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Abstract 

The Haraldsson group has developed methods to synthesize various polyunsaturated 

methylene-interrupted all-cis-skipped polyene hydrocarbon chains in their total synthesis of 

various enantiopure polyunsaturated methoxylated ether lipids (EL). Their approach was 

based on sequential couplings of terminal acetylenes with propargyl halides promoted by 

copper(I) iodide in the presence of sodium iodide and potassium or cesium carbonates in 

DMF at room temperature. The resulting polyynes were subsequently introduced to partial 

stereoselective catalytic hydrogenation to afford the intended polyene products. 

The chief goal of this project was to synthesize the two most prevalent omega-3 fatty acids 

present in marine fat, eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA) 

benefitting from the coupling methods already in use in the group. In the first part the 

coupling methods were applied to synthesize polyyne precursors to EPA and DHA in a 

highly convergent synthesis. Diyne ethyl ester head groups were attached to triyne and 

tetrayne tail parts to accomplish the pentayne and hexayne precursors for EPA and DHA, 

respectively, as ethyl esters.  

In the second part the resulting pentayne and hexayne ethyl esters, possessing the omega-3 

framework with all triple bonds appropriately placed within the polyyne hydrocarbon 

chain, were submitted to a stereoselective partial hydrogenation using hydrogen gas with 

the Lindlar catalyst to accomplish EPA and DHA as ethyl esters. 

 

 

 

 

 

 

 



 

 

Útdráttur 

Rannsóknahópur Guðmundar G. Haraldssonar hefur fengist við  efnasmíðar á 

margvíslegum handhverfuhreinum fjölómettuðum metoxyluðum eterlípíðum, sem m.a. er 

að finna í lýsi hákarla og annarra tegunda brjóskfiska. Í tengslum við þær efnasmíðar hafa 

verið þróaðar aðferðir til efnasmíða  á ýmsum fjölalken kolvetniskeðjum þar sem skiptast á 

cis-skipuð tvítengi og metylen hópur á sama hátt og í hinum velþekktu ómega-3 (n-3) 

fjölómettuðu fitusýrum sem einkenna sjávarfang. Aðferðirnar voru byggðar á röð 

tengihvarfa þar sem endastæð asetylen voru tengd própargyl halíðum fyrir atbeina eingilds 

kopar joðíðs í viðvist natríum joðíðs og kalíum eða sesíum karbónats í DMF við 

herbergishita. Fjölalkynin sem þannig urðu til voru í framhaldinu mettuð að hluta til með 

rúmvandri hvataðri vetnun sem leiddi til hinna fyrirhuguðu fjölalken afurða. 

Meginmarkmið þeirra rannsókna sem hér er lýst voru efnasmíðar á mikilvægustu n-3 

fjölómettuðu fitusýrunum í fitu sjávardýra, eikósapentaensýru (EPA) og dókósahexaensýru 

(DHA) fyrir tilstilli tengiaðferðanna sem þegar lágu fyrir, m.a. til slíkra nota. Fyrri hluti 

þessa viðfangsefnis fól í sér smíðar á fjölalkyn forverum fyrir EPA og DHA á formi etyl 

estera í samsettri efnasmíð. Þar var díyn hausstykki á formi etyl esters skeytt við tríyn 

halastykki í tilviki EPA og tetrayn halastykki í tilviki DHA til myndunar á pentayn forvera 

EPA og hexayn forvera fyrir DHA. Þessar efnasmíðar byggðust að stóru leyti á 

tengihvörfunum sem getið var hér að framan. 

Síðari hluti þessara efnasmíða gekk síðan út á rúmvanda hlutvetnun á þessum fjölalkyn 

forverum, sem innihéldu tilskilinn fjölda rétt staðsettra þrítengja, með s.k. Lindlar hvata og 

vetnisgasi sem að lokum gaf af sér hrein EPA og DHA á formi etyl estera.  
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1 Introduction 

The focus of the work presented in this thesis is the total synthesis of two ethyl esters of the 

most prevalent long chain omega-3 polyunsaturated fatty acids (PUFAs): eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA).  These acids can be seen in figure 1.  The 

work describes the synthesis of polyyne bonded long chain ethyl ester precursors for the 

fatty acids, followed by hydrogenation of the triple bonds to double bonds.  The first part of 

this thesis is an overview of PUFAs, their role in the body and their health benefits.  This is 

followed by a description of the synthesis as well as a retrosynthetic analysis in the second 

part.  The third part consists of the results of the synthesis and discussions.  The fourth 

section concludes and summarizes the results.  Finally, methods and materials are listed, as 

well as experimental details.     

 

Figure 1: The omega-3 fatty acids eicosapentaenoic acid, EPA (C20:5 n-3) (top) and 

docosahexaenoic acid DHA (C22:6 n-3) (bottom). 

1.1 Fatty acids 

Fatty acids are carboxylic acids with hydrocarbon chains ranging from 4-36 carbons long.   

The most commonly occurring fatty acids found in nature have an even number of carbon 

atoms [1].  Fatty acids can be grouped on the basis of the presence or lack of double bonds.  

Saturated fatty acids have saturated alkyl chains and, due to lack of double bonds, form a 

straight chain. They can therefore be packed tightly together, allowing living organisms to 

densely store chemical energy.  A molecule containing one or more double bonds is 

referred to as unsaturated, and the number of double bonds is equal to the number of 

degrees of unsaturation.  A fatty acid that possesses only one degree of unsaturation is 

called a monounsaturated fatty acid, while one with two or more degrees of unsaturation is 

called a polyunsaturated fatty acid, or PUFA [2].   

PUFAs are identified by the position of the double bond nearest to the methyl end.  The 

carboxylic head group is called the alpha end, while the terminal methyl end is labelled 

omega.  According to the IUPAC nomenclature system, names of PUFAs describe the 

number of carbon atoms and – where relevant – the number, position, type and 

configuration of the unsaturated centers [3].  Even though this nomenclature does not 

provide names for individual compounds, it is a shorthand way to categorize fatty acids by 

their physiological properties. In this nomenclature, the first number indicates the length of 
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the carbon chain, the second number specifies the number of double bonds and the third 

number (after n) gives the number of carbon atoms before the first double bond, counting 

from methyl (or omega) end [4].  An example of this is the shorthand of EPA, (C20:5 n-3), 

indicating a 20 carbon long chain with 5 double bonds where the first double bond is at 

position 3 counting from the methyl end.  The configuration of double bonds can either be 

cis or trans, as can be seen in figure 2.  IUPAC has however more complete system for 

naming these alkene isomers called the E-Z system, where cis is Z and trans is E. 

 

Figure 2: Double bond of cis (Z) configuration (left), and trans  (E) configuration (right). 

The configuration of unsaturated fatty acids not only affects their physical properties but 

also their health implications. Naturally occurring unsaturated fatty acids have cis 

configurations which cause a bend in the molecule, preventing them from packing as 

tightly as saturated ones.  Fatty acids with trans configurations also exist.  Most of the 

trans fatty acids in food supply are introduced during the manufacturing process.  High 

intake of trans fatty acids may affect the risk of coronary heart disease [5].  Particularly this 

is attributed to their resemblance to saturated fatty acids, which raise LDL cholesterol, 

whereas unsaturated ones have the opposite effect.  LDL cholesterol is considered “bad” 

because it can clog arteries and make them less flexible [6].   

1.2 PUFAs 

PUFAs have physiological functions distinct from the more abundant saturated and 

monounsaturated acids with which they are associated in nature and have been shown to 

provide additional benefits for human health beyond a mere energy source [7], making 

them necessary for normal growth and life.  The two major families of polyunsaturated 

fatty acids are the omega-6 fatty acids with their C18 precursor, linoleic acid (LA) (C18:2 

n-6); and the omega-3 fatty acids, with their C18 precursor, alpha-linolenic acid (ALA) 

(C18:3 n-3) [8].  These fatty acids are referred to as essential fatty acids (EFA) because 

they cannot be synthesized by the organism itself and must be acquired dietary [9].  

Animals, including humans, do not possess the ability to incorporate a double bond in a 

fatty acid further than nine carbons away from the carbonyl group [10].  

 

Figure 3: Essential fatty acids linoleic acid, LA (C18:2 n-6) (top) and α-linolenic acid, 

ALA (C18:3 n-3) (bottom). 



3 

The main sources of LA and ALA are in the plant kingdom.  LA is highly common and can 

be found in sunflower oil, peanut oil and corn oil, among others.  ALA is not as common, 

but linseed oil and canola oil contain high amounts of it.  The human body can to some 

extent convert LA and ALA into longer-chain fatty acids as can be seen in scheme 1 [9].  It 

is important to notice that conversion of ALA to EPA uses the same enzymes as conversion 

of LA to AA, placing these pathways in direct competition.  Even though the ∆6-desaturase 

prefers ALA, humans consume more of omega-6 PUFAs, than they do omega-3 PUFAs 

giving LA the upper hand.   

Research suggests that only a small amount of EPA and DHA are synthesized in the body 

from this process [11].  One study suggested that only about 2 to 10% of ALA is converted 

to EPA or DHA [12],  while other studies found even lower values, of 7% for EPA and 

0.013% for DHA [13].  Therefore, additional acquisition of omega-3 fatty acids through 

diet is necessary to fulfill the required functions of these essential fatty acids.  The best 

source of these PUFAs are marine products, primarily fat fish such as salmon, tuna and 

shellfish.  DHA can also be found in eggs and meat [14].  

PUFAs are stored in the cytoplasm of many cells in the form of droplets of triacylglycerols, 

which consist of three fatty acid chains joined to a glycerol backbone via ester bonds.  Each 

fatty acid is attached to one of the three different binding sites on the glycerol backbone 

where the position is indicated by the sn-terminology (stereospecific numbering).  The pro-

S end-position of the prochiral glycerol is referred to as the sn-1 site, sn-2 is the mid-

position and sn-3 the remaining end position.  In most fish oils, EPA is evenly distributed 

between sn-2 (~50%) and combination of sn-1,3 (~50%), whereas DHA is mostly in the sn-

2 position (~80%) [15].     

 

Figure 4: Example of triacylglycerol (left) and phospholipids (right). 

Another important function of fatty acids in cells is the construction of cell membranes, 

wherein they are key structural and functional components [16].  These thin sheets enclose 

all cells and surround their internal organelles [17].   In both cell and organelle membranes, 

PUFAs are stored in phospholipids, where two fatty acid chains and a hydrophilic 

phosphate group are linked to a glycerol backbone.  DHA is present in  high concentrations  

in cell membranes in the nervous system, including in photoreceptors, synapses, and the 

brain [18].      
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Scheme 1: Biosynthesis pathways for PUFAs. 

1.3 Health benefits of EPA and DHA 

The incorporation of EPA and DHA in the cell membrane affects the production of two 

classes of secondary biological signaling molecules – eicosanoids and docosanoids.   These 

compounds exert complex control over many bodily systems, mainly by mediating many 

aspects of the inflammatory response.  By removing offending molecules they affect pain, 

fever and swelling and restore tissue and function.  These molecules are not stored within 

cells, but are synthesized as required from fatty acids that make up the cell membrane and 

nuclear membrane.  Their biosynthesis begins when a cell is activated by hormonal stimuli, 

such as that which proceeds from mechanical trauma.  This triggers the release of 

phospholipase A2 [19, 20], which travels to the membrane and catalyzes ester hydrolysis of 

phospholipids.  The free fatty acids are then oxygenated with high stereospecificity, 

resulting in chiral molecules.  

 



5 

Eicosanoids are categorized further as prostaglandin, leukotrienes, thromboxanes and 

resolvins, depending on the oxygenated pathway.  Examples of these eicosanoids can be 

seen in figure 5.  These eicosanoids can also be derived from omega-6 arachidonic acid 

(AA; C20:4 n-6), but these have pro-inflammatory and immunoactive functions, enabling 

them able to stimulate inflammatory responses upon tissue damage.  Eicosanoids derived 

from omega-3 are, however, less potent and both possess anti-inflammatory properties [20, 

21] and promote return of homeostasis [11].  The importance of returning to homeostasis 

can best be seen by the increasing cases of inflammatory-related diseases such as 

rheumatoid arthritis and asthma.  If the inflammation fails to resolve, it can lead to damage 

to the host tissues, resulting in a range of acute and chronic human diseases.   

 

Figure 5: Examples of eicosanoids derived from EPA. 

Docosanoids are, like eicosanoids, chemical signaling molecules and are produced via 

controlled oxidative degeneration of DHA.  Four classes of docosanoids have been 

identified: docosatrienes, resolvins, maresins and protectins.  Examples of these molecules 

can be seen in figure 6.  Neuroprotectins have antioxidant, anti-inflammatory and 

antiapoptotic effects [22]. D series resolvin and protectin, are both neuroprotective and 

anti-inflammatory.  D1 protectin are formed in retinal pigment epithelial cells when they are 

confronted with oxidative stress, due to a stroke or brain cell death caused by the 

Alzheimer's disease.  This molecule is synthesized on demand,  and has potent bioactivity 

in inflammatory signaling as well as playing an important role as a sentinel, promoting 

nerve regeneration and survival [23]. 
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Figure 6: Examples of docosanoids derived from DHA. 

1.3.1 Other benefits of EPA and DHA 

An Italian study, GISSI, showed the effects of EPA and DHA in patients with myocardial 

infarction and found that daily consumption of one gram of EPA and DHA decreased death 

rates between 14-20% and the risk of heart attack by 17-30% over a three and a half year 

period.  The results of the research made it clear that the effects of EPA and DHA were 

statistically significant and clinically relevant.  This led to a follow-up study which showed 

that EPA and DHA were much cheaper treatments than other drugs used to reduce 

mortality from myocardial infarction [24]. Another GISSI study also showed the benefits of 

these PUFAs, concluding that 1 gram of EPA and DHA per day reduced risk of death in 

patients who had heart failure by an average of 9%, and reduced the likelihood of 

hospitalization by 8%.  The findings from these studies resulted in the manufacture of 

prescription drug called Omacor.  This drug is comprised of ethyl esters highly enriched 

with EPA and DHA and is used in the treatment of hyperglyceridema and for secondary 

prevention of post-myocardial infarction [25].    

A study by Tavazzi et al. was conducted on patients with heart failure, showing that 

omega-3 fatty acids can provide increased advantage when used with conventional 

treatment for heart failure [7].  Yokoyama et al. concluded that patients with high 

triglyceride levels and low HDL cholesterol were at 71% higher risk of developing 

coronary heart disease, but daily consumption of EPA reduced this risk down to 53% [26].   

EPA and DHA are not only beneficial in connection to coronary diseases; studies have also 

shown that EPA and DHA reduce prostate cancer by inhibiting the growth of cancer cells 

[27] and can be helpful for mental diseases such as schizophrenia [28], Alzheimer's disease 

and dementia [29].  These fatty acids also play an important role in the development of the 

brain and the nervous system during pregnancy, especially DHA [30]. After birth, the baby 

receives these fatty acids from breast milk [31]. Children who are not breastfed can now be 

fed formula with omega-3 additives.  
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1.4 Chemical synthesis 

A lot of research has been done to develop synthetic methods to prepare polyunsaturated 

fatty acids.  The goal was to find methods that had to be efficient and more importantly 

stereoselective.  Most of this work took place from the end of 1950s to the mid-1970s [32], 

but has continued ever since.   

The Wittig reaction played a big part of these syntheses.  The Witting reaction is a reaction 

between a carbonyl compound and phosphonium ylid where a C=O is substituted for a 

C=C bond.  The stereoselectivity in the Wittig reaction depends on the ylid, with 

unstabilized ones the reaction is Z selective and with stabilized ones it is E selective [3].  

The problem with this method was that only one double bond could be added at a time, so 

synthesis of long chain PUFAs made it hard to maintain the cis configuration on each 

double bond.  

In 1952 Lindlar reported on hydrogenation of alkynes using palladium catalyst on calcium 

carbonate poisoned with lead.  By the use of Lindlar catalyst the stereoselectivity arises 

because two hydrogen atoms are delivered simultaneously to the alkyne [33].  Making the 

Lindlar catalyst reaction nearly pure Z-alkene opposed to the Wittig that generates some E-

isomer [3].   

The synthesis of these long alkyne chains has been achieved by the use of organometallic 

chemistry.  Metals such as magnesium via Grignard and palladium via Sonogashira have 

been widely used.       
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2 Project description and synthesis 
design 

The Haraldsson group has investigated the synthesis of polyunsaturated methylene-

interrupted all-cis skipped polyene hydrocarbon chains in their attempts to synthesize 

various methoxylated enantiopure ether lipids (ELs) using a recently developed coupling 

method [34].  This coupling method has similarities to the copper part of the Sonogashira 

reaction, where terminal alkynes are coupled to aryl or vinyl halides with a palladium(0) 

complex as a catalyst in the presence of a base and CuI as a co-catalyst [3]. Instead of the 

use of the palladium metal, Lapitskaya et al. and Romanov et al. have reported the 

condensation of terminal acetylenes with propargyl halides in presence of CuI, NaI and 

K2CO3 at room temperature [35, 36].  From these syntheses the question arose if these 

methods and procedures could not be applied to synthesize the long chain PUFAs through 

these polyyne intermediates.  

 

Figure 7: DHA like methoxylated ether lipid. 

The primary goal of this project was to synthesize polyyne precursors to eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA) possessing the n-3 framework with all triple 

bonds appropriately placed within the polyyne hydrocarbon chain, by applying this recently 

developed coupling method.  The second goal of the project was to partially hydrogenate 

these long ethyl ester chains, converting the triple bonds to double bonds using catalytic 

hydrogenation.       

In the first attempts to synthesize the n-3 PUFAs the Haraldsson group based their 

approach on the use of a protective group called oxy bicyclo[2,2,2] octyl ortho ester, the so 

called OBO ortho ester [37],  to protect the carboxyl group of the fatty acids (figure 7), 

[15].  But due to the OBO group’s sensitivity, it became very difficult to work with it.  For 

example, it did not tolerate the acidic conditions induced during the silver nitrate 

deprotection of the TMS-protected acetylides.     

 

Figure 8: Example of the OBO group head part with a pentayne tail. 
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It was therefore decided to investigate whether the OBO group could be replaced with an 

ethyl ester as a protective group and whether the ethyl ester moiety would survive the 

reaction conditions of the selected methology.    

2.1 Retrosynthetic approach and syntheses 
design 

The retrosynthetic analyses of the target molecules into simpler precursors until 

commercially available compounds are reach is discussed in this chapter.  These analyses 

resulted in two different synthetic routes for EPA and one for DHA. 

2.1.1 EPA ethyl ester 

The initial approach towards the synthesis of the target product 5, the EPA ethyl ester, was 

based on the retrosynthetic analysis illustrated in scheme 2.  The scheme shows how the 

target compound 5 was disconnected into two key intermediates, via pentayne precursor 4, 

the monoyne ester head group part, 1 and the tetrayne tail part, 13.  Since EPA has all-cis 

configurated double bonds, the selected approach was to synthesize the entire polyyne 

chain and subsequently reduce all the triple bonds in the same reaction, to ensure this 

configuration.  The ester 1, can easily be synthesized from the esterification of the 

commercially available starting materials, 5-hexynoic acid with ethanol.   

 

Scheme 2: Disconnection of target compound 5 via pentayne precursor 4, into two key 

intermediates, the initial approach. 

The retrosynthetic analysis of the tetrayne terminal part 12, the alcohol precursor to 

bromide 13, is portrayed in scheme 15.  Firstly, the compound was disconnected into two 

different diyne intermediates, 7 and 10 respectively.  The diyne parts were then further 

disconnected into three different commercially available starting materials, TMS-protected 

propargyl bromide, propargyl alcohol possessing the terminal ethyl group and propargyl 

alcohol.   
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Scheme 3: Retrosynthetic analysis of tetrayne tail part 12 into commercially available 

starting materials. 

The resulting synthetic route is illustrated in scheme 4. 
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Scheme 4: The initial approach towards the total synthesis of EPA. 
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Unfortunately, this approach resulted in such low yields in the key coupling step involving 

head part 1 and tetrayne tail part 13.  Therefore, the initial retrosynthetic approach had to 

be modified and the modified version is shown in scheme 5.  In this case, the pentayne 

precursor 4, is the same as in the previous retrosynthetic analysis, but the unsaturated chain 

is now disconnected into triyne, 9 and diyne 3.  The further disconnections of the head and 

the tail parts can be seen in schemes 6 and 7, respectively. 

 

Scheme 5: The modified disconnection of target compound 5, via pentayne precursor 4, 

into key intermediates, triyne 9 and diyne 3. 

The ester head part 3 was disconnected into commercially available TMS-protected 

propargyl bromide as well as ethyl hex-5-ynoate 1.  

 

 

Scheme 6: Further disconnections of the diyne head group 3 into commercially available 

starting materials. 

The retrosynthesis of the triyne terminal part 8 the alcohol precursor to bromide 9 is 

portrayed in scheme 8.  Firstly, the compound was disconnected into diyne 7 and 

commercially available monoyne possessing the terminal ethyl group intended as the 

omega end of the final product.  The diyne parts were then further disconnected into 

commercially available starting materials, TMS-protected propargyl bromide and propargyl 

alcohol.   
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Scheme 7: Retrosynthetic analysis of the tail group 8 into commercially available starting 

materials. 

The resulting modified synthetic route is illustrated in scheme 8.   
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Scheme 8 The final approach towards synthesizing EPA. 
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2.1.2 DHA ethyl ester 

The retrosynthetic analysis for DHA is an analogue to the one given for EPA, with hexayne 

ethyl ester 17 serving as the precursor to the semi-hydrogenation step.  Next the 

unsaturated chain was disconnected to tetrayne tail part 13 (see section 2.1.1) and diyne 

ethyl ester head part 16.  Due to the poor results from the first attempt to disconnect the 

EPA ester into tetrayne and a monoyne head group the disconnection into pentayne and 

ethyl pent-4-ynoate for the DHA ester was abandoned. 

 

Scheme 9: A disconnection of target compound 18 into three key intermediates. 

The diyne ester head part 16 was further disconnected into commercially available TMS-

protected propargyl bromide as well as ethyl 4-pentynoate 14 as shown in scheme 10.  The 

retrosynthetic analysis of tetrayne 13 is already shown in scheme 3.  

 

Scheme 10: Retrosynthetic analysis of the head group 16 for DHA into commercially 

available starting materials. 

The resulting synthetic route to the DHA ethyl ester synthesis is shown in scheme 11. 
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Scheme 11: The final approach towards synthesizing DHA. 
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3 Results and discussion. 

The third part of the thesis describes the total syntheses of EPA and DHA.  The first part of 

this project is the total synthesis of EPA.  The pentayne was synthesized via two different 

routes: in one, a head group possessing one triple bond was coupled to a tetrayne tail, while 

in the other, a head group possessing two triple bonds was coupled to a triyne tail.  The 

resulting pentayne was subsequently submitted to semi-hydrogenation.  The second part of 

the project involves the total synthesis of DHA where the diyne head group was coupled to 

a tetrayne tail, resulting in a hexayne ethyl ester which was then hydrogenated.  The 

complete fatty acid syntheses for these PUFAs are very similar and involve a sequence of 

similar reactions.  The synthetic work is described and the results of the synthesis 

procedures are discussed.   

3.1 Synthesis of EPA ethyl ester. 

The first approach to synthesize the EPA ethyl ester was based on coupling a tetrayne tail 

to a monoyne ester head group, as can be seen in scheme 12.  In the first step, hex-5-ynoic 

acid, was converted into ethyl ester 1, by using 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide (EDCI) as a coupling agent and dimethylaminopyridine (DMAP) as a 

base and catalyst in dichloromethane at room temperature.  It took the reaction 3-5 hours to 

proceed to completion, after which the crude product was purified by rinsing it through a 

silica gel column with equal amounts of petroleum ether and diethyl ether.  This resulting 

pure product 1, a slightly yellow oil, was obtained in excellent yields (95%).   

This esterification approach has previously been used by the Haraldsson group to introduce 

EPA and DHA to the mid position of 1,3-diacylglycerols in excellent yields [38], as well as 

coupling alcohol to acid to make oxetane ester, which is a precursor for the OBO-group 

[15].   

 

Scheme 12: Synthesis of ethyl non-5,8-diynoate 4, from hex-5-ynoic acid. Reaction 

conditions: (a) CuI, NaI, Cs2CO3, DMF, r.t., 42 %;  
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Scheme 13 shows the synthetic route towards the tetrayne tail 12 and its bromide adduct 

13.  The synthesis of the tail involved a coupling between two diynes 7 and 11.  The 

synthesis for the first part 7 involved coupling TMS-protected propargyl bromide to 

propargyl alcohol, both of which are commercially available starting materials.  The 

coupling reaction took place in a solution of CuI, NaI and ground K2CO3 in DMF at room 

temperature.  The reaction was stirred for 48 h, monitored by TLC using petroleum ether 

and ethyl acetate (7:3) and purified by silica gel chromatography with petroleum ether and 

ethyl acetate (7:3).  This resulted in the formation of a light brown liquid 6 in 64% yield.  

The TMS-protected hexa-2,5-diyn-1-ol 6 was then deprotected using silver nitrate in water, 

dichloromethane and methanol (1:7:4) for 5 hours at room temperature, resulting in pure 

product 7 as a red-orange liquid in 89% yield.   

The second diyne 11 was synthesized by coupling commercially available starting 

materials, propargyl alcohol with 1-bromopent-2-yne using a solution of CuI, NaI and 

ground K2CO3 in DMF at room temperature.  The reaction was stirred for 24 hours and 

purified by silica gel chromatography using petroleum ether and ethyl acetate (7:3) as an 

eluent, producing 10 a red-orange liquid (74 % yield).   

The Appel reaction was used to convert the alcohol 10 to the corresponding alkyl bromide 

11, under mild conditions, using tetrabromomethane in dichloromethane at 0 – 25 °C for 3 

– 4 hours.  The control of temperature is important because the reaction is exothermic.  The 

reaction was disconnected by addition of silica gel followed by removal of solvent in 

vacuum. The resulting brownish silica gel was washed to remove triphenylphosphine and 

the co-product, triphenylphosphine oxide, using petroleum ether: dichloromethane (8:2) for 

elution affording 11 as a red brownish liquid, resulting in 82% yield.  If the product was 

not newly synthesized before the bromination the purification was done by flushing the 

product through a short silica gel column with dichloromethane and then further purifying 

11 by silica gel chromatography using a dichloromethane and petroleum ether (1:9) 

mixture as an eluent.  The triphenylphosphine and triphenylphosphine oxide were absorbed 

firmly by the gel [34]. 

The two diynes 7 and 11 were then coupled together using the previously described 

solution of CuI, NaI and Cs2CO3 in DMF at room temperature.  The reaction was stirred for 

48 hours and then purified by silica gel chromatography using  petroleum ether and diethyl 

ether (6:4) as an eluent, producing the light yellow solid 12 (79 % yield).  The Appel 

reaction was again used to convert this alcohol into the corresponding bromide product 13.  

Purification resulted in a light brown solid (83 % yield).     
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Scheme 13: Synthesis of 1-bromotetradeca-2,5,8,11-tetrayne. (a) CuI, NaI, K2CO3, DMF, 

r.t., 74%; (b) PPh3, CBr4, CH2Cl2, 0°C to r.t, (82%); (c) CuI, NaI, K2CO3, DMF, r.t., 

(64%); (d) AgNO3, MeOH:H2O:CH2Cl2, r.t, 89%; (e) CuI, NaI, Cs2CO3, DMF, r.t., (79 

%); (f) PPh3, CBr4, CH2Cl2, 0°C to r.t (83 %).   

The tetrayne 13 was subsequently added to the monoyne head group using copper(I) iodide, 

sodium iodide and cesium carbonate at room temperature in DMF (see scheme 12).  The 

reaction was stirred vigorously for 48 hours.  This step was based on the above mentioned 

procedures developed by Lapitskaya et al. and Romanov et al.  After workup, using NH4Cl 

and diethyl ether, the product was purified by silica gel chromatography and analyzed by 

NMR.  This approach resulted in poor yields of 42%.  

The Haraldsson group previously tried similar syntheses wherein a monoyne head group 

was coupled to a polyyne tail [15, 34].  The reactions either similarly resulted in very low 

yields or failed to produce the desired products.  The reason for this is unknown, but it has 

been speculated that shape and stereochemistry plays a significant role. 

Due to these poor yields, an alternative approach was attempted by shortening the tail 

group and lengthening the head group in terms of the number of triple bonds.  The second 

approach towards EPA began with a similar conversion of hex-5-ynoic acid into the 

corresponding ester 1.  The carbon chain in product 1 was then lengthened by adding TMS 

protected propargyl bromide using copper(I) iodide, sodium iodide and cesium carbonate at 

room temperature in DMF.  The reaction was stirred vigorously for 24 hours.  The TMS 

protecting group on the crude product was removed using silver nitrate as a catalyst in a 

mixture of water, dichloromethane and methanol (1:7:4) at room temperature, where HNO3 

was formed [34].  The reaction was monitored and, upon completion, purified by silica gel 

chromatography with petroleum ether and ethyl acetate (7:3), resulting in 51% yield of 

product 3. 
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Another approach, wherein product 2 was purified by silica gel chromatography using 

petroleum ether and ethyl acetate (7:3) prior to removal of the protecting group, resulted in 

higher yields of 3 (92%).  After work up, 1H NMR indicated that no further purification 

was necessary.  Due to both higher yields and decreased quantities of solvents and catalyst 

required, this approach was considered the most feasible.  Scheme 14 depicts the three step 

route towards production of the diyne ester head 3 for EPA. 

 

Scheme 14: Synthesis of ethyl nona-5,8-diynoate from hex-5-ynoic acid. Reaction 

conditions: (a) EDCI, DMAP, CH2Cl2, r.t., 94%; (b) CuI, NaI, Cs2CO3, DMF, r.t., 95%; 

(c) AgNO3, MeOH:H2O:CH2Cl2 (4:1:7), r.t., 92%. 

Scheme 15 shows the synthetic route towards the triyne alcohol tail 8 and its bromide 

adduct 9.  The synthesis of the first diyne part 7, is as previously described for the synthesis 

of the tetrayne. Product 7 was thereafter coupled to 1-bromopent-2-yne using CuI, NaI and 

Cs2CO3 in DMF at room temperature. In this case, Cs2CO3 was chosen as a base instead of 

K2CO3 as the latter resulted in significantly lower yields.  Product 8 was purified by silica 

gel chromatography with petroleum ether and ethyl acetate (7:3) as an eluent.  This resulted 

in the formation of a red-orange liquid in 61% yield.  The Appel reaction was used to 

convert the alcohol to the corresponding alkyl bromide as previously described.  This 

produced triyne 9 as a red-brown liquid (77% yield). 
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Scheme 15: Synthesis of 1-bromoundeca-2,5,8-triyne. (a)  CuI, NaI, K2CO3, DMF, r.t., (64 

%); (b) AgNO3, MeOH:H2O:CH2Cl2, r.t, (89 %); (c) CuI, NaI, Cs2CO3, DMF, r.t., (61 %); 

(d) PPh3, CBr4, CH2Cl2, 0°C to r.t, (77 %).  

For the formation of ethyl eicosa-5,8,11,14,17 pentaynoate 4, the brominated triyne tail 9 

was coupled to the diyne ester head group 3 using CuI, NaI and Cs2CO3 in DMF at room 

temperature as before (scheme 16).  The reaction was stirred for five days and monitored 

by TLC chromatography using petroleum ether and ethyl acetate (8:2).  The crude material 

was purified by silica gel chromatography with petroleum ether and ethyl acetate (8:2) as 

an eluent.  This resulted in the formation of a red to brown liquid in excellent yields (94%).  

Previous coupling attempts had failed to produce results and the most likely explanation is 

that the compounds were not newly synthesized and therefore not in optimal condition. 

Both the head part and the tail part seem to break down when stored for a longer period.  

Compounds containing multiple triple bonds are relatively unstable compared to those 

containing only double bonds, and thus need to be utilized while either newly synthesized 

or stored at very low temperature (-80 °C).   

 

Scheme 16: Synthesis of EPA ethyl ester. (a) CuI, NaI, Cs2CO3, DMF, r.t., (97%); 
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After the diyne ethyl ester head group 3 was attached to the triyne tail 9, the product was 

submitted to a stereoselective partial hydrogenation using hydrogen gas with the Lindlar 

catalyst, quinoline and diethyl ether as solvent (see scheme 17).  This was done by using a 

hydrogen filled balloon instead of the previously used method, Parr apparatus 

hydrogenation.  With this method the reaction could easily be monitored via TLC, which 

 

Scheme 17: Selective hydrogenation (a) Lindlar catalyst, quinoline, H2, diethyl ether, r.t, 

40%.  

was not possible when using the previous method.  The Lindlar catalyst hydrogenates 

alkynes to alkenes, rather than alkenes to alkanes.  In order to achieve this 

chemoselectivity, the catalyst must be deliberately deactivated to a certain point.  The most 

commonly used catalyst poison is lead acetate.  The lead lessens the activity of the catalyst 

and slows further reduction of the alkene product.  Best selectivities are obtained using 

quinoline, so it is commonly added to the reaction; quinoline also deactivates the Lindlar 

catalyst.  In order to find the optimal conditions and the least amount of over-saturation, 

however, several different catalysts and solvents were tested.  However the Lindlar was not 

the only catalyst used, Palladium on calcium carbonate without the lead poisoning was 

tried as well as a catalyst called Rosenmund which is palladium on barium sulfate. 

These trials are summarized in table 1, which also details the reaction time, over-saturation 

and use of quinoline.  Any remaining reactant material is also shown as ‘incompletion’, as 

many trials resulted in incomplete conversion.  The numbers representing the over-

saturation and incompletion are based on the integrated peaks from the NMR spectra as can 

be seen in figure 9.  The triplet representing the terminal methyl group on the EPA ester 

product is used as a reference for integration.  As can clearly be seen by these results, the 

quinoline slows down hydrogenation and increases reaction time.      

The amounts of catalyst were calculated by multiplying the weight of the ester with 2.6, 

and the amount of solvent used was approximately 1 mL per 0.01 mol.  The amount of 

quinoline differs between catalysts.   
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Figure 9:  1H NMR showing the result after hydrogenation of pentayne 4 to form EPA 

ethyl ester, using 5% Pd on CaCO3 in methanol with quinoline.  The spectrum was 

recorded before any purification and is merely to demonstrate the integration data in table 

1. 

As can be seen in table 1 it seemed that the optimal reaction conditions were obtained 

when using the Lindlar catalyst in diethyl ether with 20 µL of quinoline.  The reaction time 

was approximately 4 hours and the progress monitored by TLC chromatography.  

However, upon repetition under the exact same conditions, the reaction did not run to 

completion despite the addition of fresh catalyst twice during the progress of the reaction.  

Completion of hydrogenation is very important because isolating the pure product from the 

over-saturated product was found easier than isolating it from the starting material.   
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Table 1: Results of the hydrogenation trials for the EPA ethyl ester.  The over-saturation 

and the incompletion percentages is based on the integrated peaks from the 1H-NMR 

spectrum. 

   Catalyst Solvent Quinoline Time 
Over-

saturation 
Incompletion 

5% Pd on CaCO3 Ethanol No 30 min 20 % 15 % 

5% Pd on CaCO3 Toluene Yes 24 hours 13 % 55 % 

5% Pd on CaCO3 Toluene No 7 hours 15 % 19 % 

5% Pd on CaCO3 Methanol Yes 1.5 hours 26 % 11 % 

Lindlar Ethanol Yes 45 min 28 % 0.0 % 

Lindlar Methanol Yes 75 min 29 % 0.0 % 

Lindlar Hexane Yes 30 min 20 % 17 % 

Lindlar Toluene No 45 min 26 % 19 % 

Lindlar Toluene Yes 2 hours 29 % 11 % 

Lindlar Diethyl ether Yes 2.5 hours 26 % 13 % 

Lindlar Diethyl ether Slight 1 hour 15 % 0.0 % 

Rosenmund* Methanol Yes 30 min 22 % 27 % 

Rosenmund Methanol Yes 10 min 28 % 0.0 % 

Rosenmund Diethyl ether Yes 15 min 32 % 0.0 % 

*with ice bath. 

The Rosenmund catalyst in methanol with the addition of quinoline was therefore tested a 

second time due to its short reaction time and reaction completion.  The Rosenmund 

catalyst is however too reactive and it is difficult to monitor the reaction making it run to a 

complete saturation in 5 minutes despite the use of quinoline.  The third option was ethanol 

with Lindlar catalyst and quinoline, which turned out to be the best solution for EPA.  The 

reaction took 15 minutes which made it possible to monitor the reaction by TLC 

chromatography.   

It is important to note that if the pentayne precursor 4 is not clean the hydrogenation does 

not take place.  This was tried under three different conditions, including the Rosenmund 

catalyst, and nothing happened.  Even though the impurities were only a little leftovers of 

the triyne tail part, so little that it was not visible on the TLC plate, it had a major effect on 

the reaction.  Why that is the case is not known but it is probable that the bromide on the 

tail part has some effect.   

The triple bonds in the compound showed as a separate spot on the TLC plate, which faded 

away as the hydrogenation proceeded.  Vanillin solution was used to visualize the progress 

of the reaction in an attempt to cause a color differentiation on the TLC plate; when this 

method was used for the hydrogenation of diyne, the triple bonds showed as blue spots and 

double bonds as red spots [39]. This differentiation was not successful for this reaction due 

to the multitude of triple bonds. There was only a slight difference between the color of the 

triple bonds and that of the double bonds.  The vanillin solution was made by dissolving 
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vanillin in cold (0°C) absolute ethanol solution, and slowly adding concentrated sulfuric 

acid. This resulted in a clear solution.  

The product was rinsed through celite using dichloromethane as an eluent.  The crude 

mixture was charged on a short silica gel column using petroleum ether and ethyl acetate 

(8:2) to rinse out unwanted chemicals such as quinoline.  Although the reaction was 

monitored carefully by TLC chromatography, over-hydrogenation was observed for the 

compound.  To obtain the required product with all cis-double bonds the crude product was 

submitted to 5% AgNO3 prep-TLC plate using acetone and petroleum ether (4:25) as an 

eluent. 

This method readily separated the desired product from the over-saturated compounds, as 

the double bonds interacted with the silver ions.  They do so by forming complexes with 

the silver ions, resulting in their separation from the single bonds, which do not form 

complexes with the silver ions and therefore migrate ahead of the other components on the 

plate.  Even though the triple bonds form weaker complexes than do double bonds it can be 

difficult to isolate the desired double bond product if the hydrogenation was not completed 

[40].    

The TLC plates were impregnated with silver nitrate, dissolved in water, by careful 

immersion in a bath of the solution.  The plates were then dried in the oven at 

approximately 100°C.  The desired product 5 was obtained by scraping the plate and 

extracting the silica gel with methanol and dichloromethane (1:9), resulting in a clear or 

slightly yellowish oil in low yields (40%).   

3.2 Synthesis of DHA ethyl ester. 

The overall synthesis of the DHA head group is almost identical to the one for EPA with 

the exception of different starting materials.  As previously described, the synthesis of the 

head group was brought about via the three-step route depicted in scheme 18.  In the first 

step, pent-4-ynoic acid was ethylated using EDCI similar to the EPA synthesis previously 

described.  The reaction time was 3-5 hours, after which the crude ethyl ester 14 was 

purified by rinsing through a silica gel column with petroleum ether and diethyl ether in 

equal amounts.  The high volatility of 14 resulted in a lower yield than was obtained in the 

EPA ester synthesis, and it could not be dried under vacuum.  

The carbon chain in product 14 was then lengthened by adding TMS protected propargyl 

bromide using a solution of CuI, NaI and Cs2CO3 in DMF at room temperature.  The 

reaction was stirred vigorously for 24 hours, resulting in product 15.  The crude product 

was purified by silica gel chromatography using petroleum ether and ethyl acetate (7:3), 

resulting in pure product 15 as a dark red liquid (83 %).  The pure product was deprotected 

using silver nitrate as a catalyst in a mixture of water, dichloromethane and methanol 

(1:7:4) at room temperature.  The reaction was monitored by TLC chromatography using 

petroleum ether and ethyl acetate (7:3).  This resulted in product 16 obtained as slightly 

yellow oil in excellent yields (94 %).   
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Scheme 18: Synthesis of ethyl octa-4,7-diynoate from pent-4-ynoic acid. Reaction 

conditions: (a) EDCI, DMAP, CH2Cl2, r.t., 93%; (b)  CuI, NaI, Cs2CO3, DMF, r.t., 83%; 

(c)  AgNO3, MeOH:H2O:CH2Cl2 (4:1:7), r.t., 94%. 

In order to synthesize ethyl docosa-4,7,10,13,16,19-hexaynoate 17, the brominated tetrayne 

13 (see scheme 13) was coupled to the ester diyne head group 16  by use of CuI, NaI and 

Cs2CO3 in DMF at room temperature.  The reaction was stirred for three days and 

monitored by TLC chromatography using petroleum ether and ethyl acetate (8:2).  The 

product was purified by silica gel chromatography, resulting in a pure product 17 as a dark 

red liquid in excellent yields (94 %).  This is illustrated in scheme 19. 

 

Scheme 19: Synthesis of DHA. (a) CuI, NaI, Cs2CO3, DMF, r.t., (94%); (b) Lindlar 

catalyst, quinoline, H2 , diethyl ether, r.t, crude 53 %.  

All of the reaction conditions listed in table 1 were tested on the EPA ester, and the optimal 

result was then used for the hydrogenation of the DHA ester (see scheme 19).  Product 17 

was submitted to a sterioselective partial hydrogenation using hydrogen gas with the 

Lindlar catalyst, quinoline and diethyl ether as solvent.  The reaction time was up to 30 

minutes, depending on the quantity of quinoline.  Initially, a small amount of quinoline was 

used (20µL) however, the reaction only took 5 minutes and resulted in too much over-

saturation.  When the quinoline amount was increased to 30 µL, the reaction time rose to 
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60-75 minutes, which was easier to monitor via TLC and resulted in far less over-

saturation.    

The product was rinsed through a filtration funnel packed with celite using 

dichloromethane as an eluent.  The crude material was charged on a short silica gel column 

using petroleum ether and ethyl acetate (9:1).  As before, the product was purified using 

5% AgNO3 impregnated prep-TLC using acetone and petroleum ether (3:5) as eluent. The 

product band was scraped off the plate and extracted using methanol and dichloromethane 

(1:9), resulting in a final product of a clear or a slightly yellowish oil.  No yields were 

calculated for this reaction since it was simply used to see if this conditions were suitable 

for DHA.    Repetition of this reaction under the same conditions resulted in similar 

reaction time offering crude yields of 53%, indicating that these conditions are optimal for 

DHA.  The crude sample was measured by an IR spectrometer, which showed that about 

12% of the double bonds were trans.   
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4 Conclusions 

The results of this project showed that the methods developed by the Haraldsson group, 

that are based on the work of Lapitskaya et al. and Romanov et al. are clearly applicable to 

synthesize ethyl esters of EPA and DHA.  It proved to be easy to work with the ethyl esters 

due to their higher stability, e.g. against silver nitrate deprotection, and purification by 

acidic silica gel chromatography.  

The same method was used to synthesize the tail parts resulting in good to excellent yields 

(61 – 89 %).  Attaching the tail part to the head part was successful as well.  Again it 

showed that the coupling between head part with one triple bond to a tail part did not result 

in good yields.  During these syntheses it was also clear that these polyyne compounds 

need to be stored at -79°C to prevent them from breaking down or polymerizing.  

The hydrogenation using a hydrogen filled balloon made the reaction easy to monitor 

whereas the hydrogenation with Parr apparatus did not make that possible.  The result of 

the hydrogenation depended on which catalyst was used as well as the solvent.  Many more 

trials could be done to find the optimal conditions for the hydrogenation, particularly for 

DHA as only the Lindlar catalyst with diethyl ether as a solvent were used.  Catalytic 

hydrogenation using a ceria (CeO2) shell nanomaterial supported gold catalyst would be 

especially interesting to try as Mitsudome et al. reported excellent yields for the semi-

hydrogenation of different alkynes [41].      

As the synthesis of the ethyl eicosa-5,8,11,14,17-pentaynoate and docosa-4,7,10,13,16,19-

hexaynoate were successfully conducted in excellent yields it is clear that the semi-

hydrogenation path is the weakness and limitation of the overall syntheses and needs to be 

improved.  A lot of material was lost by purification with a column and prep TLC.  It 

would therefore be best to isolate the desired product by purification with a silver nitrate 

column on a HPLC.     
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5 Materials and methods. 

5.1 General 

1H and 13C nuclear magnetic resonance spectra were recorded on a Bruker Avance 400 

spectrometer in deuterated chloroform as solvent, at 400.12 and 100.61 MHz, respectively. 

Chemical shift () are quoted in parts per million (ppm) and the coupling constant (J) in 

Hertz (Hz). The following abbreviations are used to describe the multiplicity: s, singlet; d, 

doublet; t, triplet; dd, doublet of doublets; bs, broad singlet; dt, doublet of tripets; tq, triplet 

of quartets; q, quartet; quin, quintet; td, triplet of doublets; m, multiplet. The number of 

carbon nuclei behind each 13C signal is indicated in parentheses after each chemical shift 

value, when there is more than one carbon responsible for the peak. Infra-red spectra were 

conducted on a Nicolet Avatar 360 FT-IR (E.S.P.) spectrophotometer on a NaCl window. 

The high-resolution mass spectra (HRMS) were measured on a Bruker micrOTOF-Q mass 

spectrometer equipped with E-spray atmospheric pressure ionization chamber (ESI). All 

data analysis was done on Bruker software.  

All chemicals and solvents were used without further purification. 3-bromo-1-

(trimethylsilyl)-1-propyne, 1-bromo-2-pentyne (97%), sodium iodide ( ≥99.0%), cesium 

carbonate (99.9%), tetrabromomethane (99%), triphenylphosphine (99%), potassium 

carbonate, anhydrous ( ≥99.0%), quinoline (98%), Celite, Ammonium chloride ( ≥99.5%), 

diethyl ether, petroleum ether, dichloromethane, ethyl acetate, methanol, ethanol absolute, 

toluene, N,N-dimethylformamide ( DMF,  99.8%), 4-dimethylaminopyridine (DMAP, 

≥99%), n-hexane, 5-hexynoic acid (97%), 4-pentynoic acid (95%), palladium on barium 

sulfate 5% Pd basis, palladium on activated charcoal 10 % Pd basis, palladium on calcium 

carbonate poisoned with lead, magnesium sulfate (≥99.5%), vanillin (≥97%), 

propargylalcohol (99%), Lindlar catalyst  silver nitrate, copper(I) iodide (98%), were 

purchased from Sigma-Aldrich. N-(3-Dimethylaminopropyl)-N‘-ethylcarbodiimide 

hydrochloride (EDCI, ≥98.0%) was purchased from Fluka. Finally SilicaFlash (F60, 40-63 

µm) and preparative TLC plates (250 µm, F-254) were obtained from Silicycle (Quebec, 

Canada). 
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5.2 Methods 

 

 

Ethyl hex-5-ynoate (1).  To a stirred solution of EDCI (2.06 g, 10.7 mmol), DMAP (0.12 

g, 0.98 mmol) in dichloromethane (1 mL), hex-5-ynoic acid (1.00 g, 8.91 mmol) and 

ethanol (0.83 g, 17.8 mmol) was added.  After stirring at room temperature for 2h all 

starting material had been consumed (monitored by TLC analysis).  The resulting mixture 

was filtered through short silica gel column using pet. ether: diethyl ether (1:1) for elution 

to give pure product 1, after removal of solvent in vacuum, as slightly yellow oil (1.18 g, 

8.82 mmol, 94% yield). 

Notebook reference: TKKI-275. 

IR (NaCl window): 3329 (C-H in C≡C-H) 2987 (C-H in CH3), 2937 (C-H in CH2), 2119 

(C≡C) 1733 (C=O) 1096 (C-O) 640 (C≡C-H bend) cm-1. 

1H NMR (CDCl3): δ 1.24 – 1.28 (t, J3 = 7.14 Hz, 3H, -CH3),  1.81 – 1.89 (quin, J3 = 7.31, 

7.07 Hz, 2H,  -CH2-CH2-CH2-),   1.96 – 1.97 (t, J4 = 2.64 Hz, 1H,  H—≡ ),  2.25 – 2.29 

(td, J3 = 7.07 Hz, J4 = 2.64 Hz,  2H, ≡—CH2-), 2.42 – 2.46 (t,  J3 = 7.31 Hz, 2H, -CH2-

CO), 4.11 – 4.16 (q, J3 = 7.14 Hz, 2H, O-CH2- ) ppm.   

13C-NMR (CDCl3): δ 14.4 (CH3), 18.0 (CH2), 23.8 (CH2), 33.1 (CH2), 60.5 (C-O), 69.2 

(≡C), 83.5 (≡C), 173.2 (C=O) ppm. 

HRMS: Calculated for C8H12O2·Na 163.0735, found 163.0730 amu. 
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Ethyl 9-(trimethylsilyl)nona-5,8-diynoate (2).  To a stirred suspension of CuI (0.68 g, 

3.57 mmol), NaI (1.34 g, 8.92 mmol) and Cs2CO3 (2.31 g, 7.13 mmol) in dry DMF and 

under nitrogen, 3-bromo-1-(trimethylsilyl)-1-propyne (1.36 g, 7.13 mmol) was added.  

Subsequently 1 (0.500 g, 3.57 mmol) was added and the resulting mixture stirred 

vigorously for 24h at room temperature.  Then the mixture was quenched with saturated 

solution of NH4Cl (25 mL) and extracted with ethyl acetate (3x25 mL), the organic layer 

was washed with brine (25 mL) and then water (2x25 mL), dried over MgSO4 filtered and 

concentrated.  The crude product was purified by flash chromatography (neutral silica gel) 

using pet. ether: ethyl acetate (7:3) for elution to afford pure product 2 as a brown liquid 

(0.85 g, 3.39 mmol, 95 % yield). 

Notebook reference: TKKI-241. 

IR (NaCl window): 2960 (C-H in CH3), 2902 (C-H in CH2), 2183 (C≡C) 1736 (C=O) 1250 

(Si-CH3) 1097 (C-O) cm-1. 

1H NMR (CDCl3): δ  0.16 (s, 9H, -TMS),  1.24 – 1.28 (t, J3 = 7.14 Hz, 3H, -CH2-CH3),  

1.78 – 1.85 (quin, J3 = 7.40 Hz, J3 = 7.03 Hz,  2H, - CH2 -CH2-CH2-),  2.22 – 2.26 (tt, J5 = 

2.55 Hz, J3 = 7.03 Hz, 2H,  ≡—CH2CH2),  2.34 – 2.44 (t, J3 = 7.40 Hz, 2H, -CH2-C=O), 

3.18 – 3.19 (t, J5 = 2.55 Hz, 2H, ≡—CH2—≡),  4.11 – 4.16 (q, J3 = 7.14, 2H, CH2-CH3) 

ppm.   

13C-NMR (CDCl3): δ 0.07 (TMS), 10.9 (CH2), 18.2 (CH3), 23.9 (CH2), 23.9 (CH2), 33.1 

(CH2), 60.3 (C-O), 74.4 (≡C), 79.7 (≡C), 84.8 (≡C), 100.5 (CH2), 173.2 (C=O) ppm. 

HRMS: Calculated for C14H22O2Si·Na 273.1287, found 273.1282 amu. 
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Ethyl nona-5,8-diynoate (3).  To a solution of product 2 (0.85 g, 3.39 mmol) in a mixture 

of MeOH, H2O and dichloromethane (4:1:7, by volume), AgNO3 (0.31 g, 1.69 mmol) was 

added and the resulting mixture stirred vigorously over night at room temperature.  The 

reaction was quenched with a saturated solution of NH4Cl, extracted with dichloromethane, 

then ethyl acetate.  The organic layers were washed with brine and water, combined and 

dried over MgSO4, filtered and concentrated to afford pure product 3 as a light brown 

liquid (0.55 g, 3.11 mmol, 92 % yield). 

Notebook reference: TKKI-241. 

IR (NaCl window): 3292 (C-H in C≡C-H), 2980 (C-H in CH3), 2940 (C-H in CH2), 2156 

(C≡C) 1730 (C=O) 1096 (C-O) 746 (C≡C-H bend) cm-1. 

1H NMR (CDCl3): δ 1.23 – 1.241 (t, J3 = 7.14 Hz, 3H, -CH3),  1.78 – 1.85 (quin, J3 = 7.40 

Hz, J3 = 7.03 Hz,  2H, - CH2 -CH2-CH2), 2.05 – 2.06  (t,  J5 = 2.62 Hz, 1H, H—≡ ), 2.22 – 

2.29 (tt, J5 = 2.55 Hz, J3 = 7.03 Hz, 2H,  ≡—CH2CH2),  2.40 – 2.43 (t, J3 = 7.40 Hz, 2H, -

CH2-C=O) , 3.14 – 3.15 (m, J5 = 2.62, 2.55 Hz, 2H, ≡—CH2—≡)    4.11 – 4.16 (q, J3 = 

7.14, 2H, CH2-CH3) ppm.   

13C-NMR (CDCl3): δ 9.60 (CH2), 14.2 (CH3), 18.2 (CH2), 23.9 (CH2), 33.2 (CH2), 60.4 

(CH2), 68.5 (≡C), 74.0 (≡C), 78.8 (≡C), 80.0 (≡C), 173.2 (C=O) ppm. 

HRMS: Calculated for C11H14O2·Na 201.0892, found 201.0886 amu. 
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Ethyl eicosa-5,8,11,14,17-pentaynoate (4).  To a stirred suspension of CuI (0.76 g, 3.32 

mmol), NaI (1.50 g, 9.99 mmol) and Cs2CO3 (2.59 g, 7.99 mmol) in dry DMF and under 

nitrogen, 9 (0.76 g, 3.32 mmol) was added.  Subsequently 3 (0.36 g, 2.00 mmol) was added 

and the resulting mixture stirred vigorously for 5 days at room temperature.  Then the 

mixture was quenched with saturated solution of NH4Cl (25 mL) and extracted with Ethyl 

acetate (3x25 mL), the organic layer was washed with brine and water, combined and dried 

over MgSO4, filtered and concentrated.  The crude material was purified by flash 

chromatography (neutral silica gel) using pet. ether: ethyl acetate (8:2) for elution to afford 

pure product as a light brown liquid (0.62 g, 1.94 mmol, 97%). 

Notebook reference: TKKI-208. 

IR (NaCl window): 2980 (C-H in CH3), 2939 (C-H in CH2), 2251 (C≡C) 1728 (C=O) 1060 

(C-O) cm-1. 

1H NMR (CDCl3): δ 1.08 – 1.12 (t, 7.50 Hz, 3H, CH3 – CH2 —≡), 1.22 – 1.26 (t, J3 = 7.14 

Hz, 3H, O-CH2-CH3), 1.76 – 1.83 (quin, J3 = 7.13 Hz, J3 = 7.30 Hz, 2H, -CH2 -CH2-CH2-), 

2.12 – 2.19 (qt, J3 = 7.50 Hz, J5 = 2.23 Hz, 2H, CH3 – CH2 —≡),  2.19 – 2.24 (tt, J3 = 7.13 

Hz, J5 = 2.22 Hz, 2H,  ≡— CH2-CH2), 2.37 – 2.41 (t, J3 = 7.30 Hz, 2H, -CH2-C=O), 3.10 – 

3.13 (m J5 = 2.23, 2.22 Hz, 8H, ≡—CH2—≡), 4.09 – 4.14 (q, J3 = 7.14, 2H, O-CH2-CH3) 

ppm.   

13C-NMR (CDCl3): δ 9.67 (CH2), 9.69 (CH2), 9.75 (CH2), 9.76 (CH2), 12.3 (CH2), 13.8 

(CH3), 14.2 (CH2), 18.1 (CH2), 23.8 (CH2), 33.1 (CH2), 61.3 (C-O), 73.0 (≡C), 74.0 (≡C), 

74.1 (≡C), 74.4 (≡C), 74.5 (≡C), 74.6 (≡C), 75.0 (≡C), 75.2 (≡C), 79.5 (≡C), 82.1 (≡C), 

173.1 (C=O) ppm. 

HRMS: Calculated for C22H24O2·Na 343.1674, found 343.1665 amu. 
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Ethyl (5Z, 8Z, 11Z, 14Z, 17Z)-eicosa-5,8,11,14,17-pentaenoate (5).  To a stirred 

suspension of Pd on Ca2CO3 5% poisoned with lead (0.004 g, 0.13 mmol) in diethyl ether 

and under hydrogen flow, quinoline (20 µL, 0.169 mmol) was added.  Subsequently 4 

(0.080 g, 0.250 mmol) was added and the resulting mixture stirred vigorously for 6 hours at 

room temperature.  Then the mixture was rinsed through a filter funnel laid with celite, 

using dichloromethane as solvent.  The crude product was treated by flash chromatography 

(neutral silica gel) using pet. ether: ethyl acetate (9:1) for elution to afford the product 

without quinoline.  The product was put on 5% AgNO3 impregnated prep TLC plate using 

acetone: pet.ether (4:25), the purified product was scraped off the plate and extracted from 

the silica gel with methanol: dichloromethane (1:9) to afford slightly yellow oil (0.040 mg, 

0.121 mmol, 40%). 

Notebook reference: TKKI-224 

1H NMR (CDCl3): δ 0.96 – 0.99 (t, J3 = 7.05 Hz, 3H, CH3-CH2—=—)  1.24 – 1.27 (t, J3 = 

7.13 Hz, 3H, O-CH2-CH3),  2.04 – 2.11 (q, J3 = 7.05 Hz J5 = 4.52 Hz,  2H,  -CH3-CH2 —

=—), 2.33 – 2.41 (m, 4H, =—CH2-CH2), 2.29 – 2.32 (t, J3 = 7.56 Hz, 2H, CH2C=O),   

2.78 – 2.89 (m, 8H, =—CH2—=), 4.11 – 4.16 (q, J3 = 7.14, 2H, O-CH2-CH3), 5.33 – 5.44 

(m, 10H =CH) ppm   

13C-NMR (CDCl3): δ 14.3 (CH3), 20.6 (CH2C≡), 24.8 (CH2), 25.7 (4C, CH2), 26.6 (CH2), 

33.8 (CH2) 60.3 (CH3), 127.0 (=CH), 128.0 (=CH), 128.2 (=CH), 128.3 (=CH), 128.6 (2C, 

=CH), 128.8  (=CH), 129.1 (=CH) 132.1 (=CH), 173.6 (C=O) ppm. 

HRMS: Calculated for C22H34O2·Na 353.2457, found 353.2443 amu. 
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Ethyl eicosa-5,8,11,14,17-pentaynoate (4).  To a stirred suspension of CuI (0.18 g, 0.92 

mmol), NaI (0.35 g, 2.31 mmol) and Cs2CO3 (0.60 g, 1.84 mmol) in dry DMF and under 

nitrogen, 13 (0.24 g, 1.27 mmol) was added.  Subsequently 1 (0.06 g, 0.46 mmol) was 

added and the resulting mixture stirred vigorously for 2 days at room temperature.  Then 

the mixture was quenched with saturated solution of NH4Cl (25 mL) and extracted with 

ethyl acetate (3x25 mL), the organic layer was washed with brine and water, combined and 

dried over MgSO4, filtered and concentrated.  The crude material was purified by flash 

chromatography (neutral silica gel) using pet. ether: ethyl acetate (8:2) for elution to afford 

pure product as a light brown liquid (0.031 g, 1.94 mmol, 42%).  

Notebook reference: TKKI-010 

1H NMR spectra was identical to that obtained on p 35. 
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6-(Trimethylsilyl)hexa-2,5-diyn-1-ol (6).  To a stirred solution of CuI (5.20 g, 27.5 

mmol), NaI (8.11 g, 55.8 mmol) and K2CO3 (3.81 g, 27.5 mmol) in dry DMF (30 mL) and 

under nitrogen, 1-bromo-1-(trimethylsilyl)-1-propyne (3.97 g, 27.0 mmol) was added.  

Subsequently propargyl alcohol (1.52 g, 26.2 mmol) was added and the resulting mixture 

stirred vigorously for 48 hours at room temperature.  Then the mixture was quenched with 

saturated solution of NH4Cl (25 mL) and extracted with ethyl acetate (3x25 mL).  The 

organic layer was washed with brine (25 mL) and then water (2x25 mL), dried over 

MgSO4, filtered and concentrated.  The crude product was purified by flash 

chromatography (neutral silica gel) using pet. ether: ethyl acetate (7:3) for elution to afford 

pure product 6 as an orange to red liquid (0.278 g, 16.7 mmol, 64 % yield). 

Notebook reference: TKKI-249. 

1H NMR (CDCl3): δ 0.16 (s, 9H, -TMS-), 1.54 (bs, 1H, -OH), 3.25 – 3.26 (t, J4 = 2.15 Hz 

2H, —≡—CH2—≡—), 4.26 - 4.27 (t, J4 = 2.15 Hz, 2H, HO-CH2-≡—) ppm.   
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Hexa-2,5-diyn-1-ol (7).  To a solution of product 6 (2.52 g, 15.1 mmol) in a mixture of 

MeOH, H2O and dichloromethane (4:1:7, by volume), AgNO3 (2.60 g, 15.1 mmol) was 

added and the resulting mixture stirred vigorously for 5h at room temperature.  The 

reaction was quenched with a saturated solution of NH4Cl, extracted with dichloromethane, 

then ethyl acetate, the organic layers washed with brine and water, combined and dried 

over MgSO4, filtered and concentrated to afford pure product as a brown to red liquid (1.27 

g, 13.5 mmol, 89 % yield). 

Notebook reference: TKKI-263. 

1H NMR (CDCl3): δ 1.56 (bs, 1H, -OH), 2.02 – 2.09 (t, J4 = 2.48 Hz, 1H, —≡—H), 3.21 – 

3.23 (dt, J4 = 2.48 Hz, J4 = 2.23 Hz, 2H, —≡—CH2—≡—), 4.27 - 4.26 (t, J4 = 2.23 Hz, 2H, 

HO-CH2 —≡—) ppm.   

13C NMR (CDCl3) 9.66 (≡CCH2C≡), 51.19 (CH2OH), 69.04 (C≡CH), 77.71 (C≡C), 

79.08 (C≡C), 79.32 (C≡C) ppm.  

HRMS (ESI): m/z calculated for C9H14lOSi+Li 173.0968; found 173.0963 amu. 
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Undeca-2,5,8-triyn-1-ol (8).  To a stirred solution of CuI (1.86 g, 9.75 mmol), NaI (4.39 g, 

29.3 mmol) and Cs2CO3 (6.30 g, 19.5 mmol) in dry DMF (25 mL) and under nitrogen, 1-

bromopent-2-yne (2.89 g, 19.5 mmol) was added.  Subsequently 7 (0.92 g, 9.75 mmol) was 

added and the resulting mixture stirred vigorously for 48 hours at room temperature.  Then 

the mixture was quenched with saturated solution of NH4Cl (25 mL) and extracted with 

ethyl acetate (3x25 mL), the organic layer was washed with brine (25 mL) and then water 

(2x25 mL), dried over MgSO4 filtered and concentrated.  The crude product was purified 

by flash chromatography (neutral silica gel) using pet. ether: ethyl acetate (7:3) for elution 

to afford pure product 8 as an orange solid (0.95 g, 5.95 mmol, 61 % yield).  The 1H NMR 

spectra was identical to that obtained previously [34].  

Notebook reference: TKKI-250. 

1H NMR (CDCl3): δ 1.10 – 1.14 (t, J3 = 7.52 Hz, 3H, -CH3),  1.54 (bs, 1H, -OH),  2.14 – 

2.21 (qt, J3 = 7.52 Hz, J5 = 2.38 Hz,  2H, - CH2-CH3), 3.15 – 3.13 (m, J5 = 2.32, 2.38 Hz , 

2H, —≡—CH2—≡—), 3.24 – 3.22 (m, J5 = 2.32, 2.38 Hz , 2H, —≡—CH2—≡—),  3.87 – 

3.91 (t, J5 = 2.32, 2H, HO-CH2-) ppm.   
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1-Bromoundeca-2,5,8-triyne (9).  CBr4 (1.60 g, 4.83 mmol) was added to a stirred 

solution of PPh3 (2.53 g, 9.66 mmol) in dichloromethane (15 mL) at 0°C (ice/H2O) and 

under nitrogen.  After few minutes the solution turned dark orange to which 8 (0.60 g, 3.72 

mmol), dissolved in dichloromethane was added dropwise and the resulting mixture stirred 

for 1h at 0°C, then the ice bath was removed and the reaction allowed to reach room 

temperature.  After 2h, all of the starting material had been consumed (monitored by TLC) 

and the reaction disconnected by addition of silica gel followed by removal of solvent in 

vacuum.  The resulting brownish silica gel was washed using pet. ether: dichloromethane 

(8:2) for elution affording 9 as a red brownish liquid (0.64 g, 3.72 mmol, 77 % yield).  The 
1H NMR spectra was identical to that obtained previously [34].  

Notebook reference: TKKI-267. 

1H NMR (CDCl3): δ 0.96 – 1.00 (t, J3 = 7.52 Hz, 3H, -CH2-CH3),  2.00 – 2.07 (qt, J3 = 

7.52 Hz, J5 = 2.38 Hz,  2H, - CH2-CH3), 2.98 – 3.01 (m, J5 = 2.32, 2.38 Hz , 2H, —≡—

CH2—≡—), 3.08 – 3.11 (m, J5 = 2.32, 2.38 Hz , 2H, —≡—CH2—≡—),  3.76 – 3.77 (t, J5 

= 2.32, 2H, Br-CH2-) ppm.   
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Octa-2,5-diyn-1-ol (10).  To a stirred solution of CuI (2.65 g, 13.9 mmol), NaI (4.16 g, 

27.8 mmol) and Cs2CO3 (4.45 g, 13.9 mmol) in dry DMF (5 mL) and under nitrogen, 1-

bromopent-2-yne (2.00 g, 13.9 mmol) was added.  Subsequently propargyl alcohol (0.78 g, 

13.9 mmol) was added and the resulting mixture stirred vigorously for 48 h at room 

temperature.  Then the mixture was quenched with saturated solution of NH4Cl (25 mL) 

and extracted with ethyl acetate (3x25 mL).  The organic layer was washed with brine (25 

mL) and then water (2x25 mL), dried over MgSO4 filtered and concentrated.  The crude 

product was purified by flash chromatography (neutral silica gel) using pet. ether: ethyl 

acetate (7:3) for elution to afford pure product 10 as an orange to red liquid (1.58 g, 12.9 

mmol, 93 % yield).   

Notebook reference: TKKI-271. 

IR (ZnSe): 3657 (O-H), 2974 and 2872 (C-H in CH3), 2933 (C-H in CH2) cm-1 [34]. 

1H NMR (CDCl3): δ 1.11 – 1.14 (t, J3 = 7.55 Hz, 3H, -CH2-CH3), 1.60 (bs, 1H, -OH), 2.14 

– 2.21 (qt, J3 = 7.55 Hz, J5 = 2.29 Hz,  2H, - CH2-CH3), 3.18 – 3.20 (q,  J5 = 2.29 Hz, 2H, 

—≡—CH2—≡—), 4.26 (m, 2H, HO-CH2-) ppm.   

13C-NMR (CDCl3): δ 9.77 (CCH2C), 12.31 (CCH2CH3), 13.77 (CH3), 51.21 (CH2OH), 

72.66 (C), 78.35 (C), 80.76 (C), 82.42 (C) ppm [34]. 

HRMS: Calculated for C8H10O·Li 129.0886, found 129.0890 amu [34]. 
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1-Bromoocta-2,5-diyne (11).  CBr4 (0.54 g, 1.63 mmol) was added to a stirred solution of 

PPh3 (0.85 g, 3.26 mmol) in dichloromethane (15 mL) at 0°C (ice/H2O) and under 

nitrogen.  After few minutes the solution turned dark orange to which 10 (0.153 g, 1.25 

mmol), dissolved in dichloromethane was added dropwise and the resulting mixture stirred 

for 1h at 0°C.  Then the ice bath was removed and the reaction allowed to reach room 

temperature.  After 2h, all of the starting material had been consumed (monitored by TLC) 

and the reaction was disconnected by addition of silica gel followed by removal of solvent 

in vacuum.  The resulting brownish silica gel was washed using pet. ether: 

dichloromethane (8:2) for elution affording 11 as a red brownish liquid (0.190 g, 1.03 

mmol, 82% yield). 

Notebook reference: TKKI-114. 

IR (ZnSe): 2977 and 2878 (C-H in CH3), 2937 (C-H in CH2), 2234 (C≡C) cm-1 [34]. 

1H NMR (CDCl3): δ 1.10 – 1.14 (t, J3 = 7.51 Hz, 3H, -CH3), 2.14 – 2.21 (qt, J3 = 7.51 Hz, 

J5 = 2.38 Hz, 2H, - CH2-CH3), 3.20 – 3.22 (m, 2H, —≡—CH2—≡—), 3.91 – 3.92 (t, J5 = 

2.31, 2H, Br-CH2-) ppm.   

13C-NMR (CDCl3): δ 10.1 (CCH2C), 12.4 (CCH2CH3), 13.8 (CH3), 14.9 (CH2Br), 72.2 

(C), 75.3 (C), 82.1 (C), 82.7 (C) ppm [34]. 

HRMS: Calculated for C8H9Br·Na 222.9729, found 222.9727 amu [34]. 
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Tetradeca-2,5,8,11-tetrayne-1-ol (12).  To a stirred solution of CuI (1.10 g, 5.74 mmol), 

NaI (1.72 g, 11.4 mmol) and Cs2CO3 (4.17 g, 12.9 mmol) in dry DMF (40 mL) and under 

nitrogen, product 11 (1.59 g, 8.61 mmol) was added.  Subsequently product 7 (0.54 g, 5.74 

mmol) was added and the resulting mixture stirred vigorously for 48 hours at room 

temperature.  Then the mixture was quenched with saturated solution of NH4Cl (25 mL) 

and extracted with ethyl acetate (3x25 mL).  The organic layer was washed with brine (25 

mL) and then water (2x25 mL), dried over MgSO4 filtered and concentrated.  The crude 

product was purified by flash chromatography (neutral silica gel) using pet. ether: diethyl 

ether (6:4) for elution to afford pure product 12 as a white to yellow solid (0.73 g, 4.55 

mmol, 79 % yield). 

Notebook reference: TKKI-278. 

1H NMR (CDCl3) 1.12 (t, J = 7.5 Hz, 3H, CH3), 1.51 (bs, 1H, OH), 2.22 – 2.15 (tq, J = 

2.3, 7.5 Hz, 2H, —≡—CH2-CH3), 3.14 – 3.12 (quin, J = 2.3 Hz, 2H, CH2—≡—CH2), 3.18 

– 3.15 (quin, J = 2.3 Hz, 2H, —≡—CH2—≡—), 3.21 – 3.19 (quin, J = 2.1 Hz, 2H, O-

CH2—≡—CH2),   4.27 - 4.25 (td, J = 2.1, 6.1 Hz, 2H, CH2-OH) ppm.

13C-NMR (CDCl3): δ 9.71 (CCH2C), 9.79 (CCH2C), 9.86 (CCH2C), 12.4 

(CCH2CH3), 13.8 (CH3), 51.2 (CH2OH), 73.0 (C), 73.9 (C), 74.0 (C), 74.8 (C), 75.3 

(C), 78.3 (C), 80.0 (C), 82.2 (C) ppm [34]. 

HRMS: Calculated for C14H14O·Na 221.0937, found 221.0929 amu [34]. 
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1-Bromotetradeca-2,5,8,11-tetrayne (13).  CBr4 (0.71 g, 2.15 mmol) was added to a 

stirred solution of PPh3 (1.13 g, 4.30 mmol) in dichloromethane (25 mL) at 0°C (ice/H2O) 

and under nitrogen.  After few minutes the solution turned dark orange to which 12 (0.27 g, 

1.65 mmol), dissolved in dichloromethane was added dropwise and the resulting mixture 

stirred for 1h at 0°C, then the ice bath was removed and the reaction allowed to reach room 

temperature.  After 2h, all of the starting material had been consumed (monitored by TLC) 

and the reaction disconnected by addition of silica gel followed by removal of solvent in 

vacuum.  The resulting brownish silica gel was washed using pet. ether: dichloromethane 

(8:2) for elution affording 13 as a white to yellow solid (0.31 g, 1.37 mmol, 83% yield). 

Notebook reference: TKKI-273. 

IR (ZnSe): 2979 (C-H in CH3), 2229 (C≡C) cm-1 [34]. 

1H NMR (CDCl3): δ 1.15 – 1.18 (t, J3 = 7.52 Hz, 3H, -CH2-CH3),  2.18 – 2.25 (qt, J3 = 

7.52 Hz, 2H, - CH2-CH3), 3.17– 3.21 (m, 4H, —≡—CH2—≡—), 3.26 – 3.28 (m, J5 = 2.10 

Hz , 2H, —≡—CH2—≡—),  3.95 – 3.96 (t, J5 = 2.10, 2H, Br-CH2-) ppm.   

13C-NMR (CDCl3): δ 9.73 (CCH2C), 9.81 (CCH2C), 10.1 (CCH2C), 12.4 

(CCH2CH3), 13.8 (CH3), 14.7 (CH2Br), 73.0 (C), 73.5 (C), 73.9 (C), 75.1 (C), 75.4 

(C), 75.6 (C), 81.2 (C), 82.2 (C) ppm [34]. 

HRMS: Calculated for C14H13Br·Na 283.0093, found 283.0096 amu [34]. 
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Ethyl pent-4-ynoate (14).  To a stirred solution of EDCI (1.17 g, 6.12 mmol), DMAP 

(0.07 g, 0.56 mmol) in dichloromethane (1 mL), pent-4-ynoic acid (0.50 g, 5.10 mmol) and 

ethanol (0.470 g, 10.2 mmol) was added.  After stirring at room temperature for 2h all 

starting material had been consumed (monitored by TLC analysis) and the resulting 

mixture filtered through silica gel using pet. ether : diethyl ether (1:1) for elution to give 

pure product , after removal of solvent in vacuum, as slightly yellow oil (0.598 g, 4.74 

mmol, 93 % yield). 

Notebook reference: TKKI-229. 

IR (NaCl window): 3304 (C-H in C≡C-H) 2984 (C-H in CH3), 2934 (C-H in CH2), 2122 

(C≡C) 1732 (C=O) 1096 (C-O) 645 (C≡C-H bend) cm-1. 

1H NMR (CDCl3): δ 1.25 – 1.29 (t, J3 = 7.14 Hz, 3H, -CH3), 1.97 – 1.98 (t, J4 = 2.35 Hz, 

1H, H—≡), 2.28 – 2.57 (m, 4H, -CH2-CH2-CO), 4.14 – 4.19 (q, J3 = 7.14 Hz, 2H, -O-CH2-

CH3) ppm.   

13C-NMR (CDCl3): δ 14.18 (CH2), 14.33 (CH3), 33.35 (CH2), 60.63 (CH2), 68.96 (≡C), 

82.41 (≡C), 171.66 (C=O) ppm. 

HRMS: Calculated for C7H10O2·Na 149.0579, found 149.0572 amu. 
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Ethyl 8-(trimethylsilyl)octa-4,7-diynoate (15).  To a stirred suspension of CuI (0.45 g, 

3.57 mmol), NaI (1.07 g, 7.13 mmol) and Cs2CO3 (2.88 g, 8.91 mmol) in dry DMF and 

under nitrogen, 3-bromo-1-(trimethylsilyl)-1-propyne (1.02 g, 5.35 mmol) was added.  

Subsequently 14 (0.456 g, 3.57 mmol) was added and the resulting mixture stirred 

vigorously for 48h at room temperature.  Then the mixture was quenched with saturated 

solution of NH4Cl (25 mL) and extracted with ethyl acetate (3x25 mL), the organic layer 

was washed with brine (25 mL) and then water (2x25 mL), dried over MgSO4 filtered and 

concentrated.  The crude product was purified by flash chromatography (neutral silica gel) 

using pet. ether: ethyl acetate (7:3) for elution to afford pure product 15 as a dark red liquid 

(0.810 g, 2.96 mmol, 83 % yield). 

Notebook reference: TKKI-243. 

IR (NaCl window): 2960 (C-H in CH3), 2900 (C-H in CH2), 2183 (C≡C) 1739 (C=O) 1251 

(Si-CH3) 1096 (C-O) cm-1. 

1H NMR (CDCl3): δ 0.116 (s, 9H, TMS-) 1.25 – 1.28 (t, J3 = 7.14 Hz, 3H, -CH3), 2.48 – 

2.51 (m, 4H, - CH2-CH2), 3.17 – 3.18 (m, 2H, ≡—CH2—≡), 4.13 – 4.18 (q, J3 = 7.14, 2H, 

O-CH2-CH3) ppm.   

13C-NMR (CDCl3): δ 0.08 (TMS), 10.73 (CH2), 14.41 (CH3), 14.59 (CH2), 33.45 (CH2), 

60.43 (CH2), 74.09 (≡C), 78.79 (≡C), 84.72 (≡C), 100.2 (≡C), 171.8 (C=O) ppm. 

HRMS: Calculated for C13H20O2Si·Na 259.1130, found 259.1125 amu. 
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Ethyl octa-4,7-diynoate (16).  To a solution of product 15 (0.330 g, 1.21 mmol) in a 

mixture of MeOH, H2O and CH2Cl2 (4:1:7, by volume), AgNO3 (0.21 g, 1.21 mmol) was 

added and the resulting mixture stirred vigorously over night at room temperature.  The 

reaction was quenched with a saturated solution of NH4Cl, extracted with dichloromethane, 

then ethyl acetate, the organic layers were washed with brine and water, combined and 

dried over MgSO4, filtered and concentrated to afford pure product 16 as a dark brownish 

liquid (0.187 g, 1.14 mmol, 94 %).   

Notebook reference: TKKI-239.  

IR (NaCl window): 3292 (C-H in C≡C-H) 2983 (C-H in CH3), 2930 (C-H in CH2), 1933 

(C≡C) 1732 (C=O) 1096 (C-O) cm-1. 

1H NMR (CDCl3): δ 1.25 – 1.28 (t, J3 = 7.14 Hz, 3H, -CH3), 2.05 – 2.06 (t, J5 = 2.69 Hz, 

1H, H—≡), 2.45 – 2.59 (m, J5 = 2.47 Hz, 4H, CH2CH2), 3.12 – 3.17 (m, 2H, ≡—CH2—≡), 

4.13 – 4.18 (q, J3 = 7.14, 2H, -CH2-CH3) ppm.   

13C-NMR (CDCl3): δ 9.54 (CH2), 14.52 (CH3), 14.63 (CH2), 33.55 (CH2), 66.59 (CH2), 

67.48 (≡C), 69.57 (≡C), 73.91 (≡C), 97.18 (≡C), 171.9 (C=O) ppm. 

HRMS: Calculated for C10H12O2·Na 187.0735, found 187.0731 amu. 
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Ethyl docosa-4,7,10,13,16,19-hexaynoate (17).  To a stirred suspension of CuI (0.260 g, 

1.36 mmol), NaI (0.51 g, 3.41 mmol) and Cs2CO3 (0.882 g, 2.73 mmol) in dry DMF and 

under nitrogen, 13 (0.252 g, 1.13 mmol) was added.  Subsequently 16 (0.112 g, 0.681 

mmol) was added and the resulting mixture stirred vigorously for 48h at room temperature. 

Then the mixture was quenched with saturated solution of NH4Cl (25 mL) and extracted 

with ethyl acetate (3x25 mL).  The organic layer was washed with brine (25 mL) and then 

water (2x25 mL), dried over MgSO4 filtered and concentrated.  The crude product was 

purified by flash chromatography (neutral silica gel) using pet. ether: ethyl acetate (7:3) for 

elution to afford pure product 17 as a dark brown liquid (0.220 g, 0.639 mmol, 94 % yield). 

Notebook reference: TKKI-240. 

1H NMR (CDCl3): δ 0.97 - 1.00 (t, J3 = 7.50 Hz, 3H, CH3-CH2—≡—)  1.11 – 1.15 (t, J3 = 

7.14 Hz, 3H, O-CH2-CH3),  2.00 – 2.07 (qt, 2H, J3 = 7.50 Hz J5 = 2.25 Hz,  2H,  -CH3-CH2 

—≡—), 2.32 – 2.40 (m, 4H, -CH2-CH2), 2.97 – 3.02 (m,  J5 = 2.25 Hz, 10H, —≡—CH2—

≡—), 3.99 – 4.05 (q, J3 = 7.14, 2H, O-CH2-CH3) ppm.   

13C-NMR: pending. 

HRMS: Calculated for C24H24O2·Na 367.1674, found 367.1667 amu. 
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Ethyl (4Z, 7Z, 10Z, 13Z, 16Z, 19Z)-docosa-4,7,10,13,16,19-hexaenoate (18).  To a 

stirred suspension of Pd on CaCO3 5% poisoned with lead in diethyl ether and under 

hydrogen flow, quinoline (25µL, 0.213 mmol) was added.  Subsequently 17 (0.133 g, 

0.386 mmol) was added and the resulting mixture stirred vigorously for 25 min at room 

temperature.  Then the mixture was rinsed through a filter funnel laid with celite, using 

dichloromethane as solvent.  The crude product was treated by flash chromatography 

(neutral silica gel) using pet.ether: ethyl acetate (9:1) for elution to afford crude product 18 

without quinoline, at 53 % yields.  To further purify the product, it was put on 5% AgNO3 

prep TLC plate using acetone: pet. ether (5:2).  The purified product was scraped off the 

plate and extracted from the silica gel with methanol: dichloromethane (1:9) to afford pure 

product 18 as a light yellow oil. 

Notebook reference: TKKI-246. 

1H NMR (CDCl3): δ 0.96 – 0.99 (t, J3 = 7.05 Hz, 3H, CH3-CH2—=)  1.24 – 1.27 (t, J3 = 

7.13 Hz, 3H, -O-CH2-CH3),  2.04 – 2.14 (q, 2H, J3 = 7.05 Hz J5 = 4.52 Hz,  2H,  -CH3-CH2 

—=—), 2.33 – 2.41 (m, 4H, -CH2-CH2), 2.78 – 2.89 (m,  J5 = 4.52 Hz, 10H, =—CH2—=), 

4.11 – 4.16 (q, J3 = 7.14, 2H, O-CH2-CH3), 5.33 – 5.44 (m, 12H, HC=CH) ppm.   

13C-NMR pending. 

HRMS: Calculated for C24H36O2·Na 379.2613, found 379.2608 amu. 

 

 



51 

 References 

1. Holum, J.R., Fundamentals of general organic and biological chemistry. 6th ed. 

1997: John Wiley & Sons Inc. 

2. Berg, J.M., L. Stryer, and J.L. Tymoczko, Biochemistry. 2011, New York, NY: 

Freeman, Palgrave Macmillan. 

3. Clayden, J.; Greeves N.; Warren, S. and Wothers P., Organic chemistry. 2001, 

Oxford; New York: Oxford University Press. 

4. Neuringer, M.; Connor, W. E.; Van Petten, C.; Barstad, L., Dietary omega-3 fatty 

acid deficiency and visual loss in infant rhesus monkeys. J Clin Invest, 1984, 272-

276. 

5. Lopez-Garcia, E.; , S., Matthias B.; , M., James B.; , M., JoAnn E.; , R., Nader; , S., 

Meir J.; , W., Walter C.; , H., Frank B., Consumption of Trans Fatty Acids Is Related 

to Plasma Biomarkers of Inflammation and Endothelial Dysfunction. J. Nutr, 2005, 

135, 562-566. 

6. Rudin, D.F., Clara; Schrader, Constance, The Omega 3 phenomenon. 1987, United 

States of America: Coller Macmillian Inc. 

7. Tavazzi, L.; Maggioni, A. P.; Marchioli, R.; Barlera, S.; Franzosi, M. G.; Latini, R.; 

Lucci, D.; Nicolosi, G. L.; Porcu, M.; Tognoni, G., Effect of n-3 polyunsaturated 

fatty acids in patients with chronic heart failure (the GISSI-HF trial): a randomised, 

double-blind, placebo-controlled trial. Lancet, 2008, 372, 1223-1230. 

8. Bradbury, J., Docosahexaenoic Acid (DHA): An Ancient Nutrient for the Modern 

Human Brain. Nutrients, 2011, 529-554. 

9. Magnússon, C.D., Ether Lipids. Synthesis of structred diacyl glyceryl ethers and 

methoxylated 1-O-alkyl-sn-glycerols, Ph.D thesis Faculty of Physical Sciences. 2010, 

University of Iceland: Reykjavík. 

10. Mathews, C.K., K.E. Van Holde, and K. Ahern, Biochemistry. 2000, Menlo Park, 

Calif.; Harlow: Benjamin/Cummings. 

11. Jónsson, H.F., Specialized Pro-resolving lipid mediators: Bioactive omega-3 Fatty 

acid derivatives structure, biosynthesis and effects. 2015, University of Iceland: 

Reykjavík, report. 



52 

12. Goyens, P.L.L. and R.P. Mensink, Effects of alpha-linolenic acid versus those of 

EPA//DHA on cardiovascular risk markers in healthy elderly subjects. Eur J Clin 

Nutr, 2006, 60, 978-984. 

13. Swanson, D., R. Block, and S.A. Mousa, Omega-3 Fatty Acids EPA and DHA: 

Health Benefits Throughout Life. Adv Nutr, 2012, 3, 1-7. 

14. Sidhu, K.S., Health benefits and potential risks related to consumption of fish or fish 

oil. Regul Toxicol Pharm, 2003,  38, 336-344. 

15. Rögnvaldsdóttir, E.K., Synthesis of structured ether lipids and n-3 polyunsaturated 

fatty acids., MSc. thesis  Faculty of  Physical Science. 2013, University of Iceland. 

16. Calder, P.C., Omega-3 polyunsaturated fatty acids and inflammatory processes: 

nutrition or pharmacology? Brit J Clin Pharmaco, 2012, 75, 645-662. 

17. Alberts, B.J., Alexander; Lewis, Julian; Raff,Martin; Roberts, Keith; Walter, Peter, 

Molecular Biology of the Cell. 5 ed. 2007: Garland Science. 

18. Nelson, D.L. and M.M. Cox. Lehninger principles of biochemistry. 2008; Available 

from: http://bcs.whfreeman.com/lehninger/. 

19. Curtis-Prior, P.B., The eicosanoids. 2004, Chichester, England: John Wiley & Sons. 

20. Gil, A., Polyunsaturated fatty acids and inflammatory diseases. Biomed 

Pharmacother, 2002, 56, 388-396. 

21. Wall, R.; Ross, R. P.; Fitzgerald, G. F.; Stanton, C., Fatty acids from fish: the anti-

inflammatory potential of long-chain omega-3 fatty acids. Nutr Rev, 2010, 68,  280-

289. 

22. Farooqui, A.A. and T. Farooqui. Molecular aspects of neurodegeneration and 

neuroprotection. 2011. 

23. Bazan, N., The docosanoid Neuroprotectin D1 induces homeostatic regulation of 

neuroinflammation and cell survival. Prostaglandins Leukot Essent Fatty Acids, 

2013, 88, 127-129. 

24. GISSI Prevenzione Investigators. Dietary supplementation with n-3 polyunsaturated 

fatty acids and vitamin E after myocardial infarction: results of the GISSI-

Prevenzione trial. Gruppo Italiano per lo Studio della Sopravvivenza nell'Infarto 

miocardico. Lancet, 1999, 354, 447-455. 

http://bcs.whfreeman.com/lehninger/


53 

25. Magnusson, C.D. and G.G. Haraldsson, Activation of n-3 polyunsaturated fatty acids 

as oxime esters: a novel approach for their exclusive incorporation into the primary 

alcoholic positions of the glycerol moiety by lipase. Chem Phys Lipids, 2012, 165, 

712-720. 

26. Yokoyama, M.; Origasa, H.; Matsuzaki, M.; Matsuzawa, Y.; Saito, Y.; Ishikawa, Y.; 

Oikawa, S.; Sasaki, J.; Hishida, H.; Itakura, H.; Kita, T.; Kitabatake, A.; Nakaya, N.; 

Sakata, T.; Shimada, K.; Shirato, K., Effects of eicosapentaenoic acid on major 

coronary events in hypercholesterolaemic patients (JELIS): a randomised open-

label, blinded endpoint analysis. Lancet, 2007, 369, 1090-1098. 

27. Terry, P.; Lichtenstein, P.; Feychting, M.; Ahlbom, A.; Wolk, A., Fatty fish 

consumption and risk of prostate cancer. Lancet, 2001, 357, 1764-1766. 

28. Peet, M.; Brind, J.; Ramchand, C. N.; Shah, S.; Vankar, G. K., Two double-blind 

placebo-controlled pilot studies of eicosapentaenoic acid in the treatment of 

schizophrenia. Schizophr Res, 2001, 49, 243-251. 

29. Barberger-Gateau, P.; Letenneur, L.; Deschamps, V.; Peres, K.; Dartigues, J. F.; 

Renaud, S., Fish, meat, and risk of dementia: cohort study. Bmj, 2002, 325, 932-933. 

30. Uauy, R. and C. Castillo, Lipid requirements of infants: implications for nutrient 

composition of fortified complementary foods. J Nutr, 2003, 133, 2962-2972. 

31. Connor, W.E., Importance of n−3 fatty acids in health and disease.  Am J Clin Nutr, 

2000, 71, 171S-175S. 

32. Gunstone, F.D., Lipid synthesis and manufacture. 1999, Sheffield : Mansion House, 

Sheffield academic press Ldt, England. 

33. Durand, S., J.-L. Parrain, and M. Santelli, Construction of (Z,Z ) skipped 1,4-dienes. 

Application to the synthesis of polyunsaturated fatty acids and derivatives. J Chem 

Soc, Perkin Trans 1, 2000, 253-273. 

34. Lúthersson, E., Total synthesis of polyunsaturated DHA-like methoxylated ether 

lipid, MSc. thesis Faculty of Physical sciences. 2013, University of Iceland: 

Reykjavík. 

35. Lapitskaya, M.A., L.L. Vasiljeva, and K.K. Pivnitsky, A Chemoselective Synthesis of 

Functionalized 1,4-Alkadiynes (Skipped Diacetylenes). Synthesis, 1993, 65-66. 

36. Romanov, S. G.; Ivanov, I. V.; Shevchenko, V. P.; Nagaev, I. Y.; Pushkov, A. A.; 

Myasoedov, N. F.; Myagkova, G. I.; Kuhn, H., Synthesis of (5Z,8Z,11Z,14Z)-18- and 

19-azidoeicosa-5,8,11,14-tetraenoic acids and their [5,6,8,9,11,12,14,15-3H8]-



54 

analogues through a common synthetic route. Chem Phys Lipids, 2004, 130, 117-

126. 

37. Corey, E.J. and N. Raju, A new general synthetic route to bridged carboxylic ortho 

esters. Tetrahedron Letters, 1983, 24, 5571-5574. 

38. Halldorsson, A., C.D. Magnusson, and G.G. Haraldsson, Chemoenzymatic synthesis 

of structured triacylglycerols by highly regioselective acylation. Tetrahedron, 2003, 

59, 9101-9109. 

39. Das, E. Unpublished report, July 2015. 

40. Nikolova-Damyanova, B. Silver Ion chromatography and lipids, Advances in Lipid 

Methodology,1992, 181-273 (Ed W. W Christie, Oily Press, Ayr).  P.J Barnes & 

Associates (The Oily Press) . 

41. Mitsudome, T.; Yamamoto, M.; Maeno, Z.; Mizugaki, T.; Jitsukawa, K.; Kaneda, K.,  

One-step Synthesis of Core-Gold/Shell-Ceria Nanomaterial and Its Catalysis for 

Highly Selective Semihydrogenation of Alkynes. J Am Chem Soc, 2015, 137, 13452-

13455. 

 

 

  

 

 


