in vacuo. The crude product was dissolved in dry MeOH (128 mL) and a 

few drops of concentrated H2SO4 was added. The reaction mixture was refluxed overnight, 

cooled, and then sat. aq. NaHCO3 (13.0 mL) was added before the mixture was concentrated 

in vacuo. More NaHCO3 (43.0 mL) was added and the aq. phase was extracted with Et2O (4 x 

85.0 mL). The organic phases were combined, dried (Na2SO4), filtrated and concentrated in 

vacuo. The crude product was purified by column chromatography on silica (hexane/EtOAc 

4:1) to afford the titled compound 224 as a clear oil. All spectroscopic and physical data were 

in full agreement with those reported in the literature.1 Yield: 6.2 g (56%); 1H NMR (400 

MHz, CDCl3) δ 3.66 (s, 3H), 3.63 (t, J = 6.6 Hz, 2H), 2.30 (t, J = 7.5 Hz, 2H), 1.70 – 1.50 (m, 

4H), 1.43 (bs, 1H), 1.41 – 1.30 (m, 6H). 13C NMR (101 MHz, CDCl3) δ 174.4, 62.7, 51.5, 

34.1, 32.7, 29.1, 29.0, 25.6, 24.9. TLC (hexane/EtOAc 7:3, KMnO4 stain) Rf = 0.21. 

 

Methyl 8-oxooctanoate (207). 

 

 

 

Alcohol 224 (3.00 g, 17.2 mmol, 1.00 equiv) was dissolved in CH2Cl2 (510 mL) before 

NaHCO3 (8.24 g, 98.2 mmol, 5.70 equiv) and Dess−Martin periodinane (9.00 g, 21.2 mmol, 

1.23 equiv) were added. The reaction mixture was stirred at room temperature for 5 hours 

before sat. aq. Na2S2O3 (100 mL) was added to quench the reaction. The aq. phase was 

extracted with CH2Cl2 (3 × 70.0 mL), and the combined organic layers were dried and 

concentrated in vacuo. The crude product was purified by column chromatography on silica 

gel (hexane/EtOAc 4:1) to afford aldehyde 207 as a pale-yellow oil. All spectroscopic and 

physical data were in full agreement with those reported in the literature.2,3 Yield: 2.6 g 

(88%);  1H NMR (400 MHz, CDCl3) δ 9.75 (t, J = 1.8 Hz, 1H), 3.65 (s, 3H), 2.41 (td, J = 7.3, 

1.8 Hz, 2H), 2.29 (t, J = 7.5 Hz, 2H), 1.67 – 1.57 (m, 4H), 1.37-1.28 (m, 4H). 13C NMR (101 

MHz, CDCl3) δ 202.7, 174.2, 51.6, 43.9, 34.1, 29.0, 28.9, 24.8, 22.0; TLC (hexane/EtOAc 

4:1, KMnO4 stain) Rf = 0.30. 

 

Methyl (S)-7,8-dihydroxyoctanoate (225). 

 

 

 

Aldehyde 207 (2.61, 15.2 mmol, 1.00 equiv) and nitrosobenzene (1.62 g, 15.2 mmol, 1.00 

equiv.) were dissolved in DMSO (25 mL). D-proline (350 g, 2.53 mmol, 20.0 mol%) was 

added in one portion. The green reaction mixture was stirred for ~45 min, resulting in a 

gradual colour change from green to orange. The reaction mixture was then carefully pipetted 
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(copious effervescence) into a solution of NaBH4 (2.11 g, 55.8 mmol, 3.67 equiv.) in MeOH 

at 0 °C. After complete addition, the cooling bath was removed and the reaction mixture was 

stirred at ambient temperature for 1 hour. The aq. phase was extracted with Et2O (4 x 40.0 

mL) and the combined organic phase was dried (Na2SO4), filtrated and concentrated in 

vacuo. The resulting brown oil was dissolved in 3:1 MeOH:AcOH (62.7 mL) and zinc 

powder (2.62 g, 40.1 mmol, 2.64 equiv.) was added in one portion. The suspension was 

stirred for 1 hour. The reaction mixture was filtrated, concentrated in vacuo and purified by 

column chromatography on silica gel (hexane/EtOAc 3:7) to afford diol 225 as a clear oil. 

Yield 1.4 g (50%); [α]
25
𝐷

  -0.80 (c = 1.78, CHCl3), lit.
4 [α]

25
𝐷

  -0.79 (c = 1.78, CHCl3) ; 
1H 

NMR (400 MHz, CDCl3) δ 3.74 – 3.68 (m, 1H), 3.68 – 3.61 (m, 4H), 3.43 (dd, J = 11.0, 7.6 

Hz, 1H), 2.31 (t, J = 7.5 Hz, 2H), 2.09 (s, 2H), 1.64 (p, J = 7.4 Hz, 2H), 1.52 – 1.31 (m, 6H). 

13C NMR (101 MHz, CDCl3) δ 174.4, 72.3, 66.9, 51.6, 34.1, 33.0, 29.2, 25.3, 24.9. 

HRESITOFMS: m/z 213.1098 [M+Na]+ (calcd for C9H18O4Na, 213.1097); TLC 

(hexane/EtOAc 3:7, CAM stain) Rf = 0.27. 

 

8-Methoxy-8-oxooctane-1,2-diyl dibenzoate (246). 

 

 

 

Diol 225 (25.0 mg, 132 µmol, 1.00 equiv.) in CH2Cl2 (0.65 mL) was added trimethylamine 

(55.2 µL, 396 µmol, 3.00 equiv) and benzoylchloride (47.5 µL, 409 µmol, 3.10 equiv.). After 

stirring overnight, the reaction mixture was quenched with sat. aq. NaHCO3 (0.50 mL). The 

reaction mixture was extracted with CH2Cl2 (3 x 1.00 mL), dried (Na2SO4) and concentrated 

in vacuo. The crude product was purified by column chromatography on silica gel 

(hexane/EtOAc 85:15) to afford 246 as a clear oil. Yield 45.7 mg (87%); The enantiomeric 

excess was determined by HPLC analysis using a chiral column (AD-H, hexane/iPrOH 98:2, 

1 mL/min): tr (major) = 11.21 min and tr (minor) = 12.22 min; [α]
25
𝐷

  -15.2 (c = 0.24, MeOH); 
1H NMR (400 MHz,CDCl3) δ 8.02 (dd, J = 18.5, 7.4 Hz, 4H), 7.55 (q, J = 7.3 Hz, 2H), 7.48 – 

7.37 (m, 4H), 5.54 – 5.45 (m, 1H), 4.55 (dd, J = 11.9, 3.5 Hz, 1H), 4.46 (dd, J = 11.9, 6.6 Hz, 

1H), 3.65 (s, 3H), 2.30 (t, J = 7.5 Hz, 2H), 1.92 – 1.74 (m, 2H), 1.64 (p, J = 7.5 Hz, 2H), 1.55 

– 1.34 (m, 4H). 13C NMR (101 MHz, CDCl3) δ 174.2, 166.4, 166.2, 133.2, 133.2, 130.3, 

129.9, 129.8 (4C), 128.5 (4C), 72.2, 65.8, 51.6, 34.0, 31.0, 29.1, 25.1, 24.9; HRESITOFMS: 

m/z 421.1621 [M+Na]+ (calcd for C23H26O6Na, 421.1622); TLC (hexane/EtOAc 9:1, CAM 

stain) Rf = 0.15. 

 

Methyl (S)-7,8-bis((triethylsilyl)oxy)octanoate (226). 
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Diol 225 (650 mg, 3.42 mmol, 1.00 equiv.) was dissolved in CH2Cl2 (13.0 mL) and cooled to 

-78 °C. 2,6-lutidine (1.98 mL, 17.1 mmol, 5.00 equiv.) was added, followed by dropwise 

addition of TESOTf (1.93 mL, 8.55 mmol, 2.50 equiv.). After the reaction was deemed 

complete based on TLC-analysis (~1 hour), it was quenched with the addition of sat. aq. 

NaHCO3 (15.0 mL). The reaction mixture was extracted with Et2O (3 x 15.0 mL), dried 

(Na2SO4) and concentrated in vacuo. The crude product was purified by column 

chromatography on silica gel (hexane/EtOAc 95:5) to afford 226 as a clear oil. Yield 1.2 g 

(82%). [α]
20
𝐷

  -11.1 (c = 0.80, MeOH); 1H NMR (400 MHz, CDCl3) δ 3.70 – 3.61 (m, 4H), 

3.51 (dd, J = 9.9, 5.6 Hz, 1H), 3.39 (dd, J = 9.9, 6.3 Hz, 1H), 2.30 (t, J = 7.6 Hz, 2H), 1.71 – 

1.45 (m, 4H), 1.41 – 1.27 (m, 4H), 0.95 (t, J = 8.0 Hz, 18H), 0.64 – 0.55  (m, 12H). 13C NMR 

(101 MHz, CDCl3) δ 174.4, 73.3, 67.3, 51.6, 34.4, 34.2, 29.6, 25.1, 25.0, 7.1 (3C), 6.9 (3C), 

5.2 (3C), 4.5 (3C); HRESITOFMS: m/z 441.2826 [M+Na]+ (calcd for C21H46O4Si2Na, 

441.2827); TLC (hexane/EtOAc 9:1, CAM stain) Rf = 0.42.  

 

Methyl (S)-8-oxo-7-((triethylsilyl)octanoate (205). 

 

 

 

Oxalyl chloride (0.18 mL, 2.10 mmol, 4.40 equiv.) in CH2Cl2 (0.62 mL) was added dropwise 

to a solution of DMSO (0.30 mL, 4.20 mmol, 8.80 equiv.) in CH2Cl2 (0.94 mL) at -78 °C. 

The reaction mixture was stirred for 15 min. before the di-protected diol 226 (200 mg, 478 

μmol, 1.00 equiv.) in CH2Cl2 (0.64 mL) was added dropwise and stirred for 20 min. at -78 °C 

before the temperature was raised to -40 °C. After 45 min, the temperature was lowered to -

78 °C again, and Et3N (1.00 mL) was added. The reaction mixture was allowed to warm up to 

room temperature before it was diluted with water (3.15 mL). The reaction mixture was 

extracted with CH2Cl2 (3 x 10.0 mL), dried (Na2SO4) and concentrated in vacuo. The crude 

product was purified by column chromatography on silica gel (hexane/EtOAc 9:1) to afford 

aldehyde 205 as a clear oil. Yield 72.5 mg (50%); [α]
20
𝐷

  -10.7 (c = 0.31, MeOH); 1H NMR 

(400 MHz, CDCl3) δ 9.59 (d, J = 1.8 Hz, 1H), 3.95 (td, J = 6.3, 1.8 Hz, 1H), 3.67 (s, 3H), 

2.30 (t, J = 7.5 Hz, 2H), 1.68 – 1.57 (m, 4H), 1.46 – 1.28 (m, 4H), 0.96 (t, J = 7.9 Hz, 9H), 

0.62 (q, J = 8.0 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 204.5, 174.2, 77.4, 51.6, 34.1, 32.8, 

29.2, 24.9, 24.4, 6.9 (3C), 4.9 (3C); HRESITOFMS: m/z 325.1806 [M+Na]+ (calcd for 

C15H30O4SiNa, 325.1806); TLC (hexane/EtOAc 9:1, CAM stain) Rf = 0.26. 

 

(2E,4E)-5-Bromopenta-2,4-dienal (149). 
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Vinylbromide 149 was prepared in two steps from commercially available pyridinium-1-

sulfonate (168) in 41% (8.1 g) overall yield, as previously reported.5,6 All spectroscopic and 

physical data were in agreement with those reported in literature.6 1H NMR (300MHz, 

DMSO-d6) δ 8.67 (d, J = 9.2 Hz, 2H), 7.04 (t, J = 12.9 Hz, 1H), 5.10 (dd, J =13.0, 9.1 Hz, 

2H); 13C NMR (75 MHz, DMSO-d6) δ 184.4 (2C), 159.8, 106.2 (2C). 

  

(Z)-Hex-3-en-1-yliodotriphenyl-λ5-phosphane (210). 

 

 

 

The Wittig salt 210 (6.00 g, 60.0 mmol) was prepared in two steps from commercially 

available (Z)-hex-3-en-1-ol (182) as previously reported,7,8 in 70% (19.8 g) overall yield. All 

spectroscopic and physical data were in agreement with those reported in literature.7 1H NMR 

(400 MHz, CDCl3) δ 7.87 – 7.76 (m, 9H), 7.75 – 7.65 (m, 6H), 5.52 – 5.44 (m, 1H), 5.41– 

5.33 (m, 1H), 3.77 – 3.64 (m, 2H), 2.48– 2.38 (m, 2H), 1.80 (pd, J = 7.5, 1.5 Hz, 2H), 0.84 (t, 

J = 7.5 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 135.3 (d, 4'JCP = 3.0 Hz, 3C), 134.5 (d, 4JCP 

= 1.1 Hz), 133.8 (d, 3'JCP = 10.1 Hz, 6C), 130.7 (d, 2'JCP = 12.6 Hz, 6C), 125.2 (d, 3JCP = 

14.1 Hz), 118.2 (d, 1'JCP = 85.8 Hz, 3C), 23.6 (d, 1JCP = 48.5 Hz), 20.7, 20.4 (d, 2JCP = 3.7 

Hz), 14.1.   

 

Trimethyl((3Z,6Z)-nona-3,6-dien-1-yn-1-yl)silane (211). 

 

 

 

Wittig salt 210 (6.00 g, 12.7 mmol, 1.00 equiv.) was dissolved in THF (235 mL) and cooled 

to 0 °C. BuLi (5.08 mL, 12.7 mmol, 2.50 M) was added dropwise and the reaction mixture 

was stirred for 10 minutes. Next, aldehyde 208 (1.60 g, 12.7 mmol, 1.00 equiv.) dissolved in 

THF (15.0 mL) was added dropwise and the reaction was stirred at 0 °C for 1 hour and then 

quenched by the addition of phosphate buffer solution (35 mL, pH 7.00). The resulting 

biphasic mixture was extracted with Et2O (3 x 50.0 mL), dried (Na2SO4) and concentrated in 

vacuo until a small amount of the reaction mixture in Et2O was left. This solution was added 

to a short plug of silica gel and eluted with pentane. The filtrate was concentrated in vacuo 

and purified by flash column chromatography on silica gel (pentane) to afford 211 as a clear 

oil. Yield 1.83 g (75%); 1H NMR (400 MHz, CDCl3) δ 5.90 (dt, J = 10.7, 7.5 Hz, 1H), 5.52 – 

5.41 (m, 2H), 5.39 – 5.30 (m, 1H), 3.08 (t, J = 7.5 Hz, 2H), 2.12 (p, J = 7.5 Hz, 2H), 0.98 (t, J 

= 7.5 Hz, 3H), 0.20 (s, 9H). 13C NMR (101 MHz, CDCl3) δ 143.4, 133.4, 125.3, 109.2, 102.0, 

99.1, 29.0, 20.8, 14.4, 0.2; HRAPPIMS: m/z 192.1329 [M]+ (calcd for C12H20Si, 192.1329); 

TLC (pentane, KMnO4 stain) Rf = 0.37. 
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(3Z,6Z)-nona-3,6-dien-1-yne (206). 

 

 

 

TMS-protected alkyne 211 (218 mg, 1.14 mmol, 1.00 equiv.) was dissolved in MeOH (17.0 

mL) and cooled to 0 °C. Solid K2CO3 (472 mg, 3.42 mmol, 3.00 equiv.) was added in one 

portion and the reaction mixture was allowed to warm up to room temperature. It was stirred 

until deemed complete by TLC analysis (1.5 hours) and quenched with phosphate buffer (20 

mL, pH = 7.00). Next, it was extracted with pentane (3 x 5.00 mL), dried (Na2SO4) and the 

suspension was passed through a short plug of silica gel, eluting with additional pentane. The 

filtrate was carefully concentrated in vacuo and the alkyne 206 was used directly without any 

further purification. Yield 124 mg (91%); 1H NMR (400 MHz, CDCl3) δ 5.95 (dt, J = 10.5, 

7.4 Hz, 1H), 5.54 – 5.41 (m, 2H), 5.40 – 5.23 (m, 1H), 3.24 – 2.96 (m, 3H), 2.10 (p, J = 7.4 

Hz, 2H), 0.98 (t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, CDCl3) δ 144.1, 133.5, 125.2, 108.2, 

81.8, 80.4, 28.8, 20.8, 14.4; TLC (heptane, KMnO4 stain) Rf = 0.35. 

 

(S,1E,3E,8Z,11Z)-1-bromotetradeca-1,3,8,11-tetraen-6-yn-5-ol (212). 

 

 

 

A flask was charged with dry Zn(OTf)2 (1450 mg, 4.00 mmol, 3.00 equiv.) and (-)-NME (739 

mg, 4.12 mmol, 3.10 equiv.) and purged with argon for 20 min. Next, dry, degassed toluene 

(8.70 mL) and Et3N (575 μl, 4.12 mmol, 3.10 equiv.) was added and the reaction mixture was 

stirred for 2 hours at room temperature before the addition of alkyne 206 (492 mg, 4.11 

mmol, 3.10 equiv.) in toluene (1.00 mL) in one portion. After stirring for 15 min, a solution 

of aldehyde 149 (213 mg, 1.33 mmol, 1.00 equiv.) in toluene (1.00 mL) was added in one 

portion. The reaction mixture was stirred for 3 hours before it was quenched by the addition 

of 4:2 NH4Cl and Na2S2O3 (8.50 mL), extracted with Et2O (3 x 8.50 mL), dried (Na2SO4) and 

concentrated in vacuo. The crude product was purified by column chromatography on silica 

gel (hexane/EtOAc 85:15) to afford 212 as a clear oil. Yield 93.2 mg (25%); 1H NMR (400 

MHz, MeOD) δ 6.79 (dd, J = 13.4, 10.9 Hz, 1H), 6.54 (d, J = 13.5 Hz, 1H), 6.37 (dd, J = 

15.1, 10.8 Hz, 1H), 5.97 – 5.75 (m, 2H), 5.52 (dq, J = 10.6, 1.6 Hz, 1H), 5.48 – 5.40 (m, 1H), 

5.37 – 5.28 (m, 1H), 5.00 (d, J = 5.9 Hz, 1H), 3.06 (t, J = 7.4 Hz, 2H), 2.11 (p, J = 7.3 Hz, 

2H), 0.97 (t, J = 7.5 Hz, 3H). 13C NMR (101 MHz, MeOD) δ 143.4, 137.8, 134.8, 134.0, 

129.5, 126.4, 110.9, 109.3, 93.7, 83.0, 63.2, 29.6, 21.6, 14.6; HRESITOFMS: m/z 303.0355 

[M+Na]+ (calcd for C14H17BrONa, 303.0355); TLC (hexane/Et2O 7:3, KMnO4 stain) Rf = 

0.45. 
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(R,1E,3E,6E,8Z,11Z)-1-bromotetradeca-1,3,6,8,11-pentaen-5-ol (221).  

 

 

 

Vinyl bromide 212 (93.2 mg, 333 μmol, 1.00 equiv.) was dissolved in THF (2.93 mL) before 

NaH (14.6 mg, 366 μmol, 1.10 equiv.) was added. The temperature was raised to 40 °C and 

the reaction mixture was stirred for 30 min. Next, the temperature was lowered to room 

temperature and the DIBAL-H (1.0 M, 0.67 mL, 666 μmol, 2.00 equiv.) was added dropwise. 

After 2-3 hours, the reaction mixture was quenched with a 1:1 of Rochelle salt and phosphate 

buffer (2.00 mL), extracted with Et2O (3 x 2.00 mL), dried (Na2SO4) and concentrated in 

vacuo. The crude product was purified by column chromatography on silica gel (hexane/Et2O 

85:15) to afford 221 as a clear oil. Yield 46.9 mg (50%); 1H NMR (400 MHz, MeOD) δ 6.77 

(dd, J = 13.4, 10.8 Hz, 1H), 6.57 (dd, J = 15.1, 11.1 Hz, 1H), 6.48 (d, J = 13.5 Hz, 1H), 6.22 

(dd, J = 15.2, 10.6 Hz, 1H), 5.99 (t, J = 10.8 Hz, 1H), 5.78 (dd, J = 15.3, 6.2 Hz, 1H), 5.66 

(dd, J = 15.2, 6.5 Hz, 1H), 5.48 – 5.26 (m, 3H), 4.64 (t, J = 6.3 Hz, 1H), 2.94 (t, J = 7.5 Hz, 

2H), 2.10 (p, J = 7.3 Hz, 2H), 0.98 (t, J = 7.5 Hz, 2H). 13C NMR (101 MHz, MeOD) δ 138.3, 

137.2, 135.3, 133.2, 131.7, 129.0, 128.6, 127.7, 126.9, 109.8, 73.4, 26.9, 21.5, 14.6; 

HRESITOFMS: m/z 305.0513 [M+Na]+ (calcd for C14H19BrONa, 305.0511); TLC 

(hexane/Et2O 7:3, CAM stain) Rf = 0.32. 

 

Mosher ester analysis of alcohol 221. 

 

 
Figure 5.1 Resulting ΔδSR = (δS - δR) values (in Hz) for each proton(s) identified. 

 

General procedure for the preparation of Mosher esters.9  

 

Alcohol 221 (100 μg, 0.355 μmol, 1.00 equiv.) was transferred to a flame dried 2.00 mL glass 

vial and dry pyridine (1.10 μL, 13.9 μmol, 39.0 equiv.) was added. The content was then 

dissolved in CDCl3 (111 μL). The solvent was passed through a column of silica immediately 

before use. Next, R- or S-Morsher’s acid chloride (1.10 μL, 5.68 μmol, 16.0 equiv.) was 

added to the mixture. Addition of R-(-)-MTPA-Cl generated the S-MTPA ester and vice 

versa. After the reaction was deemed complete by TLC-analysis (~1 hour), the reaction 

mixture was diluted with dry CDCl3 (0.60 mL) and transferred to an NMR sample tube 
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before the 1H NMR spectrum was recorded. The resulting ΔδSR values are shown in the 

Figure 5.1. From the calculated ΔδSR values, the configuration at C13 was deduced to be R. 

The ee value was calculated to be 90% from the 19F NMR of the resulting Mosher esters 

(Figure 5.19  and Figure 5.20).        

 

(((R,1E,3E,6E,8Z,11Z)-1-bromotetradeca-1,3,6,8,11-pentaen-5-yl)oxy)triethylsilane 

(204). 

 

 

 

The secondary alcohol 221 (20.8 mg, 73.7 μmol, 1.00 equiv.) was dissolved in CH2Cl2 (1.00 

mL) and cooled to -78 °C. 2,6-lutidine (25.7 μL, 221 μmol, 3.00 equiv.) was added, followed 

by dropwise addition of TESOTf (21.7 μL, 95.8 mmol, 1.30 equiv.). After the reaction was 

deemed complete based on TLC-analysis (~1 hour), it was quenched with the addition of sat. 

aq. NaHCO3 (1.00 mL). The reaction mixture was extracted with Et2O (3 x 3.00 mL), dried 

(Na2SO4) and concentrated in vacuo. The crude product was purified by column 

chromatography on silica gel (hexane/EtOAc 99:1) to afford 204 as a clear oil. Yield 24.8 mg 

(85%). [α]
25
𝐷

  -17.3 (c = 0.53, toluene); 1H NMR (400 MHz, C6D6) δ 6.69 (ddt, J = 15.1, 11.1, 

1.1 Hz, 1H), 6.51 (dd, J = 13.5, 10.9 Hz, 1H), 6.14 – 5.79 (m, 4H), 5.61 (dd, J = 15.1, 6.0 Hz, 

1H), 5.49 (dd, J = 15.2, 5.8 Hz, 1H), 5.45 – 5.36 (m, 2H), 4.59 (t, J = 5.9 Hz, 1H), 2.95 (t, J = 

6.1 Hz, 2H), 2.00 (p, J = 7.6 Hz, 2H), 1.01 (t, J = 7.9 Hz, 9H), 0.90 (t, J = 7.5 Hz, 3H), 0.62 

(q, J = 7.9 Hz, 6H). 13C NMR (101 MHz, C6D6) δ 137.2, 136.9, 135.2, 132.6, 130.8, 127.9, 

127.0, 126.7, 125.0, 109.0, 73.5, 26.5, 20.9, 14.4, 7.1 (3C), 5.4 (3C). HRESITOFMS: m/z 

419.1375 [M+Na]+ (calcd for C20H33BrOSiNa, 419.1376); TLC (hexane/EtOAc 99:1, CAM 

stain) Rf = 0.19. 

 

(E)-1-(4-bromophenyl)hex-1-en-3-ol (223). 

 

 

 

The propargylic alcohol 222 (100 mg, 395 μmol, 1.00 equiv.) was dissolved in THF (4.00 

mL) and NaH (17.38 mg, 60% dispersion, 1.10 equiv.) was added. The resulting suspension 

was stirred until cessation of gas evolution, and cooled to 0 °C. DIBAL-H (1.0 M in THF, 

0.79 mL, 790 μmol, 2.00 equiv.) was added dropwise and the reaction was stirred until 

deemed complete by TLC (30 min). The reaction was quenched with 10 mL solution of 1:1 

phosphate buffer (pH = 7.00) and sat. aq. solution of Rochelle’s salt, stirred vigorously, 

extracted with Et2O (3 x 10 mL), dried (Na2SO4), filtrated and concentrated in vacuo. The 
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crude product was purified by column chromatography on silica gel (hexane/Et2O 7:3) to 

afford 223 as a clear oil. Yield 90 mg (89%). All spectroscopic and physical data were in 

agreement with those reported in literature.10 1H NMR (400 MHz, CDCl3) δ 7.43 (d, J = 8.5 

Hz, 2H), 7.23 (d, J = 8.4 Hz, 2H), 6.51 (d, J = 15.9 Hz, 1H), 6.21 (dd, J = 15.9, 6.6 Hz, 1H), 

4.31 – 4.25 (m, 1H), 1.70 – 1.52 (m, 2H), 1.52 – 1.34 (m, 2H), 0.96 (t, J = 7.3 Hz, 3H). 13C 

NMR (101 MHz, CDCl3) δ 135.9, 133.6, 131.8, 129.0, 128.1, 121.5, 72.8, 39.6, 18.8, 14.1. 

TLC (hexane/Et2O 7:3, KMnO4 stain) Rf = 0.14.  
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Figure 5.2 1H NMR spectrum of compound 225. 

 

Figure 5.3 13C NMR spectrum of compound 225. 
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Figure 5.4 1H NMR spectrum of compound 246. 

 

Figure 5.5 13C NMR spectrum of compound 246. 
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Figure 5.6 1H NMR spectrum of compound 226. 

 

Figure 5.7 13C NMR spectrum of compound 226. 
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Figure 5.8 1H NMR spectrum of compound 205. 

 

Figure 5.9 13C NMR spectrum of compound 205. 
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Figure 5.10 1H NMR spectrum of compound 211. 

 

Figure 5.11 13C NMR spectrum of compound 211. 
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Figure 5.12 1H NMR spectrum of compound 206. 

 

Figure 5.13 13C NMR spectrum of compound 206. 
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Figure 5.14 1H NMR spectrum of compound 212.  

 

Figure 5.15 13C NMR spectrum of compound 212.  
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Figure 5.16 1H NMR spectrum of compound 221. 
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Figure 5.17 13C NMR spectrum of compound 221.  

 

Figure 5.18 COSY spectrum of compound 221. 
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Figure 5.19 19F NMR spectrum of compound S-Mosher ester. 

 

 
Figure 5.20 19F NMR spectrum of compound R-Mosher ester. 
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Figure 5.21 1H NMR spectrum of compound 204. 

 

Figure 5.22 13C NMR spectrum of compound 204. 
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Figure 5.23 1H NMR spectrum of compound 223. 

 

 
Figure 5.24 13C NMR spectrum of compound 223. 
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Figure 5.25 HPLC chromatogram of optical 246. 
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Figure 5.26 HPLC chromatogram of racemic 246. 
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ABSTRACT: Specialized pro-resolving lipid mediators are biosynthesized during the resolution phase of acute inflammation
from n-3 polyunsaturated fatty acids. Recently, the isolation and identification of the four novel mediators denoted 13-series
resolvins, namely, RvT1 (1), RvT2 (2), RvT3 (3) and RvT4 (4), were reported, which showed potent bioactions characteristic
for specialized pro-resolving lipid mediators. Herein, based on results from LC/MS-MS metabololipidomics and the
stereoselective synthesis of 13(R)-hydroxy-7Z,10Z,13R,14E,16Z,19Z docosapentaenoic acid (13R-HDPA, 5), we provide direct
evidence that the four novel mediators 1−4 are all biosynthesized from the pivotal intermediate 5. The UV and LC/MS-MS
results from synthetic 13R-HDPA (5) matched those from endogenously and biosynthetically produced material obtained from
in vivo infectious exudates, endothelial cells, and human recombinant COX-2 enzyme. Stereochemically pure 5 was obtained with
the use of a chiral pool starting material that installed the configuration at the C-13 atom as R. Two stereoselective Z-Wittig
reactions and two Z-selective reductions of internal alkynes afforded the geometrically pure alkene moieties in 5. Incubation of 5
with isolated human neutrophils gave all four RvTs. The results presented herein provide new knowledge on the biosynthetic
pathways and the enzymatic origin of RvTs 1−4.

During the resolution of acute inflammation, a novel group
of host-protective chemical mediators biosynthesized

from the n-3 polyunsaturated fatty acids (PUFAs) eicosapen-
taenoic acid (EPA) and docosahexaenoic acid (DHA), termed
specialized pro-resolving mediators (SPMs)1 and their bioactive
peptide-conjugates,2 are resolution mediators and control tissue
regeneration and promote the return to homeostasis.3,4 The
resolvins, protectins, and maresins constitute individual families
of SPMs that are formed via distinct biosynthetic pathways.4

During the resolution of acute inflammation, SPMs exhibit a
wide range of potent pro-resolving actions, which include
promoting the clearance of bacteria and apoptotic cells,
counter-regulating the production and actions of pro-
inflammatory mediators, and stimulating the resolution of
inflammation.5 The PUFA n-3 docosapentaenoic acid (n-3
DPA) is an intermediate in the biosynthesis of DHA from EPA
and is also a precursor to novel bioactive mediators.6−8 The
isolation and structure elucidation of four new host-protective
molecules was recently reported. These compounds were

termed 13-series resolvins (RvTs), namely, RvT1 (1), RvT2
(2), RvT3 (3) and RvT4 (4), given that they share a hydroxy
functionality at carbon 13.8

These four enzymatically oxygenated products are bio-
synthesized during neutrophil-endothelial cocultures and are
present, after sterile inflammation as well as infection, in both
human and mouse tissues. These four new natural products are
biosynthesized from n-3 DPA during neutrophil-endothelial
interactions where endothelial cyclooxygenase-2 (COX-2)
converts n-3 docosapentaenoic acid to 13-hydro(peroxy)-
7Z,10Z,13,14E,16Z,19Z docosapentaenoic acid that is then
thought to react rapidly, via COX-2-mediated peroxidase
activity, into 13(R)-hydroxy-7Z,10Z,13R,14E,16Z,19Z docosa-
pentaenoic acid (Scheme 1).8 The RvTs contain conjugated
diene and triene moieties, as well as isolated Z-olefins, in
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addition to the common hydroxy functionality at C-13. The
RvT family of mediators demonstrated potent protective
actions increasing mice survival during Escherichia coli (E.
coli) infections, and regulate human and mouse phagocyte
responses that result in increased bacterial phagocytosis and
regulation of inflammasome components.8

The presence of a secondary alcohol functionality at C-13 in
all four RvTs caught our attention as a common and important
chemical feature that most likely is involved early in the
biosynthesis of all four RvTs. LC/MS-MS-based experiments
using lipid mediator metabololipidomics with materials
obtained from human neutrophil-endothelial cell interactions
allowed for the identification of a 13-hydroxylated C22-
compound biosynthesized in human endothelial cell assays.
Incubations of n-3 DPA with human recombinant cyclo-
oxygenase-2 (hrCOX-2), together with UV experiments and
chiral-phase LC-MS/MS analyses, provided evidence for the
involvement of the hydroperoxide of a 13(R)-hydroxy-
docosapentaenoic acid intermediate (13R-HpDPA) in the
biosynthesis of the 13 series resolvins.8 Given the potency of
these molecules (pM−nM) and the fact that they are produced
in small amounts (pg−ng) within biological systems, it was not
possible to determine the exact configurations of the double
bonds or the absolute configurations of the secondary alcohols
in RvTs 1−4. Based on biosynthetic considerations,4,5,9 we
tentatively assigned the configurations of the double bonds as
depicted.

As bacterial infections in humans remain a serious health
concern due to the rise in antibiotic resistance toward existing
antibacterial therapeutics, an imminent need for new treatment
strategies exists.10 Of interest toward this aim, the RvTs 1−4
exert anti-inflammatory and potent pro-resolving activities by
regulating key innate protective responses during E. coli
infections in mice.8 Due to the interesting and potent biological
activities of the RvTs 1−4, it is of considerable interest to
further investigate their biosynthetic pathways. Herein, we
present direct evidence for the configurational assignment of
the key biosynthetic intermediate in the RvT pathway, namely,
13R-HDPA (5), by matching material obtained from total
synthesis with that isolated from (a) human endothelial cells,
(b) mouse infectious exudates, and (c) human recombinant
COX-2. We also demonstrate that 13R-HDPA is converted by
human neutrophils to all four RvTs, thereby confirming the role
of 13R-HDPA as a key biosynthetic intermediate in RvT
formation.

■ RESULTS AND DISCUSSION
To establish evidence of the existence of 13R-HDPA (5) as a
pivotal intermediate and its role in the biosynthesis of the novel
13-series resolvins (RvT 1−4), stereochemically pure 5 was
obtained by total synthesis. First, a synthesis of the terminal
alkyne 10 from commercially available 2-pentyn-1-ol (6),
Scheme 2, was needed. The preparation of diyne 8 was

performed as previously reported.11 Unfortunately, attempted
Lindlar reduction of the internal alkyne in 8 gave no conversion
to wanted 9. However, the stereoselective Z-reduction of the
internal alkyne was successfully achieved with P-2 nickel boride
(P-2 Ni),12,13 which provided 9 in 80% yield. Removal of the
TMS-protecting group was achieved using TBAF buffered with
acetic acid. Addition of acetic acid was absolutely necessary to
suppress the formation of the E-isomer of 10. The modest
overall yield of 10 by this sequence is attributed to the high
volatility of 10.
Next, vinyl iodide 13 was prepared from commercially

available (R)-α-hydroxy-γ-butyrolactone (11), via known
alcohol 12.14 An alkyne hydrozirconation of 12, followed by
treatment with iodine, furnished the vinyl iodide 13 in fair yield
(Scheme 3).
The Wittig salt 19 was prepared from cycloheptanone (14)

in eight steps. Phosphonium salt 15 was obtained as previously
reported7 in a sequence involving a Baeyer−Villager oxidation
of 14, subsequent methanolysis of the resulting lactone,

Scheme 1. Chemical Structure of 13R-HDPA (5) and
Outline of Its Proposed Biosynthesis from n-3 DPA

Scheme 2. Synthesis of (Z)-Hept-4-en-1-yne (10)
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conversion of the formed primary alcohol to its iodide that was
reacted with triphenylphospine to give 15. A Wittig reaction of
15 with TBS-protected 3-hydroxypropanal (16) and subse-
quent removal of the silyl group15 afforded the alcohol 17. This
was then converted into the corresponding iodide 18 via an
Appel reaction, followed by treatment with triphenylphospine
in refluxing acetonitrile that afforded the desired Wittig salt 19
in 81% yield over the two steps (Scheme 4).

Then terminal alkyne 10 and vinyl iodide 13 were assembled
in a Sonogashira cross-coupling reaction, which produced the
conjugated enyne 20 in 86% yield. Oxidation of the alcohol in
20 gave aldehyde 21, which was immediately reacted in a Z-
selective Wittig reaction with the ylide of Wittig salt 19; the
latter was generated at −78 °C after treatment with NaHMDS.
This afforded the ester 22 in 77% yield. Finally, after removal of
the silyl group with in situ-generated HCl from AcCl in MeOH,
the internal alkyne in 23 was stereoselectively reduced using the
Boland protocol,16 furnishing the conjugated E,Z-diene 24 in
67% yield (Scheme 5). The chemical purity of ester 24 was
>98%. Saponification with LiOH17 afforded chemically (>98%)
and stereochemically pure 13R-HDPA (5) (>99% ee)
according to LC-MS/MS analyses using a chiral-phase column
(Figure 1).
We next tested whether synthetic 5 matched authentic 13R-

HDPA (5). We first isolated material from human umbilical
endothelial cells8 that in RP-HPLC-MS-MS metabololipido-
mics18 gave a sharp peak with retention time (RT) of 17.5 min
(Figure 1A). 13-HDPA from infectious exudates and from
hrCOX-2 also eluted with RT 17.5 min (Figure 1B,C). The
same retention time was observed (RT = 17.5 min) for
synthetic 13R-HDPA (5), Figure 1D. Moreover, coinjection of
biological 13-HPDA with synthetic material of 5 gave a single
sharp peak with RT 17.5 min (Figure 1E).
Then we sought evidence for the absolute configuration at C-

13 and that synthetic material of 5 eluted with biological 13R-
HDPA in a chiral environment. In all biological systems tested,

13R-HDPA was the main product giving a sharp peak at RT 5.1
min in a chiral-phase chromatography-tandem mass spectrom-
etry system (Figures 2A−C). Synthetic 13R-HDPA (5) also
gave RT 5.1 min (Figure 2D), and when this material was
coinjected with biological material, a sharp peak only at RT 5.1
min was observed (Figure 2E). Of note, in the endothelial cell
and recombinant enzyme incubations, we also identified the S-
isomer of 13-HDPA that was found to be the minor product in
both incubations forming ∼10% of the overall 13-HDPA levels
in the HUVEC incubations (Figure 2A) and <5% in the
recombinant enzyme incubations (Figure 2C). This is in
accordance with published findings that COX-2 stereo-
selectively converts n-3 DPA to the R-configured stereoisomer
with a small proportion of the substrate being converted to the
S-stereoisomer.8 This is also observed for other enzymes that
lipoxygenate their substrate.19 Altogether, these efforts
established that the synthetic material of 5 eluted together
with biologically produced 13-HDPA and that the absolute
configuration at C-13 is R for biogenic 13-HDPA (5).
To obtain further evidence for matching physical properties

of authentic and synthetic material of 5, MS-MS spectra for
13R-HDPA from HUVEC incubations, infectious exudates and
synthetic material of 5 were recorded, that gave essentially
identical MS-MS spectra including fragments at m/z 327, 301,
283, 223, 205, and 195 (Figure 3A−C).

Scheme 3. Synthesis of Vinyl Iodide 13

Scheme 4. Synthesis of Wittig Salt 19

Scheme 5. Synthesis of 13R-HDPA (5)
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Figure 1. 13-HDPA MRM chromatograms from (A) endothelial cells,
(B) infectious exudates, (C) hrCOX-2, and (D) synthetic material of
5. (E) Coinjection of endothelial and synthetic 5.

Figure 2. 13-HDPA chiral LC-MS-MS derived from (A) endothelial
cells, (B) infectious exudates, (C) hrCOX-2, and (D) synthetic
material. (E) Coinjection of endothelial and synthetic 13R-HDPA.
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Assessment of the UV chromophore of biogenic 13R-HDPA
from hrCOX-2 and that of the synthetic material of 5, both
gave λmax

MeOH of 237 nm (Figure 4A,B), adding additional
confidence in our structural assignment.
We next tested whether the synthetic material 5 was a

substrate for the conversion to any of the four RvTs by human
neutrophils. Incubation of synthetic 13R-HDPA (5) with
human neutrophils gave RvT1 (1), RvT2 (2), RvT3 (3), and
RvT4 (4), as determined using both retention time (Figure 5A)
and MS-MS spectra (Figure 5B). Of note in incubations with
neutrophils without 13R-HDPA (5), levels of RvT1 (1), RvT2
(2), RvT3 (3), and RvT4 (4), were >75% lower than those
found in incubations with the synthetic material. These results

are in accordance with published findings8 and indicate that
while PMN may utilize endogenous 13R-HDPA, which may be
esterified and released upon cellular activation as observed for
other SPM biosynthetic intermediates,20 these cells rely on
other cell types to donate this key biosynthetic intermediate for
RvT biosynthesis. Together these results establish the exact
structural assignment of 13R-HDPA as 13(R)-hydroxy-
7Z,10Z,13R,14E,16Z,19Z docosapentaenoic acid (5), as well
as its key role in the RvT biosynthetic pathway.

■ CONCLUSIONS
The biosynthesis of SPMs in human physiological systems
affords the E- and D-series resolvins with either a E,E,Z,E-
tetraene or a E,E,Z-triene moiety.2,4 On the other hand, the
13R-series-resolvins display diene and triene moieties, isolated
Z-olefins, and a hydroxy functionality at C-13. These features
distinguish the 13R-series-resolvins from the established
families of SPMs (i.e., the resolvins, protectins, and maresins),
as well as other oxygenated natural products of nonhuman
origin.21 Herein, we have demonstrated that the COX-2
enzyme is involved in the first step in the biosynthetic pathways
of the 13R-series-resolvins. Most likely, as for the other SPM
families,5 the first step involves the formation of a hydro-
peroxide intermediate that undergoes distinct enzymatic
multistep sequences to the individual natural products 1−4.
Because all families of SPMs,22 as well as other oxygenated
PUFA-derivatives,21,23 exhibit potent and interesting pharma-
cological actions, these natural products are of interest as lead
compounds toward the clinical development of different
treatments for human diseases, via a novel mechanism as
resolution agonists. Such efforts will be more expedient with
knowledge of the complete structural assignment and
biosynthetic pathways of SPMs such as the 13R-series resolvins.

■ EXPERIMENTAL SECTION
General Experimental Procedures. Optical rotations were

measured using a 0.7 mL cell with a 1.0 dm path length on an
Anton Paar MCP 100 polarimeter. The UV−vis spectra from 190 to
900 nm were recorded on a Shimadzu UV-1800 spectrophotometer
using quartz cuvettes. NMR spectra were recorded on a Bruker
AVII400 spectrometer at 400 MHz or a Bruker AVII600 spectrometer
at 600 MHz for 1H NMR, and at 100 or 150 MHz for 13C NMR.
Spectra are referenced relative to the central residual protium solvent
resonance in 1H NMR (CDCl3 δH = 7.27, and MeOH-d4 δH = 3.31)
and the central carbon solvent resonance in 13C NMR (CDCl3 δC =
77.00 ppm, and MeOH-d4 = δC = 49.00). High-resolution mass spectra
were recorded on a Waters Prospec Q spectrometer using ES as the
method of ionization. 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 μm)
produced by Merck. HPLC analyses for chemical purities were
performed on an Agilent Technologies 1200 Series instrument with
diode array detector set at 254 nm and equipped with a C18 stationary
phase (Eclipse XDB-C18 5 μm 4.6 × 150 mm), applying the
conditions stated. GLC-analyses were performed on an Agilent
Technologies 7820A GC instrument with split injection, FID detector
and equipped with an Agilent J&W HP-5 GC column (30 m × 0.32
mm, 0.25 μm) applying the conditions stated. Unless stated otherwise,
all commercially available reagents and solvents were used in the form
they were supplied without any further purification. All reactions were
performed under an argon atmosphere, unless otherwise stated. The
stated yields are based on isolated material. Liquid chromatography
(LC)-grade solvents were purchased from Fisher Scientific. The
Eclipse Plus C18 column (100 × 4.6 mm × 1.8 μm) was obtained
from Agilent and C18 SPE columns were from Waters. Commercially
available lipid mediators were obtained from Cayman Chemical.

Figure 3. MS-MS spectra employed in the identification of 13-HDPA
from (A) endothelial cells, (B) infectious exudates, and (C) synthetic
material. n = 3 endothelial cell donors, n = 3 mouse exudates, and n =
3 for synthetic material.
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(Z)-Hept-4-en-1-yn-1-yltrimethylsilane (9). A suspension of
sodium borohydride (32.9 mg, 0.87 mmol) in EtOH (1.3 mL) was
added dropwise to a flask containing nickel acetate tetrahydrate (217
mg, 0.87 mmol, 14 mol%) in EtOH (13.0 mL) at 0 °C under stirring.
The reaction mixture turned black. After stirring for 15 min at room
temperature, ethylenediamine (116 μL, 105 mg, 1.74 mmol) was
added, and the stirring was continued for 10 min. The flask was

evacuated and refilled with hydrogen gas before the skipped diyne 811

was added (1.00 g, 6.09 mmol, 1.00 equiv). The reaction mixture was
stirred at room temperature under hydrogen atmosphere until
completion (∼4 h), then filtered through a short plug of silica gel
that was washed with pentane (10 mL). The filtrate was transferred to
a separatory funnel and washed with H2O (3 × 5.0 mL). The organic
layer was dried (MgSO4), and the solvent was removed in vacuo.

Figure 4. UV spectra for (A) hrCOX-2 13-HDPA and (B) synthetic 13R-HDPA (5).

Figure 5. Human neutrophils convert 13R-HDPA (5) to RvT1−4 (1−4). Human neutrophils were isolated from peripheral blood of healthy donors
and incubated (2 × 107 cells/mL) with or without 13R-HDPA (5) (45 min, 37 °C, 2 μM A23187, PBS, pH = 7.45). Incubations were quenched with
two volumes of ice cold MeOH and products extracted and profiled using lipid mediator metabololipidomics. (A) MRM chromatograms for each of
the RvT1−4 with relative abundances to their levels in each of the incubations. (B) MS-MS spectra employed in the identification of RvT1 (1),
RvT2 (2), RvT3 (3) and RvT4 (4). Results are representative of n = 3 healthy volunteers.
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Purification by flash chromatography on silica gel (pentane) afforded
the desired product 9 as a colorless oil. Yield: 810 mg (80%); 1H NMR
(400 MHz, CDCl3) δH 5.51−5.42 (m, 1H), 5.42−5.35 (m, 1H), 2.98
(m, 2H), 2.06 (p, J = 7.5 Hz, 2H), 0.98 (t, J = 7.5 Hz, 3H), 0.15 (s,
9H). 13C NMR (101 MHz, CDCl3) δC 133.7, 123.4, 105.7, 84.2, 20.7,
18.4, 14.1, 0.3. TLC (hexane, KMnO4 stain) Rf = 0.12. The
spectroscopic data were in agreement with those previously reported
for this compound.24

(Z)-Hept-4-en-1-yne (10). (Z)-Hept-4-en-1-yn-1-yltrimethylsilane
(9) (700 mg, 4.21 mmol, 1.00 equiv) was added to a solution of TBAF
(1.0 M in THF, 6.74 mL, 6.74 mmol, 1.60 equiv) and acetic acid (0.40
mL, 6.95 mmol). The reaction was stirred at room temperature for 16
h and quenched with H2O (6.0 mL). Pentane (40 mL) was added, and
the organic layer was washed with saturated aq NaHCO3 (7.0 mL),
water (10 × 7.0 mL) to remove the remaining THF, and then dried
(MgSO4). Pentane was removed by distillation. After distillation, the
product still contained traces of solvents, but that was accounted for in
the next step. Yield: 189 mg (47%); 1H NMR (400 MHz, CDCl3) δH
5.53−5.45 (m, 1H), 5.44−5.36 (m, 1H), 2.94 (m, 2H), 2.13−2.00 (m,
2H), 1.97 (t, J = 2.7 Hz, 1H), 0.99 (t, J = 7.5 Hz, 3H); 13C NMR (101
MHz, CDCl3) δC 134.0, 123.1, 83.2, 68.1, 20.6, 16.9, 14.0. The
spectroscopic data were in agreement with those previously reported
for this compound.25

(R,E)-3-((tert-Butyldimethylsilyl)oxy)-5-iodopent-4-en-1-ol (13).
Compound 12 was prepared as previously reported.14 The Schwartz’s
reagent was prepared in situ following the procedure by Huang and
Negishi.26 Cp2ZrCl2 (1.24 g, 4.23 mmol, 2.10 equiv) in THF (5.00
mL) was cooled to 0 °C and stirred under argon. A solution of
DIBAL-H (1.0 M in THF, 4.23 mL, 4.23 mmol) was added dropwise.
The resultant suspension was stirred for 30 min at 0 °C and protected
from light with aluminum foil, before the terminal alkyne 12 (431 mg,
2.02 mmol, 1.00 equiv) in THF (1.00 mL) was added. The cooling
bath was removed, and the reaction mixture stirred at room
temperature until a homogeneous solution was observed (ca. 1 h)
and then cooled to −78 °C. A solution of I2 (665 mg, 5.24 mmol, 1.24
equiv) in THF/CH2Cl2 (3.00 mL, 1:1) was added. The reaction
mixture was stirred 45 min before it was filtered through a plug of silica
gel that was successively washed with 20% EtOAc in heptane. The
solvent was removed under reduced pressure, and the crude product
was purified by column chromatography on silica gel (heptane/EtOAc
8:2) to afford the vinyl iodine 13 as a pale yellow oil. Yield: 385 mg
(56%); [α]D

20 + 58 (c = 0.29, MeOH); 1H NMR (400 MHz, CDCl3)
δH 6.56 (dd, J = 14.4, 6.0 Hz, 1H), 6.29 (dd, J = 14.4, 1.2 Hz, 1H),
4.37 (m, 1H), 3.79 (ddd, J = 10.9, 7.9, 4.3 Hz, 1H), 3.70 (m, 1H), 2.02
(s, 1H), 1.81 (m, 1H), 1.72 (m, 1H), 0.90 (s, 9H), 0.09 (s, 3H), 0.06
(s, 3H); 13C NMR (101 MHz, CDCl3) δC 148.4, 76.5, 74.3, 59.7, 39.1,
25.9 (3C), 18.3, −4.4, −4.9;. HRESITOFMS: m/z 365.0403 [M +
Na]+ (calcd for C11H23IO2SiNa, 365.0410); TLC (hexane/EtOAc 7:3,
KMnO4 stain) Rf = 0.37.
Methyl (Z)-10-hydroxydec-7-enoate (17). The ester 17 was

prepared according to a literature procedure.2c The known Wittig
salt 157 (1.70 g, 3.19 mmol, 1.00 equiv) was dissolved in THF (42.0
mL) and HMPA (4.20 mL) and cooled to −78 °C. NaHMDS (0.60 M
in toluene, 5.30 mL, 3.18 mmol, 1.00 equiv) was added dropwise, and
the reaction mixture was stirred for 30−45 min. Aldehyde 6 (631 mg,
3.35 mmol, 1.05 equiv) in THF (4.20 mL) was then added dropwise,
and stirring was continued for 1.5 h at −78 °C. The flask was allowed
to slowly warm up to 0 °C, and the reaction was quenched with
phosphate buffer (21.1 mL, pH = 7.2). The aq phase was extracted
with Et2O (2 × 20.0 mL), and the combined organic layers were dried
(Na2SO4) and concentrated in vacuo. The crude material was passed
through a short plug of silica that was washed with 5% EtOAc in
heptane (Rf = 0.26). The crude product (868 mg, 2.76 mmol, 1.00
equiv) was dissolved in CH2Cl2/MeOH (1:2, 34.0 mL) and cooled to
0 °C. Camphor-10-sulfonic acid (642 mg, 2.76 mmol, 1.00 equiv) was
added in one portion, and the reaction mixture was stirred for 30 min
at 0 °C before it was allowed to slowly warm up to room temperature
and stirred for 1 h. The reaction was quenched with saturated aq
NaHCO3 (33.3 mL), extracted with CH2Cl2 (2 × 15.0 mL), dried
(Na2SO4), and concentrated in vacuo. The crude product was purified

by column chromatography on silica gel (heptane/EtOAc 7:3) to
afford hydroxyl methyl ester 17 as a clear oil. The chemical purity
(>99%) was determined by GLC analysis: Initial temperature 100 °C,
rate: 5 °C/min, final temperature 200 °C, tr (minor) = 8.90 min, tr
(major) = 9.22 min. Yield: 483 mg (76%); 1H NMR (400 MHz,
MeOH-d4) δH 7.08−6.90 (m, 2H), 5.21 (s, 3H), 5.09 (t, J = 7.0 Hz,
2H), 3.92−3.77 (m, 4H), 3.64 (q, J = 6.7 Hz, 2H), 3.18 (q, J = 7.3 Hz,
2H), 2.93 (m, 4H). 13C NMR (101 MHz, MeOH-d4) δC 176.0, 132.7,
126.9, 62.8, 51.9, 34.8, 31.8, 30.4, 29.8, 28.1, 25.9. HRMS (TOF ES+):
m/z 223.1305 [M + Na]+ (calcd for C11H20O3Na, 223.1310). TLC
(Heptane/EtOAc 7:3, KMnO4 stain): Rf = 0.23.

Methyl (Z)-10-(iodotriphenyl-λ5-phosphanyl)dec-7-enoate (19).
Iodide 18 was prepared from hydroxy ester 17 (483 mg, 2.42 mmol,
1.00 equiv) according to a procedure reported by Mioskowski and co-
workers27 and used directly in the next reaction. Iodide 18 (638 g, 2.06
mmol, 1.00 equiv) was dissolved in dry MeCN (20.0 mL).
Triphenylphosphine (1.08 g, 4.12 mmol, 2.00 equiv) was added, and
the reaction mixture was heated to reflux for 12 h. The reaction
mixture was concentrated in vacuo. The crude product was purified by
column chromatography on silica gel (CH2Cl2/MeOH 95:5) to afford
the Wittig salt 19 as a clear oil. Yield: 1.12 g (81%); 1H NMR (400
MHz, MeOH-d4) δ 8.00−7.64 (m, 15H), 5.56−5.42 (m, 2H), 3.63 (s,
3H), 3.57−3.45 (m, 2H), 2.49−2.38 (m, 2H), 2.28 (t, J = 7.3 Hz, 2H),
1.90 (q, J = 6.8 Hz, 2H), 1.52 (p, J = 7.4 Hz, 2H), 1.36−1.19 (m, 4H).
13C NMR (101 MHz, MeOH-d4) δC 175.8, 136.3 (d, 4′JCP = 3.0 Hz,
3C), 134.9 (d, 3′JCP = 10.0 Hz, 6C), 133.5, 131.6 (d, 2′JCP = 12.6 Hz,
6C), 127.4 (d, 3′JCP = 16.1 Hz), 119.8 (d, 1′JCP = 86.2 Hz, 3C), 52.0,
34.6, 29.9, 29.6, 27.9, 25. 7, 23.0 (d, 1′JCP = 49.2 Hz), 21.3 (d, 2′JCP =
3.3 Hz). HRESITOFMS: m/z 445.2287 [M]+ (calcd for C29H34O2P,
445.2296); TLC (CH2Cl2/MeOH 95:5) Rf = 0.47.

(R,4E,9Z)-3-((tert-Butyldimethylsilyl)oxy)dodeca-4,9-diene-6-yn-
1-ol (20). To a solution of vinyl iodide 13 (385 mg, 1.13 mmol, 1.00
equiv) in Et2NH (2.50 mL) and benzene (2.20 mL) was added
Pd(PPh3)4 (39.2 mg, 33.9 μmol, 3.00 mol%). The reaction mixture
was stirred for 45 min in the dark before CuI (11.2 mg, 58.8 μmol,
5.00 mol%) in a minimum amount of Et2NH was added followed by
dropwise addition of alkyne 10 (213 mg) in Et2NH (2.20 mL). After
stirring for 20 h at room temperature, the reaction was quenched with
a saturated aq solution of NH4Cl (23 mL). The aq phase was extracted
with Et2O (3 × 3.0 mL) before the combined organic layers were dried
(Na2SO4) and concentrated in vacuo. The crude product was purified
by column chromatography on silica gel (heptane/EtOAc 8:2) to
afford compound 20 as an orange oil. Yield: 299 mg (86%); [α]D

20 + 32
(c 0.40, MeOH); 1H NMR (400 MHz, CDCl3) δH 6.04 (dd, J = 15.8,
5.7 Hz, 1H), 5.65 (dq, J = 15.8, 2.1 Hz, 1H), 5.51−5.43 (m, 1H),
5.43−5.34 (m, 1H), 4.43 (q, J = 4.9 Hz, 1H), 3.78 (m, 1H), 3.68 (m,
1H), 3.05 (d, J = 6.6 Hz, 2H), 2.27 (s, 1H), 2.12−1.99 (m, 2H), 1.83
(m, 1H), 1.69 (m, 1H), 0.98 (t, J = 7.5 Hz, 3H), 0.90 (s, 9H), 0.08 (s,
3H), 0.05 (s, 3H); 13C NMR (101 MHz, CDCl3) δC 144.1, 133.7,
123.4, 110.1, 89.4, 78.2, 72.0, 59.9, 39.4, 25.9, 20.6, 18.2, 17.9, 14.1,
−4.3, −4.9; HRESITOFMS: m/z 331.2063 [M + Na]+ (calcd for
C18H32O2SiNa, 331.2064); TLC (hexane/EtOAc 7:3, KMnO4 stain)
Rf = 0.37.

(R,4E,9Z)-3-((tert-Butyldimethylsilyl)oxy)dodeca-4,9-dien-6ynal
(21). Alcohol 20 (240 mg, 77.9 μmol, 1.00 equiv) was dissolved in
CH2Cl2 (23.0 mL) before NaHCO3 (375 mg, 4.46 mmol, 5.70 equiv)
and Dess−Martin periodinane (406 mg, 95.7 μmol, 1.23 equiv) were
added. The reaction mixture was stirred at room temperature for 3 h
before saturated aq Na2S2O3 (5.0 mL) was added to quench the
reaction. The aq phase was extracted with CH2Cl2 (2 × 7.0 mL), and
the combined organic layers were dried and concentrated in vacuo.
The crude product was purified by column chromatography on silica
gel (heptane/EtOAc 8:2) to afford aldehyde 21 as a pale yellow oil.
Yield: 219 mg (91%); [α]D

20 + 19 (c 0.41, MeOH); 1H NMR (400
MHz, CDCl3) δH 9.75 (t, J = 2.3 Hz, 1H), 6.07 (dd, J = 15.8, 5.6 Hz,
1H), 5.72 (dq, J = 15.8, 2.1 Hz, 1H), 5.55−5.34 (m, 2H), 4.68 (m,
1H), 3.11−3.02 (m, 2H), 2.61 (ddd, J = 16.0, 6.7, 2.5 Hz, 1H), 2.52
(ddd, J = 16.0, 5.1, 2.1 Hz, 1H), 2.07 (p, J = 7.3 Hz, 2H), 0.98 (t, J =
7.5 Hz, 3H), 0.87 (s, 9H), 0.06 (s, 3H), 0.05 (s, 3H). 13C NMR (101
MHz, CDCl3) δC 201.1, 143.1, 133.8, 123.3, 110.7, 90.1, 77.9, 68.6,
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51.3, 25.9, 20.7, 18.2, 17.9, 14.1, −4.3, −4.9. HRESITOFMS: m/z
329.1907 [M + Na]+ (calcd for C18H30O2SiNa, 329.1913); TLC
(hexane/EtOAc 85:15, KMnO4 stain) Rf = 0.38.
Methyl-(R,7Z,10Z,14E,19Z)-13-((tert-butyldimethylsilyl)oxy)-

docosa-7,10,14,19-tetraen-16-ynoate (22). Wittig salt 19 (374 mg,
65.4 μmol, 1.00 equiv) was dissolved in THF (8.80 mL) and HMPA
(0.88 mL), cooled to −78 °C and added NaHMDS (0.6 M in toluene,
1.09 mL, 65.4 μmol, 1.00 equiv). The reaction mixture was stirred for
45 min before aldehyde 21 (200 mg, 65.5 μmol, 1.00 equiv) in THF
(0.88 mL) was added dropwise. The reaction was stirred for 1 h at
−78 °C and then the reaction mixture was allowed to slowly warm to
0 °C. Phosphate buffer (4.7 mL, pH = 7.2) was added to quench the
reaction and the aq. phase was extracted with Et2O (2 × 4.0 mL). The
combined organic layers were dried (Na2SO4) and concentrated in
vacuo. The crude product was purified by column chromatography on
silica gel (heptane/EtOAc 95:5, KMnO4 stain) to afford compound 22
as a pale yellow oil. Yield: 239 mg (77%); [α]D

20 + 2.1 (c 0.39, CHCl3);
1H NMR (400 MHz, MeOH-d4) δH 5.98 (dd, J = 15.8, 5.8 Hz, 1H),
5.62 (dq, J = 15.8, 2.0 Hz, 1H), 5.51−5.29 (m, 6H), 4.22 (q, J = 5.6
Hz, 1H), 3.65 (s, 3H), 3.05 (d, J = 6.7 Hz, 2H), 2.78 (q, J = 5.9 Hz,
2H), 2.32 (t, J = 7.4 Hz, 2H), 2.27 (q, J = 6.9 Hz, 2H), 2.08 (q, J = 7.0
Hz, 4H), 1.62 (p, J = 7.5 Hz, 2H), 1.45−1.28 (m, 4H), 0.99 (t, J = 7.5
Hz, 3H), 0.91 (s, 9H), 0.07 (s, 3H), 0.05 (s, 3H) ; 13C NMR (101
MHz, MeOH-d4) δC 175.9, 145.6, 134.2, 131.3, 130.9, 129.0, 126.2,
124.8, 110.8, 89.7, 79.1, 74.0, 52.0, 37.1, 34.8, 30.4, 29.8, 28.1, 26.8,
26.40 (3C), 25.9, 21.4, 19.1, 18.2, 14.4, −4.3, −4.5; HRESITOFMS:
m/z 495.3265 [M + Na]+ (calcd for C29H48O3SiNa, 495.3270); TLC
(hexane/EtOAc 85:15, KMnO4 stain) Rf = 0.47.
Methyl-(R,7Z,10Z,14E,19Z)-13-hydroxydocosa-7,10,14,19-tet-

raen-16-ynoate (23). The TBS-protected intermediate 22 (64.1 mg,
0.136 mmol, 1.00 equiv) was twice azeotroped with 2-Me-THF and
then stirred under argon at 0 °C before a solution of AcCl in dry
MeOH (1.00 mL, 20.4 μmol, 15.0 mol%) was added. The solution of
AcCl in MeOH was prepared just prior to use by adding AcCl (3.0
μL) to dry MeOH (2.0 mL) under argon. The reaction mixture was
stirred for 7 h at 0 °C. Then CH2Cl2 (2.7 mL) was added, and the
reaction was neutralized with a 10% aq solution of NaHCO3 (140 μL)
and washed with H2O (1.4 mL). The combined organic layers were
dried (Na2SO4), and the solvent was removed in vacuo, before the
crude product was purified by column chromatography on silica gel
(heptane/EtOAc 85:15) to afford the alcohol 23 as a clear oil. Yield:
44.7 mg (92%); [α]D

20 = −9.0 (c = 0.27, MeOH); UV(MeOH) λmax
229, (log ε 3.97); 1H NMR (400 MHz, MeOH-d4) δH 6.01 (dd, J =
15.9, 6.1 Hz, 1H), 5.66 (dq, J = 15.9, 2.2 Hz, 2H), 5.52−5.32 (m, 6H),
4.11 (dq, J= 6.4, 1.0 Hz, 1H), 3.67 (s, 3H), 3.06 (d, J = 6.8 Hz, 2H),
2.81 (m, 2H), 2.38−2.27 (m, 4H), 2.15−2.05 (m, 4H), 1.64 (p, J = 7.4
Hz, 2H), 1.47−1.29 (m, 4H), 1.00 (t, J = 7.5 Hz, 3H). 13C NMR (101
MHz, MeOH-d4) δC 176.0, 145.2, 134.2, 131.4, 131.0, 128.9, 126.0,
124.8, 111.2, 89.6, 79.1, 72.7, 52.0, 36.1, 34.8, 30.4, 29.8, 28.0, 26.8,
25.9, 21.4, 18.2, 14.3; HRESITOFMS: m/z 381.2400 [M+Na]+ (calcd
for C23H34O3Na, 381.2406); TLC (hexane/EtOAc 80:20, KMnO4
stain) Rf = 0.36. The chemical purity (>98%) was determined by
HPLC analysis (Eclipse XDB-C18, MeOH/H2O 85:15, 1.0 mL/min):
tr (major) = 12.94 min and tr (minor) = 15.74 min.
Methyl (R,7Z,10Z,14E,16Z,19Z)-13-hydroxydocosa-7,10,14,16,19-

pentaenoate (24). The activated Zn was prepared according to the
literature.16 A suspension of Zn dust (2.04 g) in distilled H2O (12.3
mL) was stirred under argon for 15 min. Cu(OAc)2·H2O (204 mg,
1.02 mmol) was added, the flask was sealed immediately, and the
mixture stirred vigorously for 15 min. Then AgNO3 (204 mg, 1.2
mmol) was added (exothermic reaction), and the reaction mixture was
stirred for an additional 30 min. The activated Zn was filtered under
argon atmosphere and washed successively with H2O, MeOH,
acetone, and Et2O to give a wet material (the activated Zn was not
dried completely). Alkyne 23 (30 mg, 83.7 μmol) was dissolved in
MeOH/H2O (2:1) (6.00 mL), and then the wet activated Zn was
added quickly under a blanket of argon. The reaction was stirred for 10
h in the dark. After completion, the mixture was filtered through Celite
with Et2O, and the aq phase was extracted with EtOAc (3 × 3.0 mL).
The organic layers were dried (Na2SO4) and the solvent removed in

vacuo, before the crude product was purified by column chromatog-
raphy on silica gel (heptane/EtOAc 90:10) to afford the methyl ester
24 as a clear oil. Yield 20.2 mg (67%): [α]D

20 − 0.5 (c = 0.74, MeOH);
UV(MeOH) λmax 237, (log ε = 4.41); 1H NMR (400 MHz, MeOH-
d4) δH 6.55 (ddt, J = 15.1, 11.0, 1.1 Hz, 1H), 5.97 (t, J = 10.9 Hz, 1H),
5.68 (dd, J = 15.2, 6.5 Hz, 1H), 5.50−5.26 (m, 7H), 4.15 (q, J = 6.5
Hz, 1H), 3.65 (s, 3H), 2.94 (t, J = 7.2 Hz, 2H), 2.80 (t, J = 5.5 Hz,
2H), 2.43−2.21 (m, 4H), 2.18−2.02 (m, 4H), 1.61 (p, J = 7.4 Hz,
2H), 1.46−1.26 (m, 4H), 0.98 (t, J = 7.5 Hz, 3H); 13C NMR (101
MHz, MeOH-d4) δC 176.0, 137.2, 133.1, 131.2, 131.0, 130.9, 129.2,
129.0, 127.8, 126.4, 126.4, 73.1, 52.0, 36.4, 34.8, 30.4, 29.8, 28.0, 26.9,
26.8, 25.9, 21.5, 14.6; HRESITOFMS: m/z 383.2555 [M + Na]+

(calcd for C23H36O3Na, 383.2562); TLC (hexane/EtOAc 75:25,
KMnO4 stain) Rf = 0.33. The chemical purity (>98%) was determined
by HPLC analysis (Eclipse XDB-C18, MeOH/H2O 85:15, 1.0 mL/
min): tr (minor) = 13.72 and 17.53 min, and tr (major) = 16.53 min.

(R,7Z,10Z,14E,16Z,19Z)-13-Hydroxydocosa-7,10,14,16,19-pen-
taenoic Acid, 13R-HDPA (5). Methyl ester 24 (12.0 mg, 33.3 μmol,
1.00 equiv) was dissolved in THF/MeOH/H2O (2:2:1, 3.90 mL) and
cooled to 0 °C. LiOH (24 mg, mmol, 30.0 equiv) was added in one
portion. The reaction mixture was stirred for 3 h at 0 °C before it was
allowed to warm up to room temperature and stirred until completion,
as monitored by TLC (∼2 h). Saturated aq NaH2PO4 (6.0 mL) was
added. The aq phase was extracted (2 × 3.0 mL), dried (Na2SO4), and
the solvent was removed in vacuo. The crude product was purified by
column chromatography on silica gel (heptane/EtOAc 50:50, KMnO4
stain) to afford the hydroxy acid 5 as colorless oil. Yield: 10.0 mg
(87%); [α]D

25 - 0.64 (c = 0.47, MeOH); UV(MeOH) λmax 236, (log ε =
4.39); 1H NMR (400 MHz, MeOH-d4) δH 6.55 (ddt, J = 15.2, 11.1,
1.2 Hz, 1H), 5.97 (t, J = 10.9 Hz, 1H), 5.68 (dd, J = 15.2, 6.5 Hz, 1H),
5.49−5.26 (m, 7H), 4.15 (q, J = 6.5 Hz, 1H), 2.94 (t, J = 7.2 Hz, 2H),
2.80 (t, J = 5.8 Hz, 2H), 2.40−2.22 (m, 4H), 2.09 (q, J = 7.6, 6.9 Hz,
4H), 1.61 (p, J = 7.4 Hz, 2H), 1.38 (m, 4H), 0.98 (t, J = 7.5 Hz, 3H);
13C NMR (101 MHz, MeOH-d4) δC 177.7, 137.1, 133.1, 131.2, 131.1,
130.9, 129.2, 129.0, 127.8, 126.4, 126.4, 73.1, 36.4, 35.0, 30.4, 29.9,
28.1, 26.9, 26.8, 26.0, 21.5, 14.6; HRESITOFMS: m/z 369.2400 [M +
Na]+ (calcd for C22H34O3Na, 369.2406); TLC (hexane/EtOAc 50:50,
KMnO4 stain) Rf = 0.27.

Biogenic 13R-HDPA. Human umbilical vein endothelial cells
(HUVEC; 8.5 × 105 cells/9.6 cm2) were incubated with IL-1β (10
ng/mL) and TNF-α (10 ng/mL; 16 h, 37 °C, 5% CO2). Incubations
were quenched using 2 volumes of MeOH containing deuterium
labeled d8-5S-HETE.

8

In separate experiments n-3 DPA (Cayman Chemical Company)
was incubated with human recombinant COX-2 (Cayman Chemicals;
in 0.1 M Tris-HCl, pH 8.0, 20 μM porcine hematin, 0.67 mM phenol)
for 30 min at room temperature. Incubations were stopped with two
volumes of MeOH and products extracted using diethyl ether.8 13-
HDPA was isolated using RP-HPLC (1260 Series; Agilent
Technologies) and an Agilent C18 Poroshell column (3.5 μm × 4.6
mm × 150 mm) with a mobile phase consisting of MeOH/H2O
(60:40, vol/vol) at 0.5 mL/min that was ramped up to 98:2 (v/v) for
20 min.

Infectious exudates were collected from mice (6−8 week old, male,
FvB, Charles River, UK) 12h after administration of E. coli (105

CFU).28 Exudates were collected in 4 mL of PBS (containing calcium
and magnesium) and placed in 2 volumes of ice-cold MeOH
containing d8-5S-HETE and commercially available lipid mediators.
In these experiments, male FvB mice (6−8 weeks of age) were used.
These animals were maintained on a standard chow pellet diet and had
access to water ad libitum, with a 12-h light−dark cycle. All animal
experiments were approved and performed under the guidelines of the
Ethical Committee for the Use of Animals, Barts and The London
School of Medicine, and in accordance with the U.K. Home Office
regulations (Guidance on the Operation of Animals, Scientific
Procedures Act, 1986).

RvT Biosynthesis. Human peripheral blood was collected according
to a protocol approved by Barts and the London Research Ethics
Committee, London, United Kingdom (QMREC 2014:61). Written
informed consent was received from participants prior to inclusion in
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the study according to the Declaration of Helsinki. Neutrophils were
prepared following density separation by layering on Ficoll-Histopaque
1077−1. The cells were then centrifuged at 300g (30 min, 4 °C), and
contaminating red blood cells were lysed by hypotonic lyses as in ref 8.
Neutrophils 20 × 106 cells/mL (PBS+/+, pH = 7.45) were then
incubated with synthetic 13R-HDPA (5) (10 μM) for 45 min (37 °C).
Incubations were stopped with 2 volumes of ice-cold MeOH. NaBH4
was then added to reduce the hydroperoxides produced by the
neutrophil lipoxygenases (1.0 mg/mL; Sigma-Aldrich), and products
were isolated using C18 solid phase extraction as detailed below.
Lipid Mediator Profiling. MeOH (two volumes) was added to cell

incubations, plasma (mouse and human), and infectious exudates, and
samples were stored at −20 °C until extraction. Prior to extraction,
samples were then centrifuged (1200g, 4 °C, 10 min). Supernatants
were then collected and brought to less than 1.0 mL of MeOH content
using a gentle stream of nitrogen gas using a TurboVap LV system
(Biotage). The RvT1−4 and 13-HDPA products were extracted using
an ExtraHera (Biotage) automated extraction system as follows. Solid-
phase C18 cartridges were equilibrated with 3.0 mL of MeOH and 6.0
mL of H2O. Nine milliliters of aq HCl solution (pH = 3.5) was then
added to the samples, and the acidified solutions were rapidly loaded
onto the conditioned C18 columns that were washed with 4.0 mL of
H2O. Next, 5.0 mL of hexane was added, and the products were eluted
with 4.0 mL of methyl formate. Products were brought to dryness
using the automated evaporation system (TurboVap LV, Biotage) and
immediately suspended in MeOH−H20 (50:50 vol/vol) for LC-MS-
MS automated injections as previously reported.8

Extracted samples were analyzed by an LC-MS-MS system, Qtrap
5500 (AB Sciex) equipped with a Shimadzu SIL-20AC autoinjector
and LC-20AD binary pump (Shimadzu Corp.). A Poroshell C18
column (100 mm × 4.6 mm × 2.7 μm) was used with a gradient of
MeOH/H2O/AcOH of 55:45:0.01 (v/v/v) that was ramped to
85:15:0.01 (v/v/v) over 10 min and then to 98:2:0.01 (v/v/v) for the
next 8 min. This was subsequently maintained at 98:2:0.01 (v/v/v) for
2 min. The flow rate was maintained at 0.4 mL per minute.
To monitor and quantify the levels of lipid mediators, a multiple

reaction monitoring (MRM) method was developed with signature
ion fragments (m/z) for each molecule monitoring the parent ion
(Q1) and a characteristic daughter ion (Q3). Identification was
conducted using published criteria where a minimum of 6 diagnostic
ions were employed, see ref 18 for details. Detection limit was ∼0.1 pg.
For chiral-phase lipidomic analysis, a Chiralpak AD-RH column

(150 mm × 2.1 mm × 5 μm) was used with isocratic MeOH/H2O/
AcOH 95:5:0.01 (v/v/v) at 0.15 mL/min. To monitor isobaric
monohydroxy docosapentaenoic acid levels, a multiple reaction
monitoring (MRM) method was developed using signature ion
fragments 345 > 195 described.8
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General Information 

 

Unless stated otherwise, all commercially available reagents and solvents were used in the form 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 µm) 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 
1
H NMR and at 150 MHz, 100 MHz or 75 MHz 

respectively for 
13

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 
1
H NMR (CDCl3 = 
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 7.26, DMSO-d6 =  2.50 and MeOH-d4 =  3.31) and the central carbon solvent resonance in 
13

C 

NMR (CDCl3 =  77.00 ppm, DMSO-d6 =  39.43 and MeOH-d4 =  49.00). High resolution mass 

spectra were recorded on Waters Prospec Q spectrometer using ES as the method of ionization. 

Optical rotations were measured using a 0.7 mL cell with a 1.0 dm path length on a Anton Paar MCP 

100 polarimeter. GLC-analyses were performed on an Agilent Technologies 7820A GC 

instrument with split injection, FID detector and equipped with an Agilent J&W HP-5 GC 

column (30 m × 0.32 mm, 0.25 μm) applying the conditions stated. HPLC analyses were 

performed on an Agilent Technologies 1200 Series instrument with diode array detector set at 229-254 

nm and equipped with a C18 stationary phase (Eclipse XDB-C18 5μm 4.6 × 250 mm), applying the 

conditions stated. The UV/Vis spectra from 190-900 nm were recorded using a Biochrom Libra 

S32PC spectrometer using quartz cuvettes. 

 

Pent-2-ynyl methanesulfonate (7) 

 

Mesylate 7 was prepared according to literature procedure by Mowat et al.
1
 Pent-2-yn-1-ol (6) (2.52 g, 

29.8 mmol, 1.00 equiv.) and Et3N (6.20 mL) in CH2Cl2 (42.0 mL) was stirred at 0 °C. Methanesulfonyl 

chloride (3.00 mL, 38.8 mmol, 1.30 equiv.) was added dropwise. The reaction mixture was stirred for 

45 min at 0 °C and then filtered. The filtrate was washed with H2O (17.0 mL), a 1.0 M aq. solution of 

HCl (17.0 mL), brine (17.0 mL) and then dried (MgSO4) and concentrated in vacuo to give crude 

mesylate 7, that was used without further purification. The spectroscopic data were in agreement with 

those reported in the literature.
2
 Yield: 4.25 g (88%); 

1
H NMR (200 MHz, CDCl3) δH 4.84 (t, J = 2.2 

Hz, 2H), 3.11 (s, 3H), 2.26 (qt, J = 7.5, 2.2 Hz, 2H), 1.16 (t, J = 7.5 Hz, 3H). 

 

Hepta-1,4-diynyltrimethylsilane (8) 

 
Compound 8 was prepared as reported by Mowat and co-workers,

1
 K2CO3 (5.60 g, 40.6 mmol, 2.00 

equiv.), CuI (3.90 g, 20.3 mmol, 1.00 equiv.) and NaI (6.10 g, 20.3 mmol, 2.00 equiv.) were added to 

a flask. The flask was evacuated and backfilled with argon three times before DMF (35.5 mL) was 

added. A solution of mesylate 7 (3.29 g, 20.3 mmol, 1.00 equiv.) in DMF (11.0 mL) was added 

followed by TMS-acetylene (5.73 mL, 40.6 mmol, 2.00 equiv.). The reaction mixture was stirred for 

18 h and then filtered. The filtrate was diluted with Et2O (50.0 mL), washed with H2O (25.0 mL), 

brine (7 × 25.0 mL) and dried (MgSO4). The solvent was removed in vacuo affording the title 

compound 8. Yield: 2.83 g (85%); 
1
H NMR (200 MHz, CDCl3) δH 3.19 (t, J = 2.4 Hz, 2H), 2.18 (qt, J 

= 7.4, 2.4 Hz, 2H), 1.12 (t, J = 7.5 Hz, 3H), 0.16 (s, 9H), 
13

C NMR (101 MHz, CDCl3) δC 100.9, 84.8, 

82.5, 72.8, 14.0, 12.6, 11.0, 0.08. TLC (hexane, KMnO4 stain): Rf = 0.40. 
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Figure S-1 
1
H-NMR spectrum of compound 17. 

 

Figure S-2 
13

C-NMR spectrum of compound 17. 

 



S4 

 

Figure S-3 
1
H-NMR spectrum of compound 19. 

 

Figure S-4 
13

C-NMR spectrum of compound 19. 
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Figure S-5 HSQC-NMR spectrum of compound 19. 

 

 

Figure S-6 
1
H-NMR spectrum of compound 13. 
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Figure S-7 
13

CNMR spectrum of compound 13. 

 

Figure S-8 
1
H-NMR spectrum of compound 20. 
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Figure S-9 
13

C-NMR spectrum of compound 20. 

 

 

Figure S-10 
1
H-NMR spectrum of compound 21. 
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Figure S-11 
13

C-NMR spectrum of compound 21. 

 

Figure S-12 
1
H-NMR spectrum of compound 22. 
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Figure S-13 
13

C-NMR spectrum of compound 22. 

 

Figure S-14 
1
H-NMR spectrum of compound 23. 
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Figure S-15 
13

C-NMR spectrum of compound 23. 

 

Figure S-16 
1
H-NMR spectrum of compound 24. 
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Figure S-17 
13

C-NMR spectrum of compound 24. 

 

Figure S-18 HSQC-NMR spectrum of compound 24. 
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Figure S-19 HMBC-NMR spectrum of compound 24. 

 

Figure S-20 COSY-NMR spectrum of compound 24. 
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Figure S-21 
1
H-NMR spectrum of 13R-HDPA 5. 

 

Figure S-22 
13

C-NMR spectrum 13R-HDPA 5. 
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Figure S-23 HPLC chromatogram of alkyne 23. 
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Figure S-24 HPLC chromatogram of methyl ester 24. 
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Figure S-25 GC chromatogram of ester 17. 
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Figure S-26 UV-Vis
 
chromatogram of the alkyne 23. 

 

Figure S-27 UV-Vis
 
chromatogram of the methyl ester 24. 
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Figure S-28 UV-Vis
 
chromatogram of synthetic 13R-HDPA (5). 
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