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Abstract 

 

The focus of this thesis has been to develop a total synthesis of benzo-RvD1n-3 DPA, which is an 

analog of the specialized pro-resolving lipid mediator (SPM) named RvD1n-3 DPA. 

The synthetic methods towards the α-fragment of benzo-RvD1n-3 DPA are based on previously 

published work performed by the LIPCHEM group. New reactions introduced in this thesis 

work include a Tebbe olefination reaction to yield a terminal alkene, a Heck-Mizoroki reaction 

to insert the benzo-group, and a Barbier reaction to afford an acetylene in the molecule. 

 

Inflammation is the body`s natural protective response to injury and invading pathogens. 

Resolution of inflammation is an active process, governed by SPMs. Both biological and 

synthesized SPMs exert potent anti-inflammatory and pro-resolving actions in inflammation, 

by ceasing the infiltration of polymorphonuclear leukocytes, increasing macrophage 

efferocytosis and phagocytosis and promoting tissue repair. They are able to resolve 

inflammation without suppressing the immune response. Therefore, these pro-resolving 

mediators could potentially be a new wave in treatment of certain inflammatory diseases, such 

as neurodegenerative diseases, asthma, atherosclerosis and rheumatoid arthritis. 

 

Unfortunately, due to the limited timeframe for this study, and the Covid-19 situation, a total 

synthesis was not completed. The work reported in this thesis may be the fundament for further 

synthetic studies towards making benzo-analogs of RvD1n-3 DPA. 
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1 Introduction 

 

1.1 Aim of study 

 

The aim of this master thesis was to synthesize benzo-RvD1n-3 DPA (Figure 1), a synthetic analog 

of the specialized pro-resolving lipid mediator (SPM) RvD1n-3 DPA. Benzo-RvD1n-3 DPA holds a 

benzo-fused ring system, instead of the E,E,Z,E-tetraene moiety present in RvD1n-3 DPA. Benzo-

RvD1n-3 DPA is considered a chemically more stable analog of RvD1n-3 DPA, because the E,E,Z,E-

tetraene bond moiety in RvD1n-3 DPA is susceptible to isomerization when exposed to light, heat 

and acids.1 The benzo-group mimics the E,Z,E-triene of the mentioned tetraene. This analog is 

easier to prepare and will give the compound increased chemical stability, as well as reduced 

metabolism, as was seen with the benzo-lipoxin A4 analogs synthesized by Petasis et al.2 

 

 

Figure 1: The structures of benzo-RvD1n-3 DPA and the biological compound RvD1n-3 DPA.3, 4 

 

In 2019, Reinertsen tried to prepare benzo-RvD1n-3 DPA, and was not far from the goal.5 The 

studies presented in this thesis are based on the synthetic strategies used by Tungen et al.3 to 

make RvD1n-3 DPA, which was further developed by Reinertsen in her efforts in synthesizing the 

benzo-RvD1n-3 DPA analog.5 

 

It is of interest to synthesize benzo-RvD1n-3 DPA in order to investigate if this analog displays 

similar biological activities as RvD1n-3 DPA. Hence, when available, benzo-RvD1n-3 DPA will be 

subjected to in vitro studies and enzymatic studies with eicosanoid oxidoreductase enzymes in 



2 

 

collaboration with Professor Charles N. Serhan at Harvard Medical School. In vivo biological 

testing will be performed with international collaborators to test the biological activities of this 

SPM analog.  

 

Figure 2 presents the retrosynthetic analysis of the synthetic approach taken in this thesis. The 

first part of the synthesis is synthesizing the α-fragment 7 earlier prepared by Dr. Jørn E. 

Tungen.3 Further synthetic approaches involves a Tebbe olefination reaction to afford 

compound 6, a Heck reaction to afford compound 4 and a Barbier reaction, with further 

reduction of the alkyne moiety, deprotection of the alcohols and hydrolysis of the ester to afford 

benzo-RvD1n-3 DPA (1). Compound 3 and 5 are commercially available. 

 



3 

 

 

Figure 2: Retrosynthetic analysis of benzo-RvD1n-3 DPA. 
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1.2 Inflammation and resolution of inflammation 

 

Inflammation is the body`s natural protective response to physical injury and invading 

pathogens. The aim of the immune response is to repair damaged tissue and surmount the 

infection. This response is a strictly controlled and finely tuned process, which is driven by 

immune cells and pro-inflammatory mediators.6  

 

Until recently, the resolution of inflammation was regarded to be a passive process. By self-

resolving exudate experimental models, resolution mechanisms could be studied, and is now 

considered an active process brought on by pro-resolving mediators.7  

 

The term anti-inflammatory may be translated to suppression of the inflammatory pathways. 

This is a property of a treatment or substance that reduce inflammation or swelling, such as 

inhibiting the chemotaxis of neutrophils, vascular permeability and generation of reactive 

oxygen species, as well as platelet aggregation and neutrophil-endothelial interactions. Anti-

inflammatory actions can reduce the protection against physical injury and invading pathogens. 

Pro-resolving actions consist of increasing macrophage clearance by phagocytosis of bacteria 

and efferocytosis of cellular debris, in addition to upregulation of prostacyclin. These actions 

return the tissue to homeostasis.8 

 

Inflammation may be divided into acute and chronic inflammation. The cardinal signs of 

inflammation is redness, heat, swelling and pain accompanied by loss of function.9 Acute 

inflammation begins with leakage of neutrophils, fluid and proteins from the blood vessels to 

the vascular compartment, and contains a series of cellular responses that lasts for the first few 

hours after injury or infection. Chronic inflammation is defined by the presence of lymphocytes, 

macrophages and plasma cells in the inflamed tissue, and has little to do with the duration of 

the inflammatory process.10  
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1.2.1 Acute Inflammation 

 

Following an injury or infection, the endothelial cells are activated by different factors, such as 

ischemia, trauma, cytokines and toxins.11 These factors express damage-associated molecular 

patterns (DAMPs) or pathogen-associated molecular patterns (PAMPs), which interact with 

pattern recognition receptors (PRR) on the cell surface, such as the toll-like receptors (TLR).12 

The response to this is expression of adhesion molecules such as P-selectin, E-selectin and 

ICAM-1 on the outer surface of the endothelial cells, and the release of pro-inflammatory 

cytokines and chemokines, as well as pro-inflammatory eicosanoids such as prostaglandins and 

leukotrienes.13, 14 These pro-inflammatory agents attract especially one type of neutrophils, 

namely the polymorphonuclear leukocytes (PMNs). The mechanisms and pathways of 

inflammation and resolution of inflammation are summarized in figure 3. The PMNs adhere to 

the endothelium through interaction between its adhesion molecule Mac-1 and the endothelium 

ICAM-1, and transmigrate to the inflamed tissue through PMN rolling and diapedesis.10, 15 The 

PMNs are gradually replaced by macrophages, which are differentiated from monocytes.16 Both 

PMNs and macrophages are phagocytes, meaning they ingest pathogens and cell debris from 

the tissue. These cells are also responsible for releasing hydrolytic and proteolytic enzymes and 

reactive oxygen species (ROS) to neutralize invading pathogens, all of which can culminate in 

tissue damage.17 The leakage of water and salt is due to opening of the tight junctions between 

the endothelial cells, which causes edema.10 
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Figure 3: An overview of the mechanisms for inflammation and resolution of inflammation. SPMs play 

a significant part in the resolution phase of inflammation. The failure to resolve inflammation may lead 

to chronic inflammation and different disease states. This figure is taken from a published article of 

Serhan et al.18 

 

The PMNs attract additional leukocytes to the inflamed tissue. Conversion from prothrombin 

to thrombin activates the platelets, leading to platelet aggregation and platelet adhesion to the 

endothelium. Normally, the PMNs are carried by the blood flow in the vascularity, and do not 

engage with the endothelial wall. This deviant aggregation and adhesion can result in 

intravascular thrombosis. Inflammation can also cause hemorrhage due to damage of the 

endothelium. A certain sign of hemorrhage is the localization of red blood cells in the tissue.10 

 

The events of acute inflammation are all reversible. Apoptosis and phagocytosis clear the 

PMNs, and the lymphatic system drains the fluids and pro-inflammatory mediators back to the 

blood flow. Additionally, activation of the fibrinolytic system clears the thrombosis.10  
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1.2.2 Chronic Inflammation 

 

The continuous engagement of the innate and acquired immune system withholds the immune 

response.12, 16 Specific expression of certain adhesion molecules on the surface of the 

endothelium adheres to lymphocytes and monocytes that result in transmigration of these cells 

into the inflamed tissue. Once present in the tissue, the lymphocytes and monocytes release 

factors that stimulate the production of collagen. This increase in collagen production boosts 

the inflammatory response and gives scarring of the tissue. When it is excessive scarring, the 

tissue will not go back to the pre-injured state, and this event is not reversible.10 

 

1.2.3 Resolution of inflammation 

 

Resolution of inflammation is an active process orchestrated by numerous pro-resolving 

mediators, such as the specialized pro-resolving mediators (SPMs). The SPMs stop the invasion 

of PMNs and increase efferocytosis and phagocytosis by macrophages.19 Resolution prevents 

tissue injury and the further development into chronic inflammation and autoimmunity. Figure 

4 depicts an ideal inflammation and resolution of inflammation situation. Failed resolution can 

develop into a chronic inflammatory disease.8 Rheumatoid arthritis, asthma and atherosclerosis 

are examples of disease states with an underlying chronic inflammation.20-22  
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Figure 4: A timeline for an ideal inflammation and resolution from the start of the inflammatory process 

to the resolution commences and the inflammation resolves. The figure is taken from a published article 

of Chiang et al.23 

 

A successful resolution is dependent on a neutralization of the source of inflammation and the 

successful clearance of the inflamed site. The neutralization step involves catabolism of the 

pro-inflammatory mediators, which will stop the invasion of leukocytes and edema.16, 19 

 

The resolution phase commences when the PMNs are gradually replaced by macrophages. The 

interaction between interleukin-6 (IL-6) and its receptor initiates the switch between these cell 

types, due to a chemokine shift from CXC chemokines to CC chemokines.16 CXC chemokines 

is a family of chemokines who plays a major part in chemotaxis of leukocytes, while the CC 

chemokines chemically attract monocytes.24 This shift reduces the recruitment of PMNs. Anti-

inflammatory mediators remove the cytokines and chemokines from the inflamed tissue.16 

 

PMNs will either be recirculated or undergo apoptosis and further efferocytosis by 

macrophages. When macrophages ingest apoptotic PMNs, they change to a phenotype that 

promotes resolution by production of SPMs. If the apoptotic cells are not cleared by 
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phagocytosis, they will undergo secondary necrosis, releasing their toxic content into the 

tissues. This release will do further damage to the tissues, and could cause a prolonged 

inflammatory response. To prevent further damage from the macrophages, they either undergo 

apoptosis or adhere to mesothelial cells to enable drainage through the lymphatic system.16 

 

1.2.4 Treatment of inflammation 

 

COX (cyclooxygenase)-inhibitors, glucocorticoids and disease-modifying anti-rheumatic drugs 

(DMARDs) are some of the medicinal agents used in the treatment of inflammatory diseases 

today. Inflammation is a necessary tool for host protection. All of these treatments are anti-

inflammatory, by inhibiting the inflammatory response. The inhibition of inflammation can 

reduce the progression of inflammation, and hence delay resolution. These leads to suppression 

of the immune system, which makes the body more susceptible to injury and invading 

pathogens.25 SPMs are able to resolve inflammation without suppressing the immune response. 

Therefore, these pro-resolving mediators could potentially be a new wave in treatment of certain 

inflammatory diseases, such as neurodegenerative diseases, asthma, atherosclerosis and 

rheumatoid arthritis.22, 26-29  

 

1.2.4.1 COX-inhibitors 

COX-inhibitors, termed non-steroidal anti-inflammatory drugs (NSAIDs) exert their effect 

through inhibition of the cyclooxygenase (COX) enzymes, inhibiting the formation of 

prostaglandins, prostacyclin and thromboxane. NSAIDs are widely used as painkillers, and 

therapeutic agents in the treatment of several different inflammatory conditions.30 COX-

inhibitors only treat the symptoms, not the underlying cause of inflammation. In addition, there 

are serious potential adverse reactions from COX-inhibitors, due to inhibition of the formation 

of prostanoids. They can lead to gastric ulcers and gastric bleeding.31 

 

1.2.4.2 Glucocorticoids 

Glucocorticoids are naturally occurring endogenous substances, which are common treatment 

for several severe inflammatory disorders.32 Glucocorticoids suppress the production of 

cytokines by acting on receptors to downregulate their gene expression.33 Glucocorticoids 
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affects several signaling pathways, leading to side effects such as osteoporosis, inhibited wound 

repair, immunosuppression, hypertension, metabolic disturbances and growth retardation in 

children. Therefore, prolonged therapy with glucocorticoids is not recommended.32 

 

1.2.4.3 DMARDs 

DMARDs are drugs used in the treatment of inflammatory diseases such as rheumatoid arthritis 

and psoriasis, by inhibition of pro-inflammatory mediators. The most frequently used 

DMARDs attack the pro-inflammatory cytokine tumor necrosis factor α (TNFα). TNFα is a 

cytokine and a chemoattractant for PMNs, which is also responsible for recruiting other 

cytokines and chemokines.24, 25 Uncontrolled and excessive production of TNFα is linked to 

inflammatory disorders.33 The suppression of TNFα has shown to increase the risk of 

infections.34 
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1.3 Polyunsaturated Fatty Acids (PUFAs) 

 

Arachidonic acid (AA), eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) are 

essential fatty acids that must be supplied through dietary intake. Their molecular structures are 

presented in Figure 5. AA is an ω-6 PUFA. The ω-6 nomenclature is based on the last double 

bond in the carbon chain, counting six carbon atoms from the methyl group. EPA and DHA are 

ω-3 PUFAs, having the last double bond three carbon atoms from the methyl group. All of these 

PUFAs are elevated in plasma levels during inflammation.4  

 

 

Figure 5: Molecular structures of the PUFAs AA, EPA, DHA and n-3 DPA.18 

 

1.3.1 Arachidonic Acid 

 

Arachidonic acid, synthesized from linoleic acid (LA), is a precursor for pro-inflammatory 

prostanoids and leukotrienes, termed eicosanoids; and the pro-resolving lipoxins. The 

cyclooxygenase (COX)-enzymes converts AA to prostanoids, and the lipoxygenase (LOX)-

enzymes 5- and 15-LOX convert arachidonic acid to leukotrienes and lipoxins. AA is usually 

bound to phospholipids on the cell membrane through an ester bond. Phospholipase A2 (PLA2) 

cleaves the ester bond to release free AA. The free form of AA can be converted to 

eicosanoids.35 

 

  

CO2H

DHA (10)

CO2H

EPA (9)

CO2H
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CO2H

AA (8)
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1.3.2 EPA, DHA and n-3 DPA 

 

Alpha-linolenic acid (ALA) is converted by elongation and desaturation to EPA and then 

further to DHA. An intermediate in the formation of DHA from EPA is n-3 docosapentaenoic 

acid (n-3 DPA) consisting of 22 carbons and five Z-double bonds.36 These PUFAs are present 

in the same amounts in the blood stream, brain, retina of the eye and the heart.4, 37  

 

EPA and DHA are the lipid constituents in fish oil and ω-3 supplements. The European Food 

Safety Authority recommends an intake of 250-500 mg of ω-3 fatty acids daily for the average 

European adult, to reduce cardiovascular events.38 ω-3 supplements show beneficial effects on 

immune modulation.39 They have shown to improve survival rate in patients with heart failure.40 

Supplementation of ω-3 PUFAs has also demonstrated an effect on reducing inflammation in 

rheumatoid arthritis, atherosclerosis and asthma.41-43 

 

A diet rich in ω-3 PUFAs reduces the amount of pro-inflammatory mediators from AA, due to 

competition with the converting enzymes. In this scenario, the production of less potent 

eicosanoids, the 5-series leukotrienes and the 3-series prostaglandins, derived from EPA will 

reduce the amount of the more potent AA derived eicosanoids.44 This could be one of the 

reasons for the anti-inflammatory effects of ω-3 PUFAs. It is now postulated that the beneficial 

anti-inflammatory effects exerted by the ω-3 PUFAs are due to their hydroxyl-substituted 

metabolites, coined SPMs.45 
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1.3.3. The eicosanoids 

 

The eicosanoids consist of the prostanoids and the leukotrienes. Figure 6 presents some of the 

prostanoid molecular structures derived from AA. The prostanoids are further divided into 

prostaglandins, prostacyclin and thromboxane. Prostaglandins mediate vasodilatation and 

regulation of blood flow to protect the gastric mucosa, myocardium and the renal parenchyma, 

as well as activation of pro-inflammatory cells and generating fever. Furthermore, they induce 

a switch between lipid mediators from pro-inflammatory to anti-inflammatory and pro-

resolving mediators.31, 46 Prostacyclin and thromboxane coordinate platelet activation and 

thrombogenesis.31 Leukotrienes generate superoxide and mediate leukocyte chemotaxis and 

lymphocyte migration.47, 48 The leukotrienes initiate bronchoconstriction of the airways 

involved in asthma and contribute to the vascular permeability during inflammation.31, 49, 50 

 

 

Figure 6: The structures of PGE2, prostacyclin I2 and thromboxane A2, AA derived prostanoids.31 
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1.4 The specialized pro-resolving mediators 

 

Endogenous pro-resolving mediators are a diverse group, containing different proteins and 

peptides, gaseous mediators such as hydrogen sulphide and carbon monoxide, adenosine, 

neuromodulators, cytokines and lipid mediators termed SPMs.8, 51-57 All of these mediators 

orchestrate the resolution of inflammation. SPMs are the focus of this thesis. 

 

SPMs are a group of potent endogenous anti-inflammatory lipid mediators, which act locally, 

after which they are inactivated. They exert their effect in the nanogram range.58 Their 

predecessors are polyunsaturated fatty acids (PUFAs), such as AA, EPA, DHA and DPA. An 

overview of these PUFAs and their respective SPM derivatives are presented in Figure 7. 

During inflammation, these PUFAs are mobilized and converted to their corresponding SPMs.4 

Arachidonic acid is converted to lipoxins. E-series resolvins derive from EPA. D-series 

resolvins, protectins, maresins, as well as their sulfido-conjugated analogs derive from DHA.18 

n-3 DPA derivatives are n-3 DPA resolvins, protectins and maresins, as well as 13-series 

resolvins.4 59  

 

 

Figure 7: The PUFAs AA, EPA, DHA and n-3 DPA with their individual SPM families. Arachidonic 

acid is converted to lipoxins (LX). EPA is converted to the E-series resolvins (RvE). DHA is converted 
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to the D-series resolvins (RvD), protectins (PD) and maresins (MaR), while n-3 DPA is converted to the 

corresponding n-3 DPA SPMs.60 

 

The SPMs have two important tasks in the process of resolution: 1) Stop infiltration of 

neutrophilic adhesion and chemotaxis, 2) increase the efferocytosis of apoptotic PMNs and 

cellular debris, and increase the phagocytosis of the invading pathogen by macrophages and 

accelerate their clearance.19, 26, 61 The SPMs have also shown to promote tissue repair and 

regeneration, and reduce inflammatory pain.45, 62, 63 Lower doses of antibiotics are required to 

clear an infection, when SPMs are administered concomitantly.61 

 

The SPMs are generated at different stages in the resolution phase, which indicates that they 

have different resolution tasks. They are biosynthesized in exudates from leukocytes and 

macrophages, through transcellular or intracellular biosynthesis. SPMs exert their effects 

through interaction with G-protein coupled receptors (GPCRs), which activate resolution 

pathways.64 

 

1.4.1 SPM receptors  

 

Seven receptors are hitherto identified to interact with SPMs, all of which are GPCRs.64 SPMs 

are agonists on these receptors, with the exception of the BLT1 receptor. These receptors 

interact stereoselectively with different SPMs, and the interactions seem to be concentration-

dependent.58 Figure 8 present an overview of the SPM interactions with the main SPM 

receptors. 
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Figure 8: The main receptors on which the SPMs exert their effects. The SPMs are agonists on their 

receptors, with the exception on BLT1, the leukotriene B4 (LTB4) receptor. Some SPMs act as partial 

agonists on BLT1, and block or dampen the effects of LTB4.64-66 

 

1.4.1.1 ALX/FPR2 

ALX is a lipoxin A4 receptor. The ALX receptor is expressed in myeloid cells, as well as in 

lymphocytes, dendritic cells, endothelial cells and epithelial cells, where it mediates anti-

inflammatory and pro-resolving effects. ALX can interact with a wide variety of proteins and 

peptides, as well as lipoxins and other SPMs. In addition to LXA4, RvD1, 17R-RvD1 and 

RvD1n-3 DPA have shown agonistic effects to this receptor.3, 58 The expression of ALX dictates 

the scope and duration of the inflammatory response.67 When PMNs are activated, they rapidly 

mobilize ALX receptors on the cell surface.68  

 

1.4.1.2 DRV/GPR32 

The DRV/GPR32 receptor is expressed on leukocytes in the vascularity.8 In contrast to the ALX 

receptors, GPR32 is not upregulated during PMN activation, which could indicate that the 

effects mediated through GPR32 are more maintenance and homeostatic effects.68 Activation 

of GPR32 enhances macrophage phagocytosis and reduces the production of cytokines and 

chemokines.61 RvD1, 17R-RvD1, RvD3, RvD5 and RvD1n-3 DPA has shown agonistic effects on 

this receptor, and their affinity and potency for GPR32 is similar as for their affinity 

(dissociation constant (Kd)) and half maximal effective concentration (EC50) for the ALX 

receptor.3, 8, 58 GPR32 plays a role in self-resolving inflammation, speeding up phagocytosis of 

amyloid-β, which can prevent the onset of Alzheimer`s disease.69 
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1.4.1.3 ERV/ChemR23 

RvE1 and 18S-RvE1 are agonists on ChemR23, while RvE2 is a partial agonist. These 

interactions reduce the number of PMNs and protect the host from osteoporosis.58 ChemR23 is 

expressed on leukocytes, the gastrointestinal tract, prostate, heart, brain, kidneys and lungs. 

Also, the receptor is abundantly present in monocytes, neutrophils and T lymphocytes. The 

expression of ChemR23 is upregulated in the presence of pro-inflammatory cytokines such as 

TNFα.70  

 

1.4.1.4 BLT1 

BLT1 is a LTB4 receptor, but several SPMs have shown partial agonistic action on this receptor, 

inhibiting the effects of LTB4.
58 Among these are MaR1, RvE1 and RvE2.64  

 

1.4.1.5 ERV2/GRP18 

The discovery of RvD2 receptor was reported by Chiang et al. in 2015.71 This GPCR is 

expressed on human leukocytes. The pro-resolving actions of RvD2 were mediated through its 

interactions with the ERV2/GRP18 receptor, reducing PMN infiltration and enhancing 

phagocytosis of bacteria.71  

 

1.4.1.6 Pael-R/GPR37  

NPD1 has shown to exert its effects through activation of the G protein-coupled receptor Pael-

R/GPR37. This activation leads to an increase in macrophage phagocytosis and a shift from 

pro-inflammatory cytokines to anti-inflammatory cytokines, which reduces inflammatory 

pain.65 

 

1.4.1.7 GPR101 

Another receptor recently discovered, is the GPR101 receptor. This receptor has shown to 

mediate the effects of RvD5n-3 DPA, which dampens inflammation in psoriasis and infection.66 
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1.4.2 Aspirin-triggered SPMs 

 

Aspirin-triggered (AT)-analogs are formed in the presence of aspirin, by the COX-2 enzyme.72 

Low-dose aspirin exerts its anti-inflammatory role through the activity of the SPM AT-lipoxin 

(ATL). Aspirin acetylates COX-2, which shifts its enzyme activity to producing lipoxins.73, 74  

 

The AT-analogs differ from the analogs generated by lipoxygenases with an opposite 

configuration of one of the hydroxyl groups. They are epimers of the SPMs generated by LOX-

enzymes. Serhan et al. first reported the AT-resolvins in 2002. The effects and potency of the 

AT-analogs coincide with what is demonstrated with their lipoxygenase-generated epimers.75, 

76  

 

1.4.3 Lipoxins 

 

The lipoxins are SPMs derived from AA, which stop chemotaxis of neutrophils and inhibit 

eosinophil recruitment.47, 77 Lipoxins also stimulate the clearance of apoptotic leukocytes and 

macrophages.78 Lipoxins and their analogs have demonstrated pro-resolving effects in eczema, 

rheumatoid arthritis, colitis, atherosclerosis, sepsis, protection from boneloss and fibrosis.22, 28, 

79-83 The structures of lipoxin A4 (LXA4) and lipoxin B4 (LXB4) are presented in Figure 9. 

 

 

Figure 9: The structures of lipoxin A4 (LXA4) and lipoxin B4 (LXB4).84 
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1.4.4 SPMs derived from EPA 

 

1.4.4.1 E-series resolvins 

The resolvins were discovered by Serhan et al. in 2002, and termed resolvins because of their 

potent pro-resolving actions.75 The E-series resolvins are formed by the insertion of molecular 

oxygen at carbon 18 by 5-LOX. The second step affords the resolvins RvE1, RvE2 and RvE3.44 

The structures of RvE1 and RvE2 are presented in Figure 10. 

 

 

Figure 10: The structures of RvE1 and RvE2, the most studied E-series resolvins.23 

 

Resolvin E1 

The effects of RvE1 are mediated through a specific agonist action on the ChemR23 receptor, 

with a Kd of 11.3 ± 5.4 nM, and a partial agonist action on the BLT1 receptor with a Kd of 

45 nM.70, 85 The interaction with ChemR23 inhibits the formation of fibrosis.86 In a murine 

model of psoriasis, RvE1 has demonstrated an effect in reducing inflammatory cell infiltration 

and epidermal hyperplasia through the antagonistic interaction with the BLT1 receptor.87 

 

RvE1 is currently being tested in clinical trials for the treatment of corneal inflammation and 

dry eye syndrome, with promising results.88, 89 This SPM has been demonstrated to be just as 

potent as a high-dose dexamethasone in stopping PMN infiltration.70 RvE1 reduces osteoclast 

mediated bone destruction in periodontitis, indicating a potential effect in stopping the 

development of osteoporosis.90 Furthermore, RvE1 plays a part in allergic reactions by the 

suppression of interleukin-23 and interleukin-6.91  
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1.4.5 SPMs derived from DHA 

 

1.4.5.1 D-series resolvins 

The D-series resolvins are formed from DHA by the initial insertion of molecular oxygen in 

carbon 17 position by 15-LOX.75 There are hitherto discovered six D-series resolvins, namely 

RvD1, RvD2, RvD3, RvD4, RvD5 and RvD6, as well as the sulfido-conjugated resolvins 

7S,8R,17S-RCTR1, 7S,8R,17S-RCTR2 and 7S,8R,17S-RCTR3.18, 92 The structures of resolvins 

RvD1-5 are presented in Figure 11. 

 

 

Figure 11: Structures of the resolvins RvD1, RvD2, RvD3, RvD4 and RvD5.23  
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Resolvin D1  

RvD1 has demonstrated the same potency as indomethacin in stopping PMN infiltration. It 

plays a role in reducing pain, improving metabolic syndrome and insulin sensitivity increasing 

the healing of diabetes wounds, increasing phagocytosis of amyloid-β implicated in 

Alzheimer`s disease, and improving the function of salivary glands and gastrointestinal tract.69, 

93-98  

 

RvD1 and AT-RvD1 has demonstrated a marked reduction in lung eosinophilia and other pro-

inflammatory mediators, as well as clearance of macrophages from the lungs and reducing 

fibrosis. Analogs of these SPMs could be potential novel therapies for allergic reactions and 

asthma.21, 99 AT-RvD1 reduces pain by blocking transient receptor potential V 3 (TRPV3) and 

has also demonstrated an effect against arthritis pain in rats.100, 101 In a murine model, AT-RvD1 

has shown to prevent cognitive decline.102 RvD1 together with RvD2 has shown to exert pro-

resolving actions in inflamed adipose tissue in obesity.103 RvD1 and AT-RvD1 have exerted 

EC50 values of approximately 50 nM on reducing transmigration of PMNs.18 

 

Resolvin D2 

RvD2 generates nitrogen oxide (NO) in small amounts, which has an antiadhesive effect, but 

were not generated in pro-inflammatory amounts. This SPM has demonstrated to reduce the 

deadliness of sepsis in mice by reducing PMN-endothelium interaction and downregulate the 

production of cytokines.104 Furthermore, RvD2 has shown an antithrombotic effect and the 

prevention of dermal necrosis, and speeds up the phagocytosis of bacteria.104, 105 RvD2 has 

demonstrated a positive effect on re-epithelization of the skin, an effect also seen in a murine 

model of diabetes.96, 106  

 

Furthermore, RvD3 has demonstrated anti-inflammatory effects in an arthritis model.107 RvD5 

was identified in synovial fluids of joints in rheumatoid arthritis patients, and has demonstrated 

to inhibit pro-inflammatory cytokines such as nuclear factor κ B (NF-κB) and TNF-α, and 

increase macrophage phagocytosis of Escherichia coli through the activation of GPR32.28, 61 
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1.4.5.2 Protectins 

Protectins have shown promising immunoresolving effects both in vitro and in vivo. Protectins 

consist of PD1/NPD1 (presented in Figure 12) and the sulfido-conjugated protectins 16R,17S-

PCTR1, 16R,17S-PCTR2 and 16R,17S-PCTR3.108 

 

 

Figure 12: Structure of PD1/NPD1.18 

 

Protectin D1/Neuroprotectin D1 

PD1 is also termed neuroprotectin D1 (NPD1), as it was first found in neuronal systems.109 PD1 

binds to neutrophils presumably at two different binding sites, due to very different affinities, 

Kd, of 25 nM and 200 nM.8 PD1 binds to GPR37 with a Kd of 1 pmol per protein and an EC50 

value of 1 nM.65 This SPM is highly expressed in the brain and the retina.110 In an in vivo murine 

model of stroke, PD1 and AT-PD1 have shown to exert neuroprotective effects by inhibiting 

the infiltration of leukocytes after ischemia and reperfusion.111, 112 PD1 reduces cytokine IL-1β 

production in glioma cells, which prevents cell death and plaque formation. This has shown to 

be important factors in Alzheimer`s disease.113 PD1 is now being tested on Alzheimer`s disease 

in humans.110 In vitro, PD1 has demonstrated a protective effect on photoreceptor cells in the 

retina, by inhibiting apoptosis.114, 115 PD1 was found to interact with the GPR37 receptor, and 

this interaction increases macrophage phagocytosis, shifts cytokines towards pro-resolving 

cytokines and reduces inflammatory pain.65 PD1 plays a role in asthma by reducing eosinophilic 

infiltration, both in murine models and in healthy subjects.27, 110, 116 PD1 has also shown to have 

a role in atherosclerosis and pain.117 PD1 exert an effect in wound healing through proliferation 

of epithelial cells.118 An isomer of PD1, PDX, reduces platelet aggregation and thrombogenesis 

in vitro.119 
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1.4.5.3 Maresins 

Maresins are produced in macrophages, and exert potent pro-resolving effects, hence the name 

maresins.120 Maresins are produced from DHA by 12-LOX, through the insertion of molecular 

oxygen in carbon 14 position.121 In addition to MaR1 and MaR2, whose structures are presented 

in Figure 13, the recently discovered sulfido-conjugated maresins (MCTRs) consist of MCTR1, 

MCTR2 and MCTR3.63, 122 

 

 

Figure 13: The structures of MaR1 and MaR2.23, 121 

 

Maresin 1 

MaR1 reduces the accumulation of PMNs in tissues, as well as stimulating the regeneration of 

tissue by macrophage efferocytosis.120, 121 MaR1 has tissue protective and restorative properties, 

and increases the rate of regeneration in planaria.62, 120 It is also potent in reducing neuropathic 

and inflammatory pain by blocking the TRPV1 currents in mice with an half maximal inhibitory 

concentration (IC50) of 0.5 nM.62 MaR1 was identified in human synovial fluids, which 

indicates that this SPM exert pro-resolving actions in inflammation of joints in rheumatoid 

arthritis.28 In mice, MaR1 has demonstrated protective actions in colitis and bronchial epithelial 

cells, by reducing cytokine production.123, 124 The epoxy-precursor for MaR1 has shown to 

stimulate the phenotype switch from M1 to M2 macrophages, which is a pro-resolution 

phenotype.125 

 

1.4.5.4 Sulfido-conjugates  

Recently reported novel SPMs are the sulfido-conjugates, namely the resolvin conjugates in 

tissue regeneration (RCTR), the protectin conjugates in tissue regeneration (PCTR) and the 



24 

 

maresin conjugates in tissue regeneration (MCTR).126, 127 They are all metabolites of DHA.128 

The sulfido-conjugates are produced by macrophages through 17-lipoxygenation, and have 

shown to be especially important in tissue regeneration, accelerating the regeneration of tissue 

in planaria.122, 128, 129  

 

1.4.5 SPMs derived from n-3 DPA 

 

1.4.5.5 n-3 DPA analogs 

n-3 DPA SPMs were first reported by Dalli et al. in 2013.4 The first n-3 DPA analogs reported 

was PD1 n-3 DPA, PD2 n-3 DPA, RvD1 n-3 DPA, RvD2 n-3 DPA and RvD5n-3 DPA, and are presented in 

Figure 14. n-3 DPA analogs are generated enzymatically by LOX-enzymes from n-3 DPA 

during acute inflammation.4 This is evidenced by the hydroxyl group, which is primarily in the 

S-configuration (about 80%).130 Several in vitro studies and in vivo murine models have been 

conducted with these SPMs. n-3 DPA analogs demonstrate protective effects against secondary 

organ damage, reduced lunge tissue damage, reduced amounts of infiltrated leukocytes and 

reduced amounts of platelet-leukocyte aggregates, which is an indication for systemic 

inflammation.4, 131 The n-3 DPA analogs significantly reduced the prostanoid synthesis.4 There 

is also seen a correlation between the amounts of n-3 DPA in red blood cells and 

atherosclerosis.132 The pro-resolving effects of the n-3 DPA analogs on inflammation in humans 

remain to be studied. 
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Figure 14: The structures of the known n-3 DPA analogs.4 The absolute configuration is presented where 

established. 



26 

 

 

PD1n-3 DPA and RvD5n-3 DPA are upregulated in the intestine of patients with irritable bowel 

disease (IBD). These two SPMs demonstrated protective effects in the intestine of mice, by the 

reduction of neutrophil adhesion to the epithelium, suggesting a therapeutic strategy towards 

intestinal inflammation.133 PD1n-3 DPA and MaR1n-3 DPA have shown to potently increase 

macrophage phagocytosis and efferocytosis.134, 135 PD1n-3 DPA has also shown neuroprotective 

actions by resolving neuro-inflammation in epileptogenesis.136 RvD5n-3 DPA binds to GPR101 

with a Kd of approximately 6.9 nM, which leads to upregulation of intracellular cAMP, 

phagocytosis by leukocytes and macrophages, and clearance of cell debris. The effects exerted 

by this interaction is implicated in inflammatory arthritis.66 

 

The n-3 DPA analogs are generated at different stages during the inflammation process, just as 

the DHA and EPA analogs. RvD1n-3 DPA peaked during the neutrophil infiltration and in the 

later part of the resolution phase. The same was true for PD2n-3 DPA. PD1n-3 DPA. MaR2n-3 DPA 

and MaR3n-3 DPA peaked four hours into the inflammation, and gradually decreased over the 

course of 20 hours. RvD2n-3 DPA peaked at the onset of resolution, while RvD5n-3 DPA gradually 

increased and peaked late in the resolution phase. MaR1n-3 DPA peaked in the late stage of the 

resolution phase.4 The time lines for exudate levels of the n-3 DPA analogs are shown in Figure 

15. 
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Figure 15: The figure is adapted from Dalli et al. and illustrates the exudate levels of RvD1n-3 DPA, RvD2n-

3 DPA, RvD5n-3 DPA, PD1n-3 DPA, PD2n-3 DPA, MaR1n-3 DPA, MaR2n-3 DPA and MaR3n-3 DPA during resolution of 

inflammation.4 

 

1.4.5.6 13-series resolvins 

The 13-series resolvins (RvTs) are a newly discovered class of SPMs derived from n-3 DPA. 

These SPMs have demonstrated an increase in mice survival during infections. These SPMs are 

biosynthesized by COX-2 enzymes in inflammatory exudates. There are hitherto four reported 

RvTs, namely RvT1, RvT2, RvT3 and RvT4.59  
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1.5 Resolvin D1n-3 DPA 

 

Benzo-RvD1n-3 DPA, which is the focus of this thesis, is an analog of RvD1n-3 DPA. Tungen et al. 

established the configurational assignment of RvD1n-3 DPA in 2019, and proved the presence of 

an E,E,Z,E-tetraene. The allylic hydroxyl groups in carbon 7 and carbon 8 position are in an 

anti-configuration.3 The molecular structure of RvD1n-3 DPA is presented in Figure 16. 

 

 

Figure 16: The molecular structure of RvD1n-3 DPA.3 

RvD1n-3 DPA is quite similar in structure to RvD1, only lacking a Z-double bond in carbon 4-5 

position. Therefore, it can be assumed that the biosynthesis, effects and metabolism also is quite 

similar.4 RvD1n-3 DPA has shown to act on the same G protein-coupled receptors, namely human 

ALX/FPR2 and DRV1/GPR32 receptors.137 Both RvD1n-3 DPA and RvD1 activate the receptors 

in a nanomolar range. The potency of RvD1n-3 DPA on these receptors are equivalent to the 

potency demonstrated by RvD1 according to Tungen et al. (Figure 17A and 17B).3 
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Figure 17: Interaction of RvD1n-3 DPA with the receptors GPR32 (A) and ALX (B), compared to RvD1 

and RvD1n-3 DPA ethyl ester. The graphs demonstrate that RvD1n-3 DPA have a comparable affinity for the 

GPR32 and ALX receptors as RvD1. The ethyl ester of RvD1n-3 DPA has a slightly lower affinity. The 

figure is adapted from Tungen et al.3 

 

1.5.1 Biological effects of RvD1n-3 DPA 

 

In vitro, synthetic RvD1n-3 DPA demonstrated an increased macrophage ingestion of apoptotic 

cells (Figure 18A) and bacteria (Figure 18B). In vivo mice studies with RvD1n-3 DPA have also 

demonstrated a reduction of leukocytes in inflammatory exudates (Figure 18C) and an increase 

in phagocytosis of bacteria (Figure 18D).3 In a murine model of epilepsy, RvD1n-3 DPA reduced 

the amounts of seizures and shortened the duration of seizures even after discontinuation of 

treatment.136 
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Figure 18: In vitro effects of RvD1n-3 DPA on macrophage efferocytosis and phagocytosis, as well as in 

vivo effects on PMN infiltration and phagocytosis have been demonstrated. The figure is adapted from 

Tungen et al.3 

 

1.5.2 Biosynthesis of RvD1n-3 DPA 

 

The anticipated biosynthesis of RvD1n-3 DPA is initiated by two lipoxygenase-mediated 

reactions, as shown in Scheme 1. The first steps afford a peroxide in carbon 17 position, and 

then in carbon 7 position. Then 7,17-dihydroxy(peroxy)-DPA is further biosynthesized to the 

7,8-epoxy-17-hydroxy-DPA, which is finally converted to RvD1n-3 DPA by ring opening of the 

epoxide.138 
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Scheme 1: Anticipated biosynthesis of RvD1n-3 DPA from n-3 DPA.138 
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1.5.3 Metabolism of RvD1n-3 DPA 

 

The assumed metabolism of RvD1n-3 DPA is presented in Scheme 2. This assumption is based 

on the metabolic pathway of RvD1. RvD1n-3 DPA is oxidized in either carbon 8 or carbon 17 

position to 8-oxo-RvD1n-3 DPA and 17-oxo-RvD1n-3 DPA, respectively. 8-Oxo-RvD1 has shown 

to exert the same potency as RvD1, and 17-oxo-RvD1 has shown to be inactive in vivo. 

Therefore, it can be assumed that 8-oxo-RvD1n-3 DPA is an active metabolite, and 17-oxo-RvD1n-

3 DPA is the inactivation product of RvD1n-3 DPA.18  

 

 

Scheme 2:  The anticipated metabolic pathway for RvD1n-3 DPA based on the proposed metabolic pathway 

for RvD1 reported by Serhan.18 

 

1.5.4 Structure-activity relationships of RvD1n-3 DPA 

 

The E,E,Z,E –tetraene moiety is chemically labile, susceptible to light, heat and acids, and could 

easily isomerize to a mixture of geometrical isomers.3, 139 To retain the pro-resolving properties 
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of RvD1n-3 DPA, the E-double bond at C9-C10 and the Z-double bond at C19-C20 must remain in 

the same configuration.140 Replacing this tetraene moiety with a benzo-group could potentially 

mimic the E,E,Z,E-tetraene, and the molecule gains structural rigidity. Structural rigidity may 

be an advantage because EORs, which are mainly responsible for the inactivation in vivo, are 

dependent on a certain conformation for substrate recognition, as seen with LXA4-analogs. 

Furthermore, the benzo-group does not isomerize as the E,E,Z,E-tetraene moiety.141 The ethyl 

ester of RvD1n-3 DPA has significantly lower affinity for the receptors GPR18 and ALX-receptor 

than RvD1n-3 DPA.3 Therefore, the carboxylic acid may be important for binding to the receptors. 

 

The configuration of the stereogenic centers with the secondary alcohols at 7S, 8R and 17S are 

important for the structure-activity relationship (SAR) of RvD1, and therefore assumed to be 

important for the SAR of RvD1n-3 DPA. The 17-hydroxy-group is important for retaining the pro-

resolving actions of RvD1, as the 17-deoxy-metabolite is the inactivation product of RvD1.1 

The 17R-epimer of RvD1n-3 DPA may potentially be pro-resolving, as it is analogous to the AT-

derived epimers of the D series resolvins, which exert corresponding potency and affinity to the 

receptors.1, 72 The 17R-epimer of RvD1 has shown to resist rapid enzymatic inactivation by 

EORs to 17-deoxy-RvD1.1 This may also be the case for 17R-RvD1n-3 DPA, which could be an 

interesting lead for further research on more enzymatically stable n-3 DPA-analogs. A structure 

highlighted with the anticipated SAR for RvD1n-3 DPA is presented in Figure 19. 

 

 

Figure 19: Some of the important structural features are highlighted for RvD1n-3 DPA. 
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1.6 Total synthesis of SPMs 

 

There has been great interest in making SPMs and SPM analogs by total synthesis, which could 

lead to potential new therapeutics and lead compounds. Several efforts have been reported on 

the total synthesis of SPMs. The first total syntheses of RvD2 and RvD5 were reported in 2004 

and 2005, respectively.142, 143 Rodriguez and Spur reported the first total synthesis of RvD6 144 

in 2012. In 2014, the structure, biosynthesis, in vivo bioactions and stereochemistry of PD1n-3 

DPA was elucidated,134 while MaR1n-3 DPA was prepared and structural assigned in 2014.135 

Recently, Sønderskov et al. reported the structural elucidation and the first total synthesis of 

MaR2n-3 DPA.145  Tungen et al. reported the first total synthesis of RvD1n-3 DPA in 2019. The 

retrosynthetic analysis of this total synthesis is illustrated in Figure 20.3 

 

 

Figure 20: A retrosynthetic analysis of the total synthesis of RvD1n-3 DPA reported by Tungen et al.3 This 

figure is adapted from the master thesis of Reinertsen.5 
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1.7 Synthetic methods 

 

Since the interactions of SPMs with their receptors are stereoselective, the stereoselectivity of 

the reactions used in total organic synthesis of SPMs are essential. In this section, four reactions 

used in the efforts towards making benzo-RvD1n-3 DPA are highlighted. For the synthesis of the 

α-fragment, synthetic methods were performed in accordance to the published procedure of 

Tungen et al. and the master thesis of Reinertsen.3, 5  

 

1.7.1 The Wittig olefination reaction 

 

The Wittig reaction was used to convert the aldehyde to the Z-alkene, as shown in Figure 23. 

The Wittig reaction was discovered by Georg Wittig in 1954, for which he received the Nobel 

Prize in Chemistry in 1979.146  

 

The Wittig olefination reaction is used to convert an aldehyde or a ketone to an alkene. This 

reaction can be either Z or E selective, depending on the ylide. If the ylide is stabilized, i.e. with 

substituents able to stabilize the negative charge, the reaction will be E-selective. If the ylide is 

not stabilized, the reaction will be Z-selective.147 The phosphonium ylide in this reaction is an 

unstable ylide, in order to generate a Z-alkene as the main product. This alkene was reduced in 

the next step, so the diastereomeric purity of this product was not of importance. 

 

An ylide is a compound that has a positive and a negative charge in the same molecule, on 

adjacent atoms. In a phosphonium ylide the phosphor atom has a much larger orbital than the 

carbon, so the orbitals do not sufficiently overlap.148 

 

The phosphonium ylide is prepared by deprotonating a phosphonium salt with a strong base. 

The Wittig reaction begins with a nucleophilic attack on the carbonyl compound by the 

carbanion of the phosphonium ylide. The negatively charged oxygen atom attacks 

intramolecularly the phosphorus atom, which results in an intermediate, an oxaphosphetane. 

This is an unstable four-membered ring, so the ring breaks down to form two double bonds. 
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The product, the alkene, is formed along with phosphine oxide (P=O). The P=O bond is 

exceptionally strong and so the reaction is not reversible.147  

 

 

Scheme 3: An outline of the reaction mechanism of the Wittig olefination reaction.147 

 

  



37 

 

1.7.2 The Tebbe olefination reaction 

 

For the reaction of the aldehyde to the terminal alkene, a Tebbe olefination reaction was 

performed. The Tebbe olefination gives better yields than a Wittig reaction, especially when 

encountering steric hindrance, such as the bulky TBS-groups. The Tebbe reaction can also be 

performed on sensitive substrates, as it does not require strong basic or acidic conditions, which 

can lead to racemization of the compound.149, 150 

 

Dr. Fred N. Tebbe, an industrial chemist, reported the Tebbe reaction in 1978. The Tebbe 

reagent can react with carbonyl compounds such as aldehydes, ketones, esters and amides to 

afford an olefin.151 The molecular formula for the Tebbe reagent is (C5H5)2TiCH2ClAl(CH3)2. 

The chemical structure elucidated by Thompson et al. in 2014 is presented in Figure 21.152 The 

Tebbe reagent works both as a catalyst and as a methylation agent in the reaction.151 

 

 

Figure 21: Structure of the Tebbe reagent 52 as elucidated by Thompson et al. in 2014.152 

 

The Tebbe reagent has to be activated by a week Lewis base, such as pyridine, to generate a 

Shrock type carbene. After activation, the carbon atom of the Shrock type carbene attacks the 

carbonyl due to the nucleophilic character of the Shrock type carbene, leading to a negative 

charge on the oxygen atom. The oxygen atom attacks the oxophilic titanium atom, resulting in 

a four-membered ring called oxatitanacyclobutane, which quickly decomposes to an alkene and 

a stable titanium oxide. Since there are both an aldehyde and an ester present, only one 

equivalent of the Tebbe reagent was used to ensure regioselectivity. This reaction is driven by 

the stability of the titanium oxide formed, and is not reversible.153 The reaction mechanism of 

the Tebbe reagent is presented in Scheme 4. 
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Scheme 4: An outline of the reaction mechanism of the Tebbe olefination. The first step is the activation 

of the Tebbe reagent to a Shrock type carbene. Further, there is a nucleophilic attack of the carbonyl and 

then an intramolecular nucleophilic attack of the titanium atom generating a oxatitanacyclobutane, 

which quickly decomposes to the corresponding alkene.153 
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1.7.3 The Heck-Mizoroki cross-coupling reaction 

 

Dr. Richard F. Heck and Dr. Tsutomu Mizoroki discovered this cross-coupling reaction in the 

1970s.154, 155 Other palladium-catalyzed reactions have been developed, such as the 

Sonogashira-Hagihara and the Suzuki-Miyaura.156 Dr. Richard F. Heck received the Nobel 

prize in Chemistry in 2010 for his work with cross coupling palladium-catalyzed reactions, 

together with Akira Suzuki and Ei-Ichi Negishi.157  

 

The Heck reaction refers to a palladium-catalyzed addition of an aryl halide to an alkene in the 

presence of a base. Heck reactions are trans selective. Several different reagents and palladium-

complexes can be used, and it is useful on a broad variety of compounds.156 

 

The reaction mechanism of the Heck-Mizoroki reaction used in this thesis is presented in 

Scheme 5. The first step is an oxidative addition, where the palladium complex inserts itself 

between the aryl and the halide atom. Next, the palladium complex forms a π-complex with the 

alkene, and then the palladium-complex binds to the alkene through a carbometallation to form 

a Pd-σ intermediate. Further, there is a β-hydride elimination that forms a new π -complex. The 

Pd(0) is regenerated by adding a base such as triethylamine, which removes hydrogen halide 

from the complex. This is a catalytic cycle, the palladium (0) is ready to react with other 

molecules, so the amount of catalyst added is small.158 
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Scheme 5: An outline of the palladium-catalyzed Heck-Mizoroki reaction used in this thesis.158 
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1.7.4 The Barbier reaction 

 

The Barbier reaction was reported by Barbier in 1899.159 The reaction is similar to the Grignard 

reaction. The difference is the use of different metallic reagents, such as the use of Zn and In as 

well as Mg. A Barbier reagent is made in situ. The advantage of a Barbier reaction is the 

tolerance for moisture.160 The reaction product is a primary, secondary or tertiary alcohol. The 

mechanism is not analogous to a Grignard reaction, as an organometallic species is not 

formed.161 

 

In this thesis, a Barbier reaction was conducted under nitrogen atmosphere under anhydrous 

conditions to afford the product compound. The substrate used was an allylic bromide. The 

reaction utilizes zinc dust, an organic halide and a carbonyl group of an aldehyde or a ketone. 

The carbon connected to the halide atom attacks the carbon of the carbonyl, due to its 

nucleophilic character. The reaction mechanism is not clear, but is presumably by a radical 

mechanism.161, 162 A general Barbier reaction procedure is presented in Scheme 6. 

 

 

Scheme 6: Outline of a general Barbier reaction procedure. 
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2 Results and discussions 

 

The first part of this study was to prepare the α-fragment 6 following the procedure of Dr. Jørn 

E. Tungen and the Master thesis of Reinertsen from the LIPCHEM group at the University of 

Oslo.3, 5 A Tebbe olefination reaction was performed as the final step towards α-fragment 6. α-

fragment 6 was prepared in eight steps with an overall yield of 3% (7% based on recovered 

starting material (brsm)). Further reactions to insert the benzo-moiety and the ω-end were 

performed on the α-fragment to afford compound 63. The synthesis from α-fragment 6 to 

compound 63 was performed over three steps with an overall yield of 23% (71% brsm). The 

total synthesis from 2-deoxy-D-ribose to compound 63 was performed over 11 steps in an 

overall yield of 1% (5% brsm). A retrosynthetic analysis is presented in Figure 22. 

 

Figure 22: Retrosynthetic analysis of compound 63. 
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2.1 Overview of the synthesis towards benzo-RvD1n-3 DPA 

 

Scheme 7 presents an outline of the synthesis towards benzo-RvD1n-3 DPA. 2-Deoxy-D-ribose 45 

was treated with ethanethiol in concentrated hydrochloric acid (HCl) to afford thioacetal 64, 

which was further treated with an excess of 2,6-lutidine as base and  tert-butyldimethylsilyl 

triflate (TBSOTf) to yield tris-TBS protected compound 65. The next step afforded aldehyde 

46 by oxidizing 65 with N-bromosuccinimide (NBS) with 2,6-lutidine as a base. Aldehyde 46 

was treated with phosphonium ylide 47 and sodium bis(trimethylsilyl)amide (NAHMDS) in a 

Z-selective Wittig reaction to afford alkene 49. Catalytic hydrogenation with palladium on 

carbon (Pd/C) afforded compound 66. Selective deprotection of primary alcohol in compound 

66 was performed using p-toluenesulfonic acid (PTSA) to yield compound 67, which was 

further oxidized with Dess-Martin periodinane (DMP) to afford aldehyde 7. The α-fragment 6, 

was achieved using a Tebbe reagent in dry THF. 

 

Further reactions were performed on the α-fragment 6 to afford compound 63. The Tebbe 

product 6 was reacted in a Heck-Mizoroki cross-coupling reaction with 2-iodo-benzyl alcohol 

5, using palladium acetate (Pd(OAc)2) as a catalyst and o(tolyl)3P to insert the  aromatic moiety  

in compound 57. DMP was used to oxidize the primary alcohol in compound 57 to ortho-

benzaldehyde 4, which was finally reacted with zinc powder and 1-bromo-2-pentyne 3 in a 

Barbier reaction to afford compound 63.  
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Scheme 7: Outline of the synthesis to afford compound 63. 

 

Further details on the synthetic methods are found in the experimental section. The obtained 1H 

NMR and 13C NMR data are found in the appendix, and are discussed in detail below. 
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2.2 Synthesis of thioacetal 64 

 

2-Deoxy-D-ribose 45 exists as three isomers in aqueous conditions, that is a six-membered ring, 

an open chain and a five-membered ring,163 as seen in Scheme 8. The six-membered ring is the 

dominating isomer in the equilibrium. 2-Deoxy-D-ribose is commercially available. 

 

 

Scheme 8: The chemical equilibrium of 2-deoxy-D-ribose 45 in solution.163 

 

To avoid ring cyclization of the open chain, the aldehyde was protected as a thioacetal, as 

illustrated in Scheme 9. This reaction procedure was performed in accordance with the 

published procedure of Tungen et al.3 One equivalent of 2-deoxy-D-ribose 45 was dissolved in 

concentrated HCl and treated with two equivalents of ethanethiol. Concentrated HCl activated 

the carbonyl moiety for the nucleophilic attack by the ethanethiol. Thiols are weak nucleophiles. 

After aqueous workup, the crude product was purified by flash chromatography on silica gel to 

afford thioacetal 64 in 74% yield as a clear yellow oil. All spectral data correspond to the 

reported data.3  

 

 

Scheme 9: Outline of the synthesis of thioacetal 64. 

 

  



46 

 

2.3 Characterization of thioacetal 64 

 

2.3.1.1 1H NMR chemical shifts 

The hydrogen atoms of the hydroxy groups does not appear in the 1H NMR spectrum, most 

likely due to exchange with deuterium. The most downfield signals at 4.12 ppm (dd, J = 11.2, 

3.6 Hz, 1H) and 3.93-3.87 ppm (m, 1H) are characteristic for the carbinol hydrogen atoms, and 

have the highest chemical shift values due to the electron withdrawing effect of the oxygen 

atoms leaving the hydrogen atoms deshielded. Hence, the hydrogen atoms will absorb a higher 

frequency of radiation. The carbon atom connected to the primary alcohol is chiral, giving rise 

to two different signals of the methylene-hydrogen atoms due to different chemical 

environments; 3.73 ppm (dd, J = 11.3, 3.8 Hz, 1H) and 3.58 ppm (dd, J = 11.3, 6.6 Hz, 1H). 

There is also a roofing effect of the signals, which shows that the signals are splitting each other. 

The signal at 3.46 ppm (td, J = 6.7, 3.8 Hz, 1H) signals for the hydrogen atoms at the carbon 

atom vicinal to the thioacetal. The splitting is complex because the vicinal carbon atom is chiral, 

which gives two signals at 2.10 ppm (ddd, J = 13.9, 11.2, 2.4 Hz, 1H) and 1.88 ppm (ddd, J = 

14.2, 10.2, 3.7 Hz, 1H). The ethyl groups of the thioacetal give two signals at 2.69 ppm (m, 4H) 

for the methylene groups, and 1.27 ppm (td, J = 7.4, 3.8 Hz, 6H) for the methyl groups. It is 

expected that the methylene groups and the methyl groups of the thioacetal show up as a quartet 

and a triplet, respectively. These signals are a strong indication for å successful conversion to 

thioacetal 64. The ethyl groups of the thioacetal give different chemical shift values. This could 

be due to spatial arrangement, and so the hydrogen atoms are not chemically equivalent because 

one moiety is more shielded. This gives two overlapping signals that appear more complex in 

the spectrum. In total, there are seventeen hydrogen atoms in the spectrum combined with the 

three hydroxy hydrogen atoms not showing. This is in accordance with the twenty hydrogen 

atoms of the molecule, giving rise to nine signals due to symmetry. 

 

 

Figure 23: Assignment of 1H NMR chemical shifts for compound 64. 
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2.3.1.2 13C NMR chemical shifts 

The most downfield signals at 76.4 ppm, 70.8 ppm and 64.7 ppm, are characteristic for the 

carbinol atoms due to deshielding effects. The signal at 49.1 ppm, in the middle of the MeOH-

d4 signal, is from the carbon atom bound to the thioacetal. The carbon atom vicinal to the 

hydroxy groups in the center of the molecule gives a signal at 40.9 ppm. The four upfield signals 

at 25.2 ppm, 24.2 ppm, 14.9 ppm and 14.8 ppm are signaling for the carbon atoms of the ethyl 

groups of the thioacetal. It was expected that the carbon atoms of the ethyl groups would give 

rise to two signals both integrating for two carbon atoms. The spatial arrangement could lead 

to different chemical shift values due to proximity to the electron withdrawing groups in the 

molecule, such as the hydroxy groups. The spectrum shows signals accounting for nine carbon 

atoms, which is in accordance with the total number of carbon atoms in the molecule. 

 

 

Figure 24: Assignment of 13C NMR chemical shifts for compound 64. 

 

2.3.1.3 Specific optical rotation 

The specific optical rotation measured was -19.2 (c = 2.5, MeOH), which is identical to the 

earlier reported value of -19.2 (c = 1.0, MeOH) for compound 64.3 This is a strong indication 

of a successful conversion of 45 to the product compound 64.  

 

2.4 Synthesis of tris-silylated compound 65 

 

The reaction was carried out in order to protect the three hydroxy groups in 64, and was done 

according to the published procedure of Tungen et al.3 TBSOTf was used herein, as it can 

silylate both primary, secondary and tertiary alcohols. The oxygen attacks the silicon and then 

the 2,6-lutidine removes the excess proton (Scheme 10).  
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Scheme 10: Outline of the synthesis of compound 65. 

 

One equivalent of (2R,3S)-5,5-bis(ethylthio)pentane-1,2,3-triol was dissolved in CH2Cl2 and 

cooled to -78 °C. The solution was stirred for 10 minutes before the addition of an excess of 

2,6-lutidine and TBSOTf. The reaction mixture was allowed to slowly reach room temperature 

in a dry ice/acetone bath for 18 hours. After aqueous workup, flash chromatography was 

performed on silica gel to afford the product in 55% yield as a clear, colorless oil. All spectral 

data correspond to the reported data.3  

 

2.5 Characterization tris-silylated compound 65 
 

2.5.1.1 1H NMR chemical shifts 

The upfield signal at 0.91-0.88 (m, 27H) is characteristic for the hydrogen atoms of the tert-

butyl substituents in the TBS-groups, and indicates a successful silylation of the hydroxy 

groups. They appear as singlets because equivalent hydrogen atoms do not split each other. The 

signal at 0.11-0.04 ppm (m, 18H) corresponds to the hydrogen atoms of the methyl groups 

bound to the silicon atoms of the TBS-groups, and are four overlapping singlets. The remaining 

signals correspond to the signals reported from the starting material. In total, there are ten 

signals integrating for 62 protons in the spectrum, which correspond to the total number of 

hydrogen atoms in the molecule. 

 

 

Figure 25: Assignment of 1H NMR chemical shifts for compound 65. 
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2.5.1.2 13C NMR chemical shifts 

The signals at 26.2 ppm (3C), 26.1 ppm (3C) and 26.1 ppm (3C) correspond to the carbon atoms 

of the tert-butyl substituents in the TBS-groups. The signals at 18.4 ppm and 18.3 ppm 

correspond to the fully substituted carbon atoms in the TBS-groups. The upfield signals at -2.8 

ppm, -3.5 ppm, -4.4 ppm, -4.7 ppm, -5.3 ppm and -5.3 ppm correspond to the methyl groups 

connected to the silicon atoms of the TBS-groups. The remaining signals correspond to the 

signals reported from the starting material. In total, there are 27 carbon atoms in the spectrum, 

which correspond to the total number of carbon atoms in the molecule. 

 

 

Figure 26: Assignment of 13C NMR chemical shifts for compound 65. 

 

2.5.1.3 Specific optical rotation 

The measured value for the specific optical rotation was -7.0 (c = 2.3, MeOH), which is not far 

from the earlier reported value of -8.9 (c = 1.0, MeOH).3 This discrepancy may be due to minor 

errors in weighing the product compound or the solvent. 

 

 

2.6 Synthesis of aldehyde 46 

 

The next step was to deprotect the aldehyde by removing the thioacetal, as illustrated in Scheme 

11. This reaction procedure was done in accordance with the published procedure of Tungen et 

al.3 The base 2,6-lutidine was added to deprotonate the water molecules. The sulfur atoms reacts 

with the bromine in NBS, affording a good leaving group when the hydroxide attacks the carbon 
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of the thioacetal. This happens twice in a consecutive manner, affording the corresponding 

aldehyde 46.  

 

 

Scheme 11: Outline of the synthesis of aldehyde 46. 

 

One equivalent of 65 was dissolved in a mixture of acetone and water, and cooled to 0 °C. 2,6-

Lutidine and N-bromosuccinimide was added in excess, and the resulting reaction mixture was 

allowed to stir for one hour at ambient temperature. After aqueous workup, the crude product 

was purified by flash chromatography on silica gel to afford aldehyde 46 in 72% yield as a 

clear, colorless oil. All spectral data correspond to the reported data.3  

 

2.7 Characterization of aldehyde 46 

 

2.7.1.1 1H NMR chemical shifts 

The hydrogen atom of the aldehyde has a characteristic chemical shift value of 9.85 ppm (dd, J 

= 3.4, 1.7 Hz, 1H) indicating a successful conversion from tris-silylated compound 65 to 

aldehyde 46. The splitting indicates two vicinal hydrogen atoms with different chemical shift 

values, which is in line with the signal at 2.63-2.43 ppm (m, 2H) signaling for the hydrogen 

atoms vicinal to the carbonyl. The signal shows complex splitting due to the chiral character of 

the carbon atom, giving rise to two different chemical shift values for the hydrogen atoms, due 

to the different chemical environments of their vicinal hydrogen atoms (the aldehyde hydrogen 

atom and the carbinol hydrogen atom). The remaining signals correspond to the signals reported 

from the starting material. In total, there are seven signals in the spectrum integrating for 52 

hydrogen atoms, which correspond to the number of hydrogen atoms in the molecule. 
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Figure 27: Assignment of 1H NMR chemical shifts for compound 46. 

 

2.7.1.2 13C NMR chemical shifts 

The downfield signal at 202.8 ppm is characteristic for the carbon atom of the aldehyde group. 

The signal at 45.8 ppm is the carbon atom vicinal to the carbonyl. The remaining signals 

correspond to the signals reported from the starting material. In total, there are twenty-three 

carbon atoms showing in the spectrum, which correspond to the total number of carbon atoms 

in the molecule. 

 

 

Figure 28: Assignment of 13C NMR chemical shifts for aldehyde 46. 
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2.7.1.3 Specific optical rotation 

The measured value for the specific optical rotation was -4.9 (c = 1.2, MeOH), which is not far 

from the earlier reported value of -5.9 (c = 1.0, MeOH).3 This discrepancy may be due to minor 

errors in weighing of the product compound or the solvent. 

 

2.8 Synthesis of Z-alkene 49 

 

Aldehyde 46 was reacted with a phosphonium salt 47 in a Wittig reaction (Scheme 12). 

Deprotonation of 47 with NaHMDS generated the corresponding phosphonium ylide. 

Phosphonium ylide 47 is an unstabilized ylide, favoring the formation of the Z-isomer. The 

reaction was performed at -78 C to afford a higher degree of selectivity towards the Z-alkene. 

This reaction procedure is in accordance with the Master thesis of Reinertsen.5  

 

 

Scheme 12: Outline of the synthesis of Z-alkene 49. 

 

An excess of the Wittig salt was dissolved in CH2Cl2, and the reaction mixture was cooled to  

-78 °C. NaHMDS was added dropwise to afford a yellow solution. One equivalent of 46 was 

dissolved in dry CH2Cl2, and added to the mixture. The resulting solution was stirred for 22 

hours while slowly reaching room temperature. After aqueous workup, the crude product was 

purified by flash chromatography on silica gel to afford Z-alkene 49 in 54% yield as a clear 

colorless oil. All spectral data correspond to the reported data.5  
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2.9 Characterization of Z-alkene 49 

 

2.9.1.1 1H NMR chemical shifts 

There is no downfield signal characteristic for an aldehyde proton, indicating a successful 

conversion from the starting material. The signal at 5.52-5.36 ppm (m, 2H) is the signal for the 

olefinic hydrogen atoms of the Z-double bond, with complex splitting because of the different 

chemical environments of the vicinal hydrogen atoms. The signal at 4.12 ppm (q, J = 7.1 Hz, 

2H) and 1.24 ppm (t, J = 7.2 Hz, 3H) is characteristic for the ethyl moiety of the ester. The 

signal at 2.39-2.31 ppm (m, 3H) is due to the methylene groups closest and second closest to 

the carbonyl, and is overlapping with the signal at 2.31-2.22 ppm (m, 2H) that corresponds to 

the methylene group connected to the carbinol and the double bond. The remaining signals 

correspond to the signals reported from the starting material. There are eleven signals in the 

spectrum integrating for 62 hydrogen atoms, which correspond to the total number of hydrogen 

atoms in the molecule. 

 

 

Figure 29: Assignment of 1H NMR chemical shifts for Z-alkene 49. 

 

2.9.1.2 13C NMR chemical shifts 

The downfield signals at 128.9 ppm and 128.6 ppm are characteristic for the olefin carbon 

atoms of the alkene. The signals at 60.4 and 14.4 ppm are signaling for the carbon atoms of the 

ester moiety. The signals at 34.4 ppm, 30.6 ppm and 23.2 ppm are signaling for the methylene 

groups. The remaining signals correspond to the signals reported from the starting material. 

There are 29 carbon atoms showing in the spectrum, which correspond to the total number of 

carbon atoms in the molecule. 
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Figure 30: Assignment of 13C NMR chemical shifts for Z-alkene 49. 

 

2.9.1.3 Specific optical rotation 

The measured value for the specific optical rotation was -4.1 (c = 1.5, MeOH), which is close 

to the earlier reported value of -5.0 (c = 1.0, CHCl3).
5 This indicates a successful conversion to 

the product compound. 

 

2.10 Synthesis of ethyl ester 66 

 

A catalytic hydrogenation reaction was performed to saturate the alkene, as illustrated in 

Scheme 13. This reaction procedure was done in accordance with the master thesis of 

Reinertsen.5 

 

 

Scheme 13: Outline of the synthesis of ethyl ester 66. 

 

One equivalent of Z-alkene 49 was dissolved in EtOAc, followed by the addition of Pd/C to 

afford a black reaction mixture. The suspension was stirred for 22 hours at room temperature. 

The crude product was purified by filtration through a plug of celite to afford ethyl ester 66 in 

97% yield as a clear, colorless oil. All spectral data correspond to the reported data.3 
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2.11 Characterization of ethyl ester 66 

 

2.11.1.1 1H NMR chemical shifts 

There are no signals characteristic for olefinic protons, which indicate a successful conversion 

from Z-alkene 49 to ethyl ester 66. The signals at 2.28 ppm (t, J = 7.6 Hz, 2H), 1.62 ppm (p, J 

= 15.0, 7.5 Hz, 2H), 1.45-1.38 ppm (m, 2H) and 1.35-1.27 ppm (m, 4H) corresponds to the 

methylene groups. The triplet at 2.28 ppm (t, J = 7.6 Hz, 2H), which is the most downfield 

signal of the methylenes, is presumably due to the methylene adjacent to the carbonyl, which 

has two vicinal hydrogen atoms with the same chemical environment. The remaining signals 

correspond to the signals reported from the starting material. In total, there are eleven signals 

in the spectrum integrating for 64 protons, which correspond to the total number of hydrogen 

atoms in the molecule. 

 

 

Figure 31: Assignment of 1H NMR chemical shifts for ethyl ester 66. 

 

2.11.1.2 13C NMR chemical shifts 

The carbon atoms of the methylene groups give rise to signals at 34.6 ppm, 32.5 ppm, 29.7 

ppm, 25.3 ppm and 25.2 ppm. The most and second most downfield signal is presumably the 

carbon atom adjacent to the carbonyl and the carbon atom adjacent to the carbinol in the center 

of the molecule, respectively. The remaining signals correspond to the signals reported from 

the starting material. The total number of signals accounts for 29 carbon atoms, which 

correspond to the total number of carbon atoms in the molecule. 
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Figure 32: Assignment of 13C NMR chemical shifts for ethyl ester 66. 

 

2.11.1.3 Specific optical rotation 

The measured value for the specific optical rotation was -5.1 (c = 1.7, MeOH), which is further 

from the earlier reported values of -11.0 (c = 0.5, MeOH)3 and -8.2 (c = 0.5, MeOH).5 This 

discrepancy may be due to small impurities, or small errors in weighing the product compound 

or the solvents. The specific optical rotation is quite sensitive to small changes in concentration. 

All of the values are negative, and in the same magnitude. Based on the NMR data, this indicates 

a successful conversion to the product compound. 

 

2.12 Synthesis of primary alcohol 67 

 

The selective deprotection of the primary alcohol was performed using PTSA (Scheme 14). 

PTSA protonates the oxygen of the primary TBS group, making TBSOH a good leaving group. 

The oxygen atom of methanol reacts with a nucleophilic attack on the carbon atom. 

 

 

Scheme 14: Outline of the synthesis of primary alcohol 67. 

 

This reaction procedure is in accordance with the published procedure of Tungen et al.3 One 

equivalent of ethyl ester 66 was dissolved in methanol and cooled to -20 °C, followed by the 

addition of one equivalent of PTSA. The reaction mixture was stirred for one hour, regardless 
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of any starting material left. This was to ensure that further deprotection of the other hydroxy 

groups were limited to a minimum. After aqueous workup, the crude product was purified by 

flash chromatography on silica gel, where the remaining starting material was recovered, to 

afford primary alcohol 67 in 63% yield (81% brsm) as a clear, colorless oil. All spectral data 

correspond to the reported data.3  

 

2.13 Characterization of primary alcohol 67 

 

2.13.1.1 1H NMR chemical shifts 

The broad signal at 2.03 ppm (s, 1H) is characteristic for the hydrogen atom of the hydroxy 

group, and is an indication of a successful deprotection to primary alcohol 67. The signals at 

0.90 ppm (s, 9H) and 0.88 ppm (s, 9H) are the hydrogen atoms of the tert-butyl substituents in 

the remaining TBS-groups. The multiplet and singlet at 0.10-0.08 ppm (9H) and 0.06 ppm (3H), 

respectively, are the hydrogens of the methyl groups of the remaining TBS-groups. The 

remaining signals correspond to the signals reported from the starting material. There are 13 

signals in the spectrum, which integrate for 50 protons. This is in line with the total number of 

hydrogen atoms in the molecule. 

 

 

Figure 33: Assignment of 1H NMR chemical shifts for primary alcohol 67. 

 

2.13.1.2 13C NMR chemical shifts 

The signals correspond to the signals reported from the starting material, only three signals less 

because of the removed TBS-group. The total number of signals account for 23 carbon atoms, 

which correspond to the total number of carbon atoms in the molecule. 
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Figure 34: Assignment of 13C NMR chemical shifts for primary alcohol 67. 

 

2.13.1.3 Specific optical rotation 

The measured value for the specific optical rotation was -1.6 (c = 2.2, MeOH), which is close 

to the earlier reported value of -1.9 (c = 1.0, MeOH).3 This indicates a successful conversion to 

the product compound. 

 

2.14 Synthesis of aldehyde 7 

 

Primary alcohol 67 was oxidized to the corresponding aldehyde 7 using Dess-Martin 

Periodinane (DMP), as illustrated in Scheme 15. DMP readily converts primary alcohols to 

aldehydes, and do not further oxidize the aldehydes to carboxylic acids. Since the bulky TBS-

groups sterically hindered the primary alcohol, the reaction performed over a longer period than 

expected.  

 

 

Scheme 15: Outline of the synthesis of aldehyde 7. 

 

This reaction procedure is in accordance with the procedure reported in the Master thesis of 

Reinertsen.5 One equivalent of the primary alcohol was dissolved in CH2Cl2. An excess of 

NaHCO3 was added to the solution, followed by the addition of at least two equivalents of Dess-

Martin periodinane. The mixture was stirred for 24 hours over night. After aqueous workup, 
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the crude product was purified by flash chromatography on silica gel to afford aldehyde 7 in 

53% yield as a clear, colorless oil. All spectral data correspond to the reported data.5  

 

2.15 Characterization of aldehyde 7 

 

2.15.1.1 1H NMR chemical shifts 

The characteristic signal at 9.59 ppm (d, J = 1.7 Hz, 1H) is the hydrogen atom of the aldehyde, 

indicating a successful transformation to aldehyde 7 from the starting material. The remaining 

signals correspond to the signals reported from the starting material. The 11 signals in the 

spectrum integrate for 48 protons, which correspond to the total number of hydrogen atoms in 

the molecule. 

 

 

Figure 35: Assignment of 1H NMR chemical shifts for aldehyde 7. 

 

2.15.1.2 13C NMR chemical shifts 

The signal at 203.9 ppm is the characteristic carbon atom of the aldehyde. The remaining signals 

correspond to the signals reported from the starting material. The signals in the spectrum 

account for 23 carbon atoms, which correspond to the total number of carbon atoms in the 

molecule. 
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Figure 36: Assignment of 13C NMR chemical shifts for aldehyde 7. 

 

2.15.1.3 Specific optical rotation 

The measured value for the specific optical rotation was +7.6 (c = 2.3, MeOH), which is not far 

from the earlier reported value of +12.7 (c = 0.5, MeOH).3 This could be due to slight errors in 

weighing the product compound or the solvents. The values are both positive and in the same 

magnitude. Based on the NMR data, this indicates a successful conversion to the product 

compound. 

 

2.16 Synthesis of terminal alkene 6 

 

For the reaction of aldehyde 7 to terminal alkene 6, the Tebbe olefination reaction was 

performed (Scheme 16). This could have been done using the Wittig reaction, but because of 

the steric hindrance encountered by the bulky TBS-groups, the Tebbe reagent was considered 

a better option, as Wittig reactions are not as efficient with steric hindered carbonyls. Because 

the potential reactivity with the ester group, one equivalent of the Tebbe reagent was used to 

ensure the regioselectivity of the reaction.  

 

Scheme 16: Outline of the synthesis of terminal alkene 6. 
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This reaction procedure is in accordance with the published procedure of Xuequan et al.164 One 

equivalent of the aldehyde was dissolved in dry THF and added dropwise over 20 minutes to 

the Tebbe reagent, which was diluted in toluene. The reaction was allowed to stir for two hours. 

After aqueous workup, the crude product was purified by flash chromatography on silica gel to 

afford terminal alkene 6 in 61% yield (99% brsm) as a clear, colorless oil. All spectral data 

correspond with what is expected from this compound. 

 

2.17 Characterization of terminal alkene 6 

 

2.17.1.1 1H NMR chemical shifts 

There are no signals downfield in the spectrum, and the signal at 5.87-5.75 ppm (m, 1H) and 

5.17-5.07 ppm (m, 2H) are characteristic for the aliphatic hydrogen atoms. This indicates a 

successful conversion from aldehyde 7 into terminal alkene 6. The two terminal hydrogen atoms 

at 5.17-5.07 ppm should have been a doublet, but this signal appears more complex in the 

spectrum. The remaining signals correspond to the signals reported from the starting material. 

The fourteen signals in the spectrum integrate for 50 protons, which correspond to the total 

number of hydrogen atoms in the molecule. 

 

 

Figure 37: Assignment of 1H NMR chemical shifts for terminal alkene 6. 

 

2.17.1.2 13C NMR chemical shifts 

The signals at 139.3 ppm and 116.0 ppm are the aliphatic carbon atoms. The remaining signals 

correspond to the signals reported from the starting material. The signals in the spectrum 

account for 24 carbon atoms, which correspond to the total number of carbon atoms in the 

molecule. 
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Figure 38: Assignment of 13C NMR chemical shifts for terminal alkene 6. 

 

2.17.1.3 MS- and HRMS-characterization 

The reported molecular weight and the peak at 481.3140 m/z is in correspondence with the exact 

mass of the sodium adduct. This indicates a successful conversion to the product compound. 

 

2.17.1.4 Specific optical rotation 

The calculated value for the specific optical rotation was +0.4 (c = 1.8, MeOH). 

 

2.18 Synthesis of ortho-benzyl alcohol 57 

 

The Heck cross-coupling reaction was performed to introduce the benzo-moiety, as illustrated 

in Scheme 17. Tri(o-tolyl)phosphine reduce the palladium from Pd(II) to Pd(0), and ensures 

that the Pd(0) is regenerated. 2-Iodobenzyl alcohol 5 and terminal alkene 6 reacted in the 

presence of a palladium catalyst and a base to give a ortho-benzyl alcohol 57.  

 

 

Scheme 17: Outline of the synthesis of ortho-benzyl alcohol 57. 
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This reaction procedure is in accordance with the published procedure of Colm et al.165 Just 

below one equivalent of 2-iodobenzyl alcohol 5 was dissolved in Et3N and added to one 

equivalent of 6. Pd(OAc)2 and o(tolyl)3P was added, and the  resulting reaction mixture was 

heated to 80 °C and stirred for 48 hours. After aqueous workup, the crude product was purified 

by flash chromatography on silica gel, where the remaining starting material was recovered, to 

afford ortho-benzyl alcohol 57 in 60% yield (86% brsm) as a clear, pale yellow oil. All spectral 

data correspond with what is expected from this compound. 

 

2.19 Characterization of ortho-benzyl alcohol 57 

 

2.19.1.1 1H NMR chemical shifts 

There is no signal for the hydrogen atom in the hydroxy group, most likely due to exchange 

with deuterium. The signals at 7.47 ppm (dd, J = 7.2, 1.8 Hz, 1H), 7.38 ppm (dd, J = 7.0, 2.0 

Hz, 1H) and 7.31 – 7.22 ppm (m, 2H) are characteristic for the aromatic moiety, and indicates 

a successful conversion from terminal alkene 6 to ortho-benzyl alcohol 57.The signals at 6.79 

ppm (d, J = 15.8 Hz, 1H) and 6.13 ppm (dd, J = 15.8, 7.0 Hz, 1H) are due to the aliphatic 

hydrogen atoms, and the coupling constant indicates that the alkene is in the E-configuration. 

The methylene hydrogen atoms adjacent to the hydroxy group give rise to a signal at 4.75 ppm 

(s, 2H). The remaining signals correspond to the signals reported from the starting material. 

The 18 signals in the spectrum integrate for 55 protons in addition to the hydroxy proton, which 

does not appear in the spectrum. This correspond to the total number of hydrogen atoms in the 

molecule. 

 

 

Figure 39: Assignment of 1H NMR chemical shifts for ortho-benzyl alcohol 57. 
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2.19.1.2 13C NMR chemical shifts 

The aromatic carbon atoms give rise to characteristic signals at 133.4 ppm, 128.3 ppm, 128.2 

ppm, 127.7 ppm, 127.6 ppm and 126.4 ppm. The aliphatic carbon atoms give the signals at 

133.4 and 128.3 ppm. The carbon atom adjacent to the hydroxy group gives the signal at 63.5 

ppm. The remaining signals correspond to the signals reported from the starting material. The 

signals in the spectrum account for 31 carbon atoms, which correspond to the total number of 

carbon atoms in the molecule. 

 

 

Figure 40: Assignment of 13C NMR chemical shifts for ortho-benzyl alcohol 57. 

 

2.19.1.3 MS- and HRMS-characterization 

The reported molecular weight and the peak at 587.3558 m/z is in correspondence with the exact 

mass of the sodium adduct. This indicates a successful conversion to the product compound. 

 

2.19.1.4 Specific optical rotation 

The calculated value for the specific optical rotation was -0.2 (c = 1.4, MeOH). 

 

2.20 Synthesis of ortho-benzaldehyde 4 

 

Dess-Martin periodinane was used to oxidize ortho-benzyl alcohol 57 into ortho-benzaldehyde 

4 using the same conditions as reported earlier for the synthesis of compound 7. The starting 

material was converted readily into ortho-benzaldehyde 4 (Scheme 18).  
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Scheme 18: Outline of the synthesis of ortho-benzaldehyde 4. 

 

This reaction procedure is in accordance with the procedure in the Master thesis of Reinertsen.5 

One equivalent of ortho-benzyl alcohol 57 was dissolved in CH2Cl2. An excess of NaHCO3 

was added to the solution, followed by the addition of over two equivalents of DMP. The 

reaction was stirred for 2 hours. After aqueous workup, the crude product was purified by flash 

chromatography on silica gel to afford ortho-benzaldehyde 4 in 99% yield as a clear, colorless 

oil. All spectral data correspond to what is expected from this compound. 

 

2.21 Characterization of ortho-benzaldehyde 4 

 

2.21.1.1 1H NMR chemical shifts 

The hydrogen atom of the aldehyde gives a characteristic signal at 10.31 ppm (s, 1H), indicating 

a successful transformation from ortho-benzyl alcohol 57 to ortho-benzaldehyde 4. The 

remaining signals correspond to the signals reported from the starting material. The 17 signals 

in the spectrum integrate for 54 protons, which correspond to the total number of hydrogen 

atoms in the molecule. 

 

 

Figure 41: Assignment of 1H NMR chemical shifts for ortho-benzaldehyde 4. 
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2.21.1.2 13C NMR chemical shifts 

The carbon atom of the aldehyde gives a characteristic signal at 192.2 ppm. The remaining 

signals correspond to the signals reported from the starting material. The signals in the spectrum 

account for 31 carbon atoms, which correspond to the total number of carbon atoms in the 

molecule. 

 

Figure 42: Assignment of 13C NMR chemical shifts for ortho-benzaldehyde 4. 

 

2.21.1.3 MS- and HRMS-characterization 

The reported molecular weight and the peak at 585.3401 m/z is in correspondence with the exact 

mass of the sodium adduct, only differing with 0.0001, which is within the requirements of the 

10 ppm error criteria for HRMS. This indicates a successful conversion to ortho-benzaldehyde 

4. 

 

2.21.1.4 Specific optical rotation 

The calculated value for the specific optical rotation was -2.4 (c = 0.63, MeOH). 

 

2.22 Synthesis of alkyne 63 

 

The alkyne moiety was introduced by a Barbier reaction, as presented in Scheme 19. The 

modest yield achieved herein may be due to the steric hindrance of the bulky TBS-groups. This 

reaction procedure is in accordance with the published procedure of Yanagisawa et al.166  
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Scheme 19: Outline of the synthesis of alkyne 63. 

 

An excess of Zinc powder was dissolved in dry THF, and 1,2-dibromoethane was added. The 

reaction mixture was heated to reflux, stirred for 5 minutes and cooled to 0 °C. Two equivalents 

of 1-bromo-2-pentyne was dissolved in dry THF and added to the reaction mixture. The reaction 

mixture was stirred for one hour at 0 °C. One equivalent of ortho-benzaldehyde 4 was dissolved 

in dry THF and added to the reaction mixture at 0 °C. The reaction was heated to reflux and 

was allowed to stir for 17 hours. After aqueous workup, the crude product was purified by flash 

chromatography on silica gel, where the remaining starting material was recovered, to afford 

alkyne 63 in 38% yield (83% brsm) as a clear, colorless oil. All spectral data correspond to 

what is expected from this compound, but optimal 13C NMR spectra were not obtained due to 

the Covid-19 situation. The 1H NMR, MS and HRMS analysis performed confirm the 

successful conversion to the desired product compound. There are some impurities in the 1H 

NMR spectrum, which indicates that the reaction gave some undesired by-products. Therefore 

the specific optical rotation measured is not for the pure compound. Unfortunately, there was 

no time to purify the product compound or analyze these possible by-products. 

 

2.23 Characterization of alkyne 63 

 

2.23.1.1 1H NMR chemical shifts 

There are no signals downfield in the spectrum, which indicates a successful conversion from 

the starting material. The signal at 4.95 (t, J = 3.7 Hz, 1H) is characteristic for the benzylic 

carbinol hydrogen atom. The multiplet at 2.21 – 2.17 (2H) signals for the propargylic methylene 

hydrogens vicinal to the benzylic hydroxy group. The complexity of this signal is due to the 

different chemical environments of the two hydrogen atoms. The signal at 1.67 – 1.59 (m, 4H) 

is integrating for hydrogen atoms of the methylene group on C3 and the propargylic hydrogen 
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atoms on C21, which are overlapping each other. The triplet at 1.12 (t, J = 7.6, 0.9 Hz, 3H) 

accounts for the hydrogen atoms of the methyl group at the ω-end. The remaining signals 

correspond to the signals reported from the starting material. The signals in the spectrum 

account for 61 protons in addition to the hydroxy proton which does not appear in the spectrum. 

This correspond to the total number of hydrogen atoms in the molecule. 

 

 

Figure 43: Assignment of 1H NMR chemical shifts for alkyne 63. 

 

2.23.1.2 MS- and HRMS-characterization 

The reported molecular weight and the peak at 653.4028 m/z is in correspondence with the exact 

mass of the sodium adduct. This indicates a successful conversion to alkyne 63. 

 

2.23.1.3 Specific optical rotation 

The calculated value for the specific optical rotation was +423.2 (c = 0.41, CH2Cl2). This high 

value may be due to the evaporation of CH2Cl2, which gives a higher concentration of the 

product compound. A higher concentration equals a higher number of molecules that possess 

chiral qualities, which results in a higher specific optical rotation value.  
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2.24 Summary and future studies 

 

2.24.1 Summary 

 

This study has attempted to develop a total organic synthesis of a benzo-analog of RvD1n-3 DPA. 

The α-fragment 7 was successfully synthesized using the same synthetic methods reported by 

Tungen et al.3 and in the Master thesis of Reinertsen.5 A Tebbe olefination reaction was 

performed to yield terminal alkene 6. Furthermore, a Heck-Mizoroki cross-coupling reaction 

was performed to insert the benzo-group and the 17-hydroxy group in compound 57. The 17-

hydroxy group was oxidized by DMP to afford ortho-benzaldehyde 4, which was further 

subjected to a Barbier reaction to afford a triple bond in the C19-C20 position, compound 63. 

 

The total synthesis from 2-deoxy-D-ribose to compound 63 was performed over 11 steps in an 

overall yield of 1% (5% brsm). All reactions have been successful, although some of the yields 

have been low. Due to the limited timeframe of this study and the Covid-19 situation, the total 

synthesis was not accomplished. What remains is the deprotection of the C7 and C8 hydroxy 

groups, a reduction of the triple bond and the hydrolysis of the ester to afford benzo-RvD1n-3 

DPA.  
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2.24.2 Completion of the total synthesis 

 

The 17-hydroxy group is a mixture of the R/S configuration. Since 17S-RvD1 and 17R-RvD1 

(AT-derived) have demonstrated similar potencies and effects,1 a mixture of the two epimers 

of benzo-RvD1n-3 DPA could be tested in in vitro and in vivo assays. If it is desirable to isolate 

the two epimers, an oxidation to the ketone, and then further enantioselective ruthenium-

catalyzed reduction could be performed. Alternatively, the diastereomers may be separated by 

high-performance liquid chromatography (HPLC). Since the 17R-RvD1 epimer has shown to 

resist enzymatic inactivation,1 it could be interesting to synthesize the 17R-benzo-RvD1n-3 DPA. 

Deprotection of the hydroxy groups with TBAF in THF at 0 °C yields the C7 and C8 alcohols. 

Modified Lindlar conditions with Lindlar`s catalyst, 1-octene in EtOAc and pyridine under 

hydrogen atmosphere reduce the triple bond to a Z-alkene. The triple bond may be useful, as it 

is less prone to isomerization than the Z-double bond.140 A basic hydrolysis of the ester with 

aqueous LiOH in methanol yields benzo-RvD1n-3 DPA. These conditions were used in the last 

steps of the total organic synthesis of PD1n-3 DPA reported by Aursnes et al.134 An outline of this 

synthetic strategy is presented in scheme 22. 

 

 

Scheme 20: Outline of the further synthetic strategies to afford benzo-RvD1n-3 DPA, as reported by 

Aursnes et al. in the last steps of the total organic synthesis of PD1n-3 DPA.134 

 

2.24.3 Synthetic strategy I 

 

Preparation of carbon tetrabromide, and then further synthesis using a Cory-Fuchs reaction to 

afford a triple bond, as seen in Scheme 23. This gives both isomers of the R/S configuration of 

the 17-hydroxy group, which could be oxidized and reduced using the same procedure as 
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mentioned above, with further deprotection of the TBS-protected alcohols, reduction of the 

triple bond and hydrolysis of the ester to afford a benzo-analog of RvD1n-3 DPA with one less 

carbon in the ω-fragment.  

 

 

 

Scheme 21: Outline of the Corey-Fuchs reaction. The first step affords 1,1-dibromobutene 72, while the 

second affords 1-lithium-2-butyn, which further reacts with ortho-benzaldehyde 4 to afford alkyne 74. 
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2.24.4 Synthetic strategy II 

 

Another approach using the same reactions and reagents in this study, but changing the order 

of events, could be useful. Preparation of the ω-end using the Barbier reaction with the 

propargylic bromide, followed by the Heck reaction with the alkene. An outline of this strategy 

is presented in Scheme 22. The last steps suggested under “Completetion of the total synthesis” 

yields benzo-RvD1n-3 DPA. This approach has been tried by Reinertsen, only with the aryl 

bromide, not the aryl iodide, where she reported that it could be due to a lack of reactivity of 

the aryl bromide, because aryl iodide usually reacts faster in cross-coupling reactions.5, 167 

 

 

Scheme 22: Outline of the synthetic strategy to afford the product compound 63, by changing the order 

of events. 
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2.24.5 Synthetic strategy III 

 

Various versions of Barbier- or Grignard-type reactions may be useful to afford the ω-end. An 

allyl bromide can couple with the ortho-benzaldehyde 4 to afford allylic alcohol 78. This type 

of reaction with lead in aqueous media has shown to give good yields.168 Furthermore, a Z-

selective ruthenium catalysis may afford the tris-silylated benzo-RvD1n-3 DPA 79. An outline of 

this reaction is presented in Scheme 23. Deprotection of the hydroxy groups in 79 yields benzo-

RvD1n-3 DPA 1. A Barbier reaction with indium in place of zinc, analogous to the one used in 

this study, may be tried, although it has demonstrated to give a higher yield of allenic alcohols 

instead of propargylic alcohols.162  

 

 

Scheme 23: Outline of the Barbier reaction using lead in aqueous media and a Z-selective Ru-catalyst 

to afford tris-silylated benzo-RvD1n-3 DPA 79. 
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3 Conclusion 

 

This thesis reports different synthetic strategies taken towards a total asymmetric synthesis of 

benzo-RvD1n-3 DPA. Benzo-RvD1n-3 DPA will hopefully exert the same pro-resolving properties 

as the structurally similar SPM RvD1n-3 DPA, and be more chemically stable due to the benzo-

group that may mimic the E,Z,E-moiety of the labile tetraene system in RvD1n-3 DPA 2. The 

synthesis of SPMs and their analogs may lead to new therapeutics for the treatment of several 

inflammatory diseases.  

 

The synthesis of alkyne 63 was performed over 11 steps, with an overall yield of 1% (5% brsm). 

The synthetic methods towards the α-fragment 7 of benzo-RvD1n-3 DPA are based on previously 

published work performed by the LIPCHEM group. Further reactions include a Tebbe 

olefination reaction to yield a terminal alkene, a Heck-Mizoroki reaction to insert the benzo-

group, and a Barbier reaction, to afford compound 63. 

 

Unfortunately, the limited time frame for this study, and the Covid-19 situation did not allow 

the performance of the last synthetic steps to afford benzo-RvD1n-3 DPA.  The work reported in 

this thesis, may be the fundament for further studies on specialized pro-resolving mediators. 
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4 Experimental  

 

4.1 Material and apparatus 

 

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. Thin layer chromatography was performed on silica gel 60 F254 aluminum-backed 

plates fabricated by Merck (Darmstadt, Germany). Various visualizing agents were used, 

depending on the reagents and products involved, including UV light, potassium permanganate 

(KMnO4) and cerium-ammonium-molybdate (CAM). 

 

Flash column chromatography was performed on silica gel 60 (40-63 µm) produced by Merck 

(Darmstadt, Germany), and was the primary method of purification. 

 

NMR spectra were recorded on a Bruker AVII400 or a Bruker AVIII HD 400 spectrometer at 

400 MHz for 1H NMR, and at 100 MHz for 13C NMR. Coupling constants (J) are reported in 

hertz, and chemical shift values are reported in part per million (δ) relative to the central residual 

protium solvent resonance in 1H NMR (CDCl3 H = 7.26 and methanol-d4 H = 3.31) and the 

central carbon solvent resonance in 13C NMR (CDCl3 C = 77.00 and methanol-d4 C = 49.00). 

 

Mass spectra were recorded at 70 eV on a Waters Prospec Q using ESI as the method of 

ionization. High-resolution mass spectra were recorded at the Department of Chemistry, 

University of Oslo, on a Waters Prospec Q, using ESI as the method 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 using the stated solvents. 
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4.2 Experimental procedures 

 

4.2.1 Synthesis of (2R,3S)-5,5-bis(ethylthio)pentane-1,2,3-triol 64 

 

 

Scheme 24: Outline of the synthesis of thioacetal 64. 

 

This reaction procedure is in accordance with the published procedure of Tungen et al.3 2-

Deoxy-D-ribose 45 (5.01 g, 37.4 mmol, 1.00 equiv.) was dissolved in concentrated HCl (6.5 

mL), followed by the dropwise addition of ethanethiol (6.7 mL, 90 mmol, 2.4 equiv.). After 

completion, the reaction was quenched by addition of a saturated aqueous solution of K2CO3 

(38 mL). The phases were separated ,and the aqueous phase was extracted with CH2Cl2 (3 x 50 

mL). The organic phases were combined, dried over MgSO4, and the solvent was removed in 

vacuo. The crude product was purified by flash chromatography on silica gel (CH2Cl2/MeOH 

95:5) to afford product 64 as a clear, yellow oil. Yield:  6.64 g (74%), TLC (CH2Cl2/MeOH 

1:9, with KMnO4 stain ) Rf = 0.41, [𝜶]𝑫
𝟐𝟎 -19.2 (c = 2.5, MeOH). 1H NMR (400 MHz, MeOH-

d4) δ 4.12 (dd, J = 11.2, 3.6 Hz, 1H), 3.93 – 3.87 (m, 1H), 3.73 (dd, J = 11.3, 3.8 Hz, 1H), 3.58 

(dd, J = 11.3, 6.6 Hz, 1H), 3.46 (td, J = 6.7, 3.8 Hz, 1H), 2.78 – 2.57 (m, 4H), 2.10 (ddd, J = 

13.9, 11.2, 2.4 Hz, 1H), 1.88 (ddd, 1H), 1.27 (td, J = 7.4, 3.8 Hz, 6H). 13C NMR (101 MHz, 

MeOH-d4) δ 76.4, 70.8, 64.7, 49.1, 40.9, 25.2, 24.2, 14.9, 14.8. 
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4.2.2 Synthesis of (5S,6R)-5-(2,2-bis(ethylthio)ethyl)-6-((tert-

butyldimethylsilyl)oxy)-2,2,3,3,9,9,10,10-octamethyl-4,8-dioxa-3,9-

disilaundecane 65 

 

 

Scheme 25: Outline of the total synthesis of compound 65. 

 

This reaction procedure is in accordance with the published procedure of Tungen et al.3 64 

(6.64 g, 21.2 mmol, 1.00 equiv.) was dissolved in CH2Cl2 (125 mL) and cooled to -78 °C. The 

solution was stirred for 10 minutes at this temperature before addition of 2,6-lutidine (25.5 mL, 

169 mmol, 8.00 equiv.) and TBSOTf (25.2 mL, 0.0953 mmol, 4.00 equiv.), successively. The 

reaction mixture was slowly warmed to room temperature in a dry ice/acetone bath for 18 hours, 

then quenched with aqueous saturated NH4Cl (86 mL). The phases were separated, and the 

aqueous phase was extracted with CH2Cl2 (3 x 50 mL). The organic phases were combined, 

washed with brine (40 mL), dried over MgSO4 and the solvent was removed in vacuo. Flash 

chromatography was performed on silica gel (EtOAc/hexane 2:98) to afford product 65 as a 

clear, colorless oil. Yield: 8.89 g (55%), TLC (EtOAc/hexane 2:98 with KMnO4 stain) Rf = 

0.89, [𝜶]𝑫
𝟐𝟎: -7.0 (c = 2.3, MeOH). 1H NMR (400 MHz, CDCl3) δ 4.17 (dd, 1H), 3.93 (dd, J = 

11.0, 3.7 Hz, 1H), 3.69 (td, J = 7.1, 5.7, 1.4 Hz, 1H), 2.72 – 2.52 (m, 4H), 2.11 – 2.03 (m, 1H), 

1.82 – 1.74 (m, 1H), 1.25 (q, J = 7.5, 6.2 Hz, 6H), 0.91 – 0.88 (m, 27H), 0.11 – 0.04 (m, 18H). 

13C NMR (101 MHz, CDCl3) δ 77.8, 72.2, 64.5, 48.2, 39.0, 26.2 (3C), 26.1 (3C), 26.1 (3C), 

24.6, 23.2, 18.4, 18.4, 18.3, 14.8, 14.5, -2.8, -3.5, -4.4, -4.7, -5.3, -5.3. 

 

4.2.3 Synthesis of (3S,4R)-3,4,5-tris((tert-butyldimethylsilyl)oxy)pentanal 46 
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Scheme 26: Outline of the total synthesis of compound 46. 

 

This reaction procedure is in accordance with the published procedure of Tungen et al.3 65 

(4.00 g, 6.90 mmol, 1.00 equiv.) was dissolved in a mixture of acetone (64 mL) and water (22 

mL) and cooled to 0 °C, followed by the addition of 2,6-lutidine (6.4 mL, 55 mmol, 8.0 equiv.) 

and N-Bromosuccinimide (NBS) (9.80 g, 55.1 mmol, 8.00 equiv.). The reaction mixture was 

allowed to stir for one hour at ambient temperature, before it was quenched with saturated 

aqueous Na2S2O3 (37 mL) and diluted with Et2O (37 mL). The phases were separated and the 

aqueous phase was extracted with Et2O (3 x 40 mL). The organic phases were combined, 

washed with HCl 1,0 M (15 mL) and NaHCO3 (15 mL), dried over MgSO4 and the solvent was 

removed in vacuo. The crude product was purified by flash chromatography (EtOAc/hexane 

2:98) to afford product 46 as a clear, colourless oil. Yield: 2.34 g (72%), TLC (EtOAc/hexane 

2:98 with CAM stain) Rf = 0.19, , [𝜶]𝑫
𝟐𝟎:  -4.9 (c = 1.2, MeOH). 1H NMR (400 MHz, CDCl3) 

δ 9.85 (dd, J = 3.4, 1.7 Hz, 1H), 4.35 (td, J = 5.2, 2.3 Hz, 1H), 3.80 – 3.74 (m, 1H), 3.52 – 3.38 

(m, 2H), 2.63 – 2.43 (dq, 2H), 0.90 – 0.86 (m, 27H), 0.10 – 0.04 (m, 18H). 13C NMR (101 

MHz, CDCl3) δ 202.8, 77.3, 69.7, 64.5, 45.8, 26.0 (6C), 26.0 (3C), 18.4, 18.3, 18.2, -4.2, -4.4, 

-4.5, -4.8, -5.3, -5.4. 

 

4.2.4 Synthesis of ethyl (7S,8R,Z)-7,8,9-tris((tert-butyldimethylsilyl)oxy)non-4-

enoate 49 
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Scheme 27: Outline of the total synthesis of compound 49. 

 

This reaction procedure is in accordance with the Master thesis of Reinertsen.5 The Wittig salt 

47 (2.65 g, 4.80 mmol, 1.20 equiv.) was dissolved in CH2Cl2 (35 mL), and the reaction mixture 

was cooled to -78 °C. NaHMDS (9.5 mL, 0.6 M in toluene, 1.20 equiv.) was added dropwise 

to afford a yellow solution. 46 (2.3 g, 4.8 mmol, 1.0 equiv.) was dissolved in dry CH2Cl2 (1.5 

mL) and added to the mixture. The resulting solution was stirred for 22 hours while slowly 

reaching room temperature. The reaction was quenched with a phosphate buffer (pH ≈7,33 mL) 

and diluted with Et2O (46 mL). The phases were separated, and the aqueous phase was extracted 

with Et2O (3 x 30 mL), dried over MgSO4, and the solvent was removed in vacuo. The crude 

product was purified by flash chromatography (silica gel, EtOAc/hexane 2.5:97.5) to afford 

product 49 as a clear colorless oil. Yield: 1.50 g (54%), TLC (EtOAc/hexane 2.5:98.5 with 

CAM stain) Rf = 0.29, , [𝜶]𝑫
𝟐𝟎: -4.1 (c = 1.5, MeOH). 1H NMR (400 MHz, CDCl3) δ 5.52 – 

5.36 (m, 2H), 4.12 (q, J = 7.1 Hz, 2H), 3.79 (td, J = 6.9, 5.5, 2.3 Hz, 1H), 3.69 (td, J = 6.1, 2.3 

Hz, 1H), 3.60 (dd, J = 10.2, 6.4 Hz, 1H), 3.46 (dd, J = 10.1, 5.9 Hz, 1H), 2.39 – 2.31 (m, 4H), 

2.31 – 2.22 (m, 2H), 1.24 (t, J = 7.2 Hz, 3H), 0.93 – 0.86 (m, 27H), 0.10 – 0.02 (m, 18H). 13C 

NMR (101 MHz, CDCl3) δ 173.3, 128.9, 128.6, 77.3, 74.2, 64.9, 60.4, 34.4, 30.6, 26.1 (9C), 

23.2, 18.5, 18.4, 18.3, 14.4, -4.1, -4.3, -4.4, -4.4, -5.2, -5.3. 
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4.2.5 Synthesis of ethyl (7S,8R)-7,8,9-tris((tert-butyldimethylsilyl)oxy)nonanoate 

66 

 

 

Scheme 28: Outline of the total synthesis of compound 66. 

 

This reaction procedure is in accordance with the Master thesis of Reinertsen.5 49 (1.45 g, 1.74 

mmol, 1.00 equiv.) was dissolved in EtOAc (35 mL), followed by the addition of Pd/C (10 

wt%, 0.85 g, 30 mol%) to afford a black reaction mixture. The suspension was stirred for 22 

hours at room temperature, and purified by filtration through a plug of celite (EtOAc). The 

solvent was removed in vacuo to afford product 66 as a clear, colorless oil. Yield: 1.50 g (97%), 

TLC (EtOAc/hexane 2.5:97.5 with CAM stain) Rf = 0.50, , [𝜶]𝑫
𝟐𝟎: -5.1 (c = 1.7, MeOH). 1H 

NMR (400 MHz, CDCl3) δ 4.12 (q, J = 7.2 Hz, 2H), 3.71 – 3.67 (m, 1H), 3.66 – 3.58 (m, 2H), 

3.45 (dt, J = 9.2, 5.0 Hz, 1H), 2.28 (t, J = 7.6 Hz, 2H), 1.62 (q, J = 15.0, 7.5 Hz, 2H), 1.45 – 

1.38 (m, 2H), 1.35 – 1.27 (m, 4H), 1.25 (t, J = 7.1 Hz, 3H), 0.91 – 0.85 (m, 27H), 0.08 – 0.02 

(m, 18H). 13C NMR (101 MHz, CDCl3) δ 174.0, 77.3, 74.2, 65.3, 60.3, 34.5, 32.5, 29.7, 26.2 

(3C), 26.2 (3C), 26.1 (3C), 25.3, 25.2, 18.5, 18.4, 18.3, 14.4, -4.0, -4.1, -4.5, -5.2, -5.3. 

 

4.2.6 Synthesis of ethyl (7S,8R)-7,8-bis((tert-butyldimethylsilyl)oxy)-9-

hydroxynonanoate 67 

 

 

Scheme 29: Outline of the total synthesis of compound 67. 
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This reaction procedure is in accordance with the published procedure of Tungen et al.3 66 

(1.46 g, 3.15 mmol, 1.00 equiv.) was dissolved in MeOH (30 mL) and cooled to -20 °C, 

followed by the addition of PTSA (0.48 g, 2.78 mmol, 1.00 equiv.). The reaction mixture was 

stirred for one hour, and quenched with saturated aqueous NaHCO3 (50 mL). The mixture was 

diluted with EtOAc (30 mL), the phases were separated, and the aqueous phase was extracted 

with EtOAc (3 x 30 mL). The combined organic phases were washed with brine (25 mL), dried 

over MgSO4 and the solvent removed in vacuo. The crude product was purified with flash 

chromatography (silica gel, EtOAc/hexane 1:9) to afford product 67 as a clear, colorless oil. 

Yield:  0.103 g (63%, 81% brsm), TLC (EtOAc/hexane 1:9 with CAM stain) Rf = 0.38, [𝜶]𝑫
𝟐𝟎: 

-1.6 (c = 2.2, MeOH). 1H NMR (400 MHz, CDCl3) δ 4.12 (p, J = 7.2 Hz, 2H), 3.75 – 3.66 (m, 

2H), 3.63 – 3.56 (m, 2H), 2.28 (t, J = 7.5 Hz, 2H), 2.03 (s, 1H), 1.63 (q, J = 7.4 Hz, 2H), 1.57 

– 1.46 (m, 2H), 1.41 – 1.27 (m, 4H), 1.25 (t, J = 7.2 Hz, 3H), 0.90 (s, 9H), 0.88 (s, 9H), 0.10 – 

0.08 (m, 9H), 0.06 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 173.9, 74.9, 74.6, 64.1, 60.3, 34.5, 

33.9, 29.6, 26.1 (3C), 26.0 (3C),  25.1, 24.4, 18.3, 18.3, 14.4, -4.3, -4.3, -4.4. 

 

4.2.7 Synthesis of ethyl (7S,8S)-7,8-bis((tert-butyldimethylsilyl)oxy)-9-

oxononanoate 7 

 

 

Scheme 30: Outline of the total synthesis of compound 7. 

 

This reaction procedure is in accordance with the procedure reported in the Master thesis of 

Reinertsen.5 67 (0.709 g, 1.53 mmol, 1.00 equiv.) was dissolved in CH2Cl2 (40 mL).  NaHCO3 

(0.727 g, 8.65 mmol, 5.60 equiv.) was added to the solution, followed by the addition of Dess-

Martin periodinane (DMP) (1.41 g, 3.33 mmol, 2.20 equiv.). The mixture was stirred for 24 

hours over night, and quenched with a saturated, aqueous solution of Na2S2O3 (25 mL). The 

phases were separated, and the aqueous phase was extracted with CH2Cl2 (3 x 25 mL). The 

organic phases were combined, washed with brine (25 mL), dried over MgSO4 and the solvent 
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was removed in vacuo. The crude product was purified by flash chromatography (silica gel, 

EtOAc/hexane 5:95) to afford product 7 as a clear, colorless oil. Yield: 0.372 g (53%, ), TLC 

(EtOAc/hexane 1:9 with CAM stain) Rf = 0.30, [𝜶]𝑫
𝟐𝟎: 7.6 (c = 2.3, MeOH). 1H NMR (400 

MHz, CDCl3) δ 9.59 (d, J = 1.7 Hz, 1H), 4.16 – 4.09 (m, 3H), 3.89 – 3.84 (m, 1H), 2.28 (t, J = 

7.5 Hz, 2H), 1.67 – 1.62 (m, 2H), 1.58 – 1.52 (m, 2H), 1.33 – 1.29 (m, 4H), 1.27 – 1.22 (m, 

5H), 0.91 (s, 9H), 0.86 (s, 9H), 0.08 – 0.05 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 203.9, 

173.8, 80.9, 75.6, 60.3, 34.4, 33.6, 29.4, 26.0 (3C), 25.9 (3C), 25.0, 24.9, 18.4, 18.2, 14.4, -4.3, 

-4.5, -4.7. 

 

4.2.8 Synthesis of ethyl (7S,8R)-7,8-bis((tert-butyldimethylsilyl)oxy)dec-9-enoate 

6 

 

 

Scheme 31: Outline of the total synthesis of compound 6. 

 

This reaction procedure is in accordance with the published procedure of Xuequan et al.164 

Tebbe reagent 70 (1.2 mL, 0.5 M in toluene) was diluted with dry toluene (15 mL). 7 (0.25 g, 

0.54 mmol, 1.0 equiv.) dissolved in dry THF (15 mL), was added dropwise over 20 minutes. 

After stirring for two hours, the reaction was quenched with aqueous NaOH (1.0 M,30 mL). 

The phases were separated, and the aqueous phase was extracted with Et2O (3 x 10 mL). The 

organic phases were combined, dried over Na2SO4 and the solvent was removed in vacuo. 

Purification by flash chromatography (silica gel, EtOAc/hexane 5:95) afforded product 6 as a 

clear, colorless oil. Yield: 0.15 g (61%, 99%  brsm), TLC (EtOAc/hexane 5:95 with CAM 

stain) Rf = 0.49, [𝜶]𝑫
𝟐𝟎: 0.4 (c = 1.8, MeOH). 1H NMR (400 MHz, CDCl3) δ 5.87 – 5.75 (m, 

1H), 5.17 – 5.07 (m, 2H), 4.12 (q, J = 7.1, 1.7 Hz, 2H), 3.96 – 3.90 (m, 1H), 3.59 – 3.53 (m, 
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1H), 2.28 (t, J = 7.6 Hz, 2H), 1.62 (p, 2H), 1.54 – 1.42 (m, 2H), 1.41 – 1.33 (m, 2H), 1.31 – 

1.28 (m, 2H), 1.25 (t, J = 7.2 Hz, 3H), 0.89 (s, 9H), 0.87 (s, 9H), 0.05 – -0.00 (m, 12H). 13C 

NMR (101 MHz, CDCl3) δ 174.0, 139.3, 116.0, 77.8, 76.4, 60.3, 34.5, 33.3, 29.6, 26.2 (3C), 

26.1 (3C), 25.2, 24.9, 18.4, 18.4, 14.4, -3.8, -4.0, -4.4, -4.6. 

 

4.2.9 Synthesis of ethyl (7S,8R,E)-7,8-bis((tert-butyldimethylsilyl)oxy)-10-(2-

(hydroxymethyl)phenyl)dec-9-enoate 57 

 

 

Scheme 32: Outline of the total synthesis of compound 57. 

 

This reaction procedure is in accordance with the published procedure of Colm et al.165 2-Iodo-

benzyl alcohol 5 (23,5 mg, 0.096 mmol, 0.70 equiv.) was dissolved in Et3N (0.2 mL) and  added 

to 6 (60 mg, 0.13 mmol, 1.0 equiv.). Pd(OAc)2 (1.2 mg, 0.0053 mmol, 5 mol%) and o(tolyl)3P 

(2.7 mg, 0.0089 mmol, 9 mol%) was added, and the  resulting reaction mixture was heated to 

80 °C and stirred for 48 hours. The reaction mixture was quenched by aqueous NaOH (0.25 M, 

4 mL) and diluted with Et2O (3 ml)  The phases were separated and the aqueous phase was 

extracted with Et2O (3 x 10 mL). The organic phases were combined and washed with brine (1 

mL), dried over MgSO4 and the solvent was removed in vacuo. The crude product was purified 

by flash chromatography (silica gel, EtOAc/hexane 1:4) to afford product 57 as a clear, pale 

yellow oil. Yield: 44.0 mg (60%, 86% brsm), TLC (EtOAc/hexane 1:4 with CAM stain) Rf = 

0.44, [𝜶]𝑫
𝟐𝟎: -0.2 (c = 1.4, MeOH). 1H NMR (400 MHz, CDCl3) δ 7.47 (dd, J = 7.2, 1.8 Hz, 

1H), 7.38 (dd, J = 7.0, 2.0 Hz, 1H), 7.31 – 7.22 (m, 2H), 6.79 (d, J = 15.8 Hz, 1H), 6.13 (dd, J 

= 15.8, 7.0 Hz, 1H), 4.75 (s, 2H), 4.18 – 4.14 (m, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.71 – 3.65 (m, 

1H), 2.29 (t, J = 7.6 Hz, 2H), 1.63 (q, J = 7.5 Hz, 2H), 1.52 – 1.42 (m, 2H), 1.34 – 1.31 (m, 
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2H), 1.30 – 1.26 (m, 2H), 1.24 (t, J = 7.1 Hz, 3H), 0.92 (s, 9H), 0.87 (s, 9H), 0.13 – 0.02 (m, 

12H). 13C NMR (101 MHz, CDCl3) δ 174.1, 137.7, 136.2, 133.4, 128.3, 128.2, 127.7, 127.6, 

126.4, 76.7, 63.5, 60.4, 34.5, 33.6, 29.6, 26.1 (3C), 25.1 (3C), 25.0, 18.5, 18.4, 14.4, -3.8, -3.9, 

-4.4. HRMS (APCI): Exact mass calculated for C31H56O5Si2Na [M+Na]+: 587.3558, found:  

587.3558. 

 

4.2.10 Synthesis of ethyl (7S,8R,E)-7,8-bis((tert-butyldimethylsilyl)oxy)-10-(2-

formylphenyl)dec-9-enoate 4 

 

 

Scheme 33: Outline of the total synthesis of compound 4. 

 

This reaction procedure is in accordance with the procedure in the Master thesis of Reinertsen.5 

57 (57.0 mg, 0.101 mmol, 1.00 equiv.) was dissolved in CH2Cl2 (3.2 mL). NaHCO3 (48 mg, 

0.57 mmol, 5.6 equiv.) was added to the solution, followed by the addition of DMP (0.10 g, 

0.22 mmol, 2.2 equiv.). The reaction was stirred for 2 hours, then quenched with saturated, 

aqueous Na2S2O3 (2 mL). The phases were separated, and the aqueous phase was extracted with 

CH2Cl2 (3 x 10 mL). The organic phases were combined, washed with brine (2 mL), dried over 

MgSO4 and the solvent was removed in vacuo. The crude product was purified by flash 

chromatography (silica gel, EtOAc/hexane 1:4) to afford product 4 as a clear, colorless oil. 

Yield: 56.0 mg (99%), TLC (EtOAc/hexane 1:9) visualized by UV, Rf = 0.23, [𝜶]𝑫
𝟐𝟎: -2.4 (c = 

0.63, MeOH). 1H NMR (400 MHz, CDCl3) δ 10.31 (s, 1H), 7.83 (dd, J = 7.5, 1.2 Hz, 1H), 7.58 

– 7.51 (m, 2H), 7.42 – 7.37 (m, 1H), 7.32 (d, J = 16.9 Hz, 1H), 6.17 (dd, J = 15.8, 6.9 Hz, 1H), 

4.22 – 4.18 (m, 1H), 4.12 (q, J = 7.1 Hz, 2H), 3.72 – 3.67 (m, 1H), 2.29 (t, J = 7.5 Hz, 2H), 1.69 

– 1.59 (m, 2H), 1.57 – 1.51 (m, 2H), 1.43 – 1.28 (m, 4H), 1.26 (t, J = 7.1 Hz, 3H), 0.92 (s, 9H), 

0.86 (s, 9H), 0.11 – 0.02 (m, 12H). 13C NMR (101 MHz, CDCl3) δ 192.2, 174.0, 140.3, 136.8, 

133.9, 133.0, 131.0, 127.7, 127.6, 126.8, 77.3, 76.7, 60.3, 34.5, 33.8, 29.6, 26.1 (3C), 26.1 (3C), 
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25.2, 25.0, 18.5, 18.3, 14.4, -3.9, -3.9, -4.4, -4.5. HRMS (APCI): Exact mass calculated for 

C31H54O5Si2Na [M+Na]+: 585.3402, found: 585.3401. 

 

4.2.11 Synthesis of ethyl (7S,8R,E)-7,8-bis((tert-butyldimethylsilyl)oxy)-10-(2-(1-

hydroxyhex-3-yn-1-yl)phenyl)dec-9-enoate 63 

 

 

Scheme 34: Outline of the total synthesis of compound 63. 

 

This reaction procedure is in accordance with the published procedure of Yanagisawa et al.166 

Zinc powder (20.5 mg, 3.14 mmol, 40.0 equiv.) was dissolved in dry THF (0.2 mL), and 1,2-

dibromoethane (0.01 mg, 0.02 mmol, 0.2 equiv.) was added. The reaction mixture was heated 

to reflux, stirred for 5 minutes and cooled to 0 °C. 1-Bromo-2-pentyne 3 (23.1 mg, 0.157 mmol, 

2.00 equiv.), dissolved in dry THF (0.1 mL), was added, and the reaction mixture was stirred 

for one hour at 0 °C. 4 (44 mg, 0.078 mmol, 1.0 equiv.) was dissolved in dry THF (0.2 mL), 

and added to the reaction mixture at 0 °C. The reaction was allowed to slowly warm up to 

ambient temperature for 17 hours and then quenched by addition of a saturated, aqueous 

solution of NH4Cl (0.8 mL). The phases were separated and the aqueous phase was extracted 

with diethyl ether (3 x 10 mL), dried over MgSO4 and the solvent was removed in vacuo. The 

crude product was purified by flash chromatography (silica gel, gradient elution, 

EtOAc/hexane, 1:9 to 2:8) to afford product 63 as a clear colorless oil. Yield: 17 mg (38%, 

83% brsm), TLC (EtOAc/hexane 1:9) visualized by UV Rf = 0.15, [𝜶]𝑫
𝟐𝟎: 423.2 (c = 0.41, 

CH2Cl2). 1H NMR (400 MHz, CDCl3) δ 7.58 – 7.49 (m, 2H), 7.48 – 7.38 (m, 2H), 7.38 – 7.33 

(m, 1H), 7.13 (dd, J = 8.6, 2.6 Hz, 1H), 4.95 (t, J = 3.7 Hz, 1H), 4.15 – 4.10 (m, 3H), 3.69 – 

3.64 (m, 1H), 2.29 (t, J = 7.6 Hz, 2H), 2.21 – 2.17 (m, 2H), 1.67 – 1.59 (m, 4H), 1.27 – 1.24 

(m, 11H), 1.12 (dd, J = 7.6, 0.9 Hz, 3H), 0.90 – 0.86 (m, 18H), 0.10 (s, 3H), 0.06 – 0.03 (m, 

9H). 13C NMR data missing due to The University of Oslo closing down because of the Corona 



86 

 

virus. HRMS (APCI): Exact mass calculated for C36H62O5Si2Na [M+Na]+: 653.4028, found: 

653.4028. 
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6 Appendix 

 

 

6.1 1H NMR and 13C NMR spectra 
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Figure 44: 1H NMR spectrum of thioacetal 64. 
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Figure 45: 13C NMR spectrum of thioacetal 64. 
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Figure 46: 1H NMR spectrum of tris-silylated compound 65. 
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Figure 47: 13C NMR spectrum of tris-silylated compound 65. 



108 

 

 

Figure 48: 1H NMR spectrum of aldehyde  46. 
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Figure 49: 13C NMR spectrum of aldehyde 46. 
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Figure 50: 1H NMR spectrum of Z-alkene 49. 
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Figure 51: 13C NMR spectrum of Z-alkene 49. 
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Figure 52: 1H NMR spectrum of ethyl ester 66. 
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Figure 53: 13C NMR spectrum of ethyl ester 66. 
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Figure 54: 1H NMR spectrum of primary alcohol 67. 
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Figure 55: 13C NMR spectrum of primary alcohol 67. 
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Figure 56: 1H NMR spectrum of aldehyde 7. 
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Figure 57: 13C NMR spectrum of aldehyde 7. 
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Figure 58: 1H NMR spectrum of terminal alkene 6. 
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Figure 59: 13C NMR spectrum of terminal alkene 6. 
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Figure 60: 1H NMR spectrum of ortho-benzyl alcohol 57. 
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Figure 61: 13C NMR spectrum of ortho-benzyl alcohol 57. 
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Figure 62: 1H NMR spectrum of ortho-benzaldehyde 4. 
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Figure 63: 13C NMR spectrum of ortho-benzaldehyde 4. 
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Figure 64: 1H NMR spectrum for alkyne 63. 
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6.2 MS and HRMS spectra 
 

Terminal alkene 6 as sodium adduct, exact mass = 481.3140 m/z 

 

 

Figure 65: Structure of terminal alkene 6 as sodium adduct. 

 

Figure 66: MS spectrum of terminal alkene 6 as sodium adduct. 
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Figure 67: HRMS of terminal alkene 6 as sodium adduct. 
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Ortho-benzyl alcohol 57 as sodium adduct, exact mass = 587.3558 m/z 

 

 

Figure 68: Structure of ortho-benzyl alcohol 57 as sodium adduct. 

 

Figure 69: MS spectrum of ortho-benzyl alcohol 57 as sodium adduct. 
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Figure 70: HRMS spectrum of ortho-benzyl alcohol 57 as sodium adduct. 
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Ortho-benzaldehyde 4 as sodium adduct, exact mass = 585.3402 m/z 

 

 

Figure 71: Structure of ortho-benzaldehyde 4 as sodium adduct. 

 

 

Figure 72: MS spectrum of ortho-benzaldehyde 4 as sodium adduct. 
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Figure 73: HRMS spectrum of ortho-benzaldehyde 4 as sodium adduct. 
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Alkyne 63 as sodium adduct, exact mass = 653.4028 m/z 

 

 

Figure 74: Structure of alkyne 63 as sodium adduct. 

 

Figure 75: MS spectrum of alkyne 63 as sodium adduct. 
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Figure 76: HRMS spectrum of alkyne 63 as sodium adduct. 

 


