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Abstract 

The thesis describes a four step chemoenzymatic synthesis of four novel enantiomerically 

pure diacylglyceryl ether (DAGE) diastereomers, all of which may serve as potential 

prodrugs. All The DAGEs contained a saturated alkyl chain in the sn-1 position, a non-

steroidal anti-inflammatory drug, (S)-naproxen or (S)-ibuprofen, in the sn-2 mid position, 

and then the bioactive polyunsaturated fatty acid (PUFA), EPA or DHA, in the sn-3 end 

position of the glycerol moiety. The reason for undertaking this task was to possibly combine 

the beneficial health effects of the drug and the omega-3 PUFA within the same molecule. 

Throughout the synthesis the goal was to maintain the products stereoisomerically pure. A 

lipase, CAL B, which has excellent regioselectivity and efficiency in its 1,3-regioselectivity 

of glycerol, was used to add the PUFA to the end position while maintaining the 

stereoisomer. The coupling of the NSAID molecule was achieved with the use of DMAP as 

a base and catalyst and EDAC, which activates the ester. All of the compounds were fully 

characterized with the use of 1H, 13C, COSY, HETCOR NMR and IR spectroscopy and 

HRMS, along with the measured specific rotation. Excellent yields were acquired for both 

the EPA containing DAGEs products, 94 % and 95 % for (S)-naproxen and (S)-ibuprofen, 

respectively.  

 

 

Útdráttur 

Verkefnið fólst í efnasmíði á fjórum áður ósmíðuðum handhverfihreinum díasýlglýseról eter 

fjölhverfum, sem allir gætu verkað sem svokölluð forlyf. Díasýlglýseról eterarnir innihéldu 

allir mettaða alkýl keðju í sn-1 stöðu, verkja- og bólgustillandi lyf, (S)-naproxen eða (S)-

ibuprofen í sn-2 stöðu og ómega-3 fjölómettaða fitusýru, EPA eða DHA, í sn-3 stöðu 

glýseról hluta sameindarinnar. Þetta var gert til þess að tvinna saman jákvæð heilsufarsleg 

áhrif lyfjanna og ómega-3 fitusýrunnar innan sömu sameindarinnar. Stefnt var að því að 

halda í rúmhverfu upphafs efnisins og því smíða rúmhverfuhrein efni. Til þess var notast við 

lípasa, CAL B, sem hefur frábæra staðvendni og hefur reynst henntugur til að halda 1,3-

rúmvísi, við innleiðslu ómega-3 fitusýrunnar í endastöðu. Við kúplun lyfsis var notast við 

DMAP sem basa og hvata og EDAC til þess að virkja esterinn. Öll milli- og lokamyndefni 

var greind að fullu með 1H, 13C, COSY, HETCOR og IR litrófsgreiningum og hágæða 

massamælingum. Lokamyndefnin sem innihéldu EPA í endastöðu fengust í frábærum 

heimtum, 94 % fyrir (S)-naproxen og 95 % (S)-ibuprofen. 
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1 Introduction 

Omega-3 polyunsaturated fatty acids have been shown to have anti-inflammatory effects and 

prodrug properties [1, 2]. It could be possible to enhance the anti-inflammatory and prodrug 

efficiencies of known non-steroidal anti-inflammatory drugs by synthesizing a molecule 

constituting both.  

This thesis consists of five chapters. The first chapter is an introduction which provides 

general information about the chemicals involved and their properties. The second one 

provides an overview of the project and the synthesis. The third chapter provides detailed 

discussion and results of the synthesis, and the fourth reveals the experimental methods. The 

fifth and final chapter concludes the thesis.  

1.1 Stereoisomers 

Molecules which have the same chemical formula but differ in their structure are isomers. 

Isomers are categorized into two fundamental groups, constitutional and stereoisomers. 

Constitutional isomers differ in connectivity while stereoisomers have the same connectivity 

of atoms but differ in their spatial arrangement and are categorized into two groups, 

enantiomers and diastereomers. Enantiomers are molecules that are nonsuperimposable on 

their mirror image and constitute a chiral carbon, i.e. carbon centre which connects to four 

different groups. However, a chiral centre is not a perquisite for chirality. Diastereomers are 

categorized into two groups, configurational (generally constitute two or more chiral carbon 

atoms) and cis-trans diastereomers. Configurational diastereomers differ in the 

configuration of some of their chiral carbon atoms, therefore, they are nonsuperimposablea 

and are not mirror images of each other. Cis-trans diastereomers constitute substituents 

which are on the same side or opposite side of a double bond or a ring. In an achiral 

environment, enantiomers have identical NMR and IR spectra, and physical properties. 

However, there is one important difference which is the optical activity. That is, the two 

enantiomers rotate a plane-polarized light equally, but in the opposite direction. Either the 

plane-polarized light rotates clockwise (+) or anticlockwise (–). The chemical reactivity of 

enantiomers can differ greatly towards other chiral molecules. Many molecules found in 

nature are chiral and often is only one of the enantiomer of a chiral molecules active, for 

example, the amino acids found in nature are mostly of the one and the same enantiomer. 

Figure 1.1 below shows the structure of 1-O-alkylglycerol, a key intermediate in the 

synthesis, and its two possible configurations S and R, which are determined by assigning 

priority to the groups connected to the chirality centre.  
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Figure 1.1: The two enantiomers of 1-O-alkyl-sn-glycerol 

Whilst the physical and chemical properties of enantiomers are identical, the physical and 

chemical properties of diastereoisomers differ. Diastereoisomers are stereoisomers that are 

not mirror images of one another. Diastereoisomers can exist as achiral and chiral 

compounds. If the compound has two, or more, chiral carbons, diastereoisomers can exist 

[3]. In this thesis the aim was to synthesis enantiomerically and diastereomerically pure 

compounds. 

1.2 Structure of the glycerol moiety 

Glycerol (1,2,3-propanetriol) is an important element of lipids. Glycerol contains a prochiral 

carbon atom attached to a hydrogen, a hydroxyl group, and two CH2OH groups. When one 

of the two latter groups is altered in any way, the molecule becomes chiral. Therefore the 

two CH2OH groups are enantiotopic. There, the carbon atom is also prochiral and if one of 

the two hydrogen atoms would be changed to deuterium atom, then the carbon atom would 

be chiral, along with the middle carbon. Therefore, the molecule would be a distereoisomer 

and the methylene protons therefore diastereotopic. The three carbon atoms are 

stereospecifically numbered (sn) in order to label the stereochemistry of glycerol derivatives. 

A Fischer projection is used to characterize the molecule, with the three carbon atoms 

labelled sn-1, sn-2, and sn-3 from top to bottom, respectively (see Figure 1.2).   

 

 

Figure 1.2: Stereospecific numbering of the glycerol. Fischer projection of the prochiral glycerol. 

In the Fischer projection the horizontal lines project up from the plane of the paper, and the 

vertical lines project down from the plane of the paper [4]. To emphasize, the glyceryl lipid 

will be chiral when the substituents in the sn-1 and sn-3 positions differ in any way. Two 

enantiomers with opposite optical rotations will be acquired. That is, if either the sn-1 or sn-

3 position is altered, the molecule will become chiral with either S or R configuration, 

respectively. More importantly, those two enantiomers will react differently in enzymatic 

processes [5]. In the current synthesis, the starting material used was (R)-solketal which has 

the sn-2 and sn-3 positions protected. Therefore, by adding an alkyl chain to the sn-1 position 

and then deprotection of the acetal yields (S)-glyceryl ether.   
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1.3 Ether lipids 

1-O-alkyl-sn-glycerol, also known as alkylglycerols, based ether lipids are major 

constituents of the liver oils of Selachii (sharks), Chimearas (ratfish), and Batoidea (rays). 

The most prevalent of the alkylglycerols are named after their source, selachyl (C18:1 ω-9), 

chimyl (C16:0), and batyl (C18:0) alcohols, respectively (see Figure 1.3). 

 

 

Figure 1.3: Chemical structures of the three most common alkylglycerols, a) chimyl, b) batyl, and c) selachyl 

alcohol.  

They are usually found in nature as their diacylated form as 1-O-alkyl-2,3-diacyl-sn-

glycerols. Generally known as diacylglyceryl ethers (DAGEs). Alkylglycerols are not only 

found in marine animals, they are also present in cell membranes of animals and studies have 

also shown them to occur in land animals. The major reservoir of naturally occurring 

alkylglycerols are present in the liver oil of vertebrate marine animals, which contain greater 

alkylglycerol levels than the oils of vertebrate land animals [6]. 

There are believed to be a few health benefits linked to shark liver oil, such as activity against 

colon inflammation and arthritis. Liver oil isolated from Greenland shark has been shown to 

prevent leukopenia and thrombocytopenia in cancer patients who received these 

alkylglycerols or their corresponding DAGEs prior to radiation treatment. Also, 

alkylglycerols have been shown to depress the growth of certain tumours [7]. 

1.4 Omega-3 polyunsaturated fatty acids 

Polyunsaturated fatty acids (PUFAs) are unsaturated aliphatic chains with a carboxyl group 

at the end. The term omega-3 (ω-3) is derived to describe the structure of PUFAs. That is, 

ω-3 signifies the position of the double bond closest to the terminal methyl group of the acyl 

chain. All omega-3 fatty acids (FAs) have a double bond starting at the third carbon, counting 

from the terminal methyl group as number one. Even though animals, including humans, do 

not have the enzymatic capacity to synthesize the essential FA α-linolenic acid (ALA; 18:3 

ω-3) which is the precursor to the ω-3 family of PUFAs, they do possess the enzymatic 

capacity to synthesize two other omega-3 PUFAs, both of which are of great importance. 

Those are, eicosapentaenoic acid (EPA; 20:5 ω-3) and docosahexaenoic acid (DHA; 22:6 ω-

3), (see Figure 1.4a and 1.4b). The notation 18:3 states that there are 18 carbon atoms present, 
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including the carboxyl carbon atom, and there are three double bonds. The degree of 

unsaturation and the length of the acyl chain is the largest determination of the physical 

properties of PUFAs. The longer the acyl chain and fewer the double bonds, the lower is the 

solubility in water [2]. 

 

 

Figure 1.4: Structure of the PUFAs a) EPA and b) DHA. 

The optimal ratio between ω-6 and ω-3 PUFAs for a healthy diet is said to be between 1:1 

and 4:1. An imbalance of ω-6 and ω-3 PUFAs in the diet can lead to an increased risk of 

cardiovascular disease. Some vegetables oils and fish oils are especially rich in omega-3 

PUFAs. Fish oils are especially rich in EPA and DHA [4, 8]. DHA is an important structural 

factor of neuronal membranes and EPA has vital physiological functions that can affect 

neuronal activity. A connection has been shown between low intake of omega-3 in the diet 

and depression. Also, depressive and schizophrenic patients have been shown to have 

reduced levels of omega-3 FAs in red blood cells [9, 10]. 

1.5 Prodrugs 

Prodrugs is a term used to describe inactive chemical derivatives that could be used to 

modify the physicochemical properties of drugs to increase their efficacy and decrease their 

toxicity. Prodrugs are bioreversible derivatives of drug molecules that can undergo chemical 

or enzymatic transformation in vivo in order to secrete the active drug. Prodrugs are generally 

designed to improve certain physiochemical and biopharmaceutical properties of the active 

drugs, such as absorption, distribution and metabolism. Also, to overcome pharmaceutical 

barriers in clinical drug application, like the lack of site specificity, chemical instability and 

toxicity. The drug must contain a functional group as for example carboxylic acid. Then the 

drug may be formulated as the corresponding ester prodrug.  

There are five types of prodrugs. They include hard prodrugs, which are biologically active 

substrates with a high lipid or water solubility having a long biological half-life. Soft 

prodrugs are biologically active substrate that are biotransformed in vivo in a fast and 

foreseeable manner into nontoxic moieties. Carrier-linked prodrugs are compounds that 

contain the active drug linked to a carrier group that can be removed enzymatically, the 

prodrug typically, an ester, should be biologically inactive. And, bioprecursors and mutual 

prodrugs [11]. In the synthesis described herein, EPA and DHA, which are claimed to be 

prodrugs themselves [2], and an active drug were coupled into one and the same molecule 

in order to form novel prodrugs.  
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1.6 The drugs 

Naproxen and ibuprofen are both a non-steroidal anti-inflammatory drug (NSAID). Both are 

widely used in human medicine for their fever and inflammatory relieving properties and 

pain reduction. Naproxen is often administered as sodium salt to improve its solubility. 

Naproxen poses an intermediate risk of stomach ulcers compared with ibuprofen, which is 

low-risk [12]. Naproxen is commonly used to reduce pain or inflammation caused by 

migraine or gout [13]. Ibuprofen is used to reduce dental pain and headaches for example 

[14]. Both of these drugs contain a chiral carbon. Therefore they both exist as enantiomers. 

However, only the S enantioisomers are active [14]. The drugs both contain a carboxylic 

group, which is necessary to couple the drugs to the sn-2 position of the glycerol moiety (see 

Figure 1.5). 

 

 

Figure 1.5: Structure of the drugs a) (S)-(+)-ibuprofen and b) (S)-(+)-naproxen 

1.7 Lipases 

Enzymes are very important in organic synthesis because of their selectivity. They have high 

catalytic efficiency and are active at atmospheric pressure, temperature around 20-40 °C and 

at neutral pH. Also, enzymes show great regioselectivity towards compounds having 

multifunctional groups and chemoselectivity towards different functional groups in a 

compound. Enzymes are able to perform a one-step synthesis in higher yields, instead of 

multiple step synthesis which requires the use of chiral catalysts, protection and deprotection 

reaction steps. Immobilization of an enzyme requires the structure to have a pre-decided 

conformation or fold, allows for re-use and easy recovery. Also, immobilization usually 

increases the stability of the enzyme [15].  

Lipases, esterases and proteases belong to the same class of serine hydrolases, they catalyse 

the hydrolysis of many functional groups. Lipases catalyse the hydrolysis of a specific type 

of ester bonds, those are triacylglycerols (TAGs), to yield free fatty acids, monoacylglycerols 

(MAGs), diacylglycerols (DAGs), and glycerol. The reaction is reversible and therefore 

lipases can be used to catalyse the formation of acylglycerols in organic media. Lipases can 

be non-regiospecific, that is, they catalyse the complete splitting of TAGs to FAs and 

glycerol. Lipases can be 1,3-regioselective  which hydrolyse TAGs to FAs, 1,2(2,3)-DAG 

or 2-MAG. Also, lipases can have specificity toward specific kinds of FAs [15]. 

The lipase used in the current synthesis, Candida antarctica lipase B (CAL B) has shown 

excellent regioselectivity and efficiency in its 1,3-regioselectivity of glycerol. That is, CAL 

B has been shown to interact exclusively at the sn-1 and sn-3 positions of the glycerol, not 

the sn-2 position, to yield regioisomerically pure 1,3-DAGs [16]. Many lipases, including 

CAL B have been observed to possess a lid that opens and closes the access of substrates to 

their active site (see figure 1.6) [17]. 
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Figure 1.6: Open and closed conformation of Candida antarctica lipase B, based on X-ray diffraction [17]. 
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2 The project 

The aim of the project was to synthesize four enantiomerically pure ether lipid 

diastereisomers. The synthesis was based on chimyl alcohol, possessing the hexadecyl chain 

in the sn-1 position, (S)-ibuprofen and (S)-naproxen in the sn-2 position and EPA and DHA 

in the sn-3 position of the glycerol moiety. This required a four step synthesis, where the 

first step involved alkylating the sn-1 positions by the Williamson ether synthesis. The 

second step was the deprotection of the acetal protection group. In the third step, CAL B was 

used to couple the PUFA in the form of an acetone oxime derivative, which was synthesized 

beforehand (see Figure 2.1), to the sn-3 position. The fourth step involved the use of N–(3–

dimetylaminopropyl)–N‘–ethylcarbodiimide hydrochloride (EDAC) as a coupling agent in 

the presence of 4–(dimethylamino)pyridine (DMAP) as a base and catalyst in order to couple 

the active drug molecule (DRUG) to the sn-2 position of the glycerol moiety (see Figure 

2.2). All the synthesized compounds, except one, were identified with the use of IR, 1H and 
13C NMR spectroscopy, a high resolution mass spectrometer (HRMS), and optical activity. 

Also, the melting point of the product formed in second step was measured since it was a 

solid.  

 

 

Figure 2.1: Scheme of the PUFA acetone oxime derivative preparation 

 

Figure 2.2: Overall scheme of the synthesis of the four diasteromerically pure DAGEs, containing a 

saturated alkyl glycerol and all possible combinations of PUFAs in the sn-2, and DRUGs in the sn-3 

positions. 
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3 Results and Discussion 

3.1 Polyunsaturated fatty acid acetone oxime 

derivatives 

PUFA acetone oxime derivatives were used because of their good leaving group properties, 

they increase the reactivity of the ester and are poor nucleophiles. These oxime derivatives 

allow for the use of lipases to couple the PUFAs exclusively to the sn-3 position, therefore, 

greatly reducing the risk of acyl migration. 

The acetone oxime group was reacted with the fatty acid in dichloromethane (DCM) using 

EDAC as a coupling agent in the presence of DMAP as a base and catalyst in order to yield 

the PUFA acetone oxime derivative. DMAP is a very efficient acylation catalyst as its 

basicity is about four orders of magnitude greater than that of pyridine, which is due to the 

charge delocalisation of its conjugate acid. Therefore only a small amount is needed to do 

the job intended. EDAC is a carbodiimide type compound which was used to form the 

activated ester, the ester is activated because substitution with a nucleophile yields a urea 

type compound as a leaving group (see Figure 3.1). Once the reaction had reached an 

endpoint, the reaction was discontinued by applying the reaction mixture to a short silica gel 

column.  

 

 

Figure 3.1: Mechanism for the formation of the PUFA acetone oxime derivatives. Here it can be observed 

how the DMAP plays the role of a base at the beginning of the reaction and then in the end as a catalyst for 

the esterification of the acetone oxime. Also, it can be observed how the EDAC activates the ester of the free 

fatty acid. 

The synthesis of both PUFA acetone oxime derivatives were successful and gave good yields 

(see Table 1).  
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Table 3.1: Yield of both the synthesis of EPA and DHA acetone oxime derivatives compared to previously 

reported yields [18]. 

Product Yield (%) Literature yield (%) 

1 78 85 

2 80 84 

 

The products 1 and 2 were identified with the use of 1H NMR and IR spectroscopy and high 

resolution mass spectrometry (HRMS). The 1H NMR spectrum of 1 (see Figure A.1) was 

analysed and there were some minor impurities visible in the spectrum. After the 

esterification ten protons were observed at δ 5.49-5.23 ppm which attributed to the vinyl 

groups. Next were observed eight protons at 2.89-2.73 ppm which correspond to the allyl 

protons between double bonds. Then were the α protons at 2.44-2.38 ppm, γ protons at 2.18-

2.11 ppm, the ω-2 protons at 2.11-2.01 ppm and the β protons at 1.81-1.73 ppm. All of the 

peaks described above were observed as multiplets (m). The terminal methyl protons were 

observed as a symmetric triplet (t). Finally, the two methyl groups of the oxime were 

observed as two separate singlets (s).  

The IR spectrum showed a small broad peak above 3000 cm-1 which might either be water 

impurities or a carboxylic acid group of unreacted free fatty acid. The peak at 1762 cm-1 

indicates the carbonyl group.  

The 1H NMR spectrum of 2 (see Figure A.6) was very similar to that of 1 with the α and β 

protons now observed to resonate as a single multiplet at δ 1.81-1.73 ppm. Also, there were 

twelve vinyl protons and ten allyl protons between double bonds were observed for 2.  

The IR spectra of both were very similar. The IR spectrum for compound 2 also showed a 

broad peak above 3000 cm-1. The peaks around 3000 cm-1 are due to =C-H stretches. The 

peak at 1759 cm-1 indicates the carbonyl group and the peak at 1655 cm-1 in due to the C=C 

stretches. 

3.2 Alkylglycerol  

The synthesis of the alkylglycerol was brought about in two steps. First an enantiomerically 

pure (R)-solketal was alkylated to form the isopropylidene protected alkylglycerol, 1-O-

hexadecyl-sn-glycerol. The reaction was carried out in a solvent free environment. 

Potassium hydroxide was used as a base to deprotonate the solketal, which then underwent 

a nucleophilic SN2 attack of the 1° 1-bromohexadecane. The use of tetrabutylammonium 

bromide (TBAB) was needed to act as a phase transfer catalyst for the base. The reaction 

was carried out at 37 °C overnight. After workup the protected alkyl glycerol was acquired. 

This was the only product which was not identified fully. Rather the product was separated 

from the catalyst and unreacted materials and purified as needed before proceeding to the 

next step.  

The second step in the synthesis of the alkylglycerol was the acetal deprotection. Two 

different procedures were carried out for the deprotection. This was done to compare the two 

methods. One method required p-toluenesulfonic acid catalyst in H2O/THF solvent system 

to be refluxed overnight. The other method required HCl acid catalyst in H2O/EtOH solvent 

system to be vigorously refluxed for half an hour. The latter method was deemed the superior 
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of the two since it required less reaction time and both gave very similar yields (see Figure 

3.2). After workup the product was acquired as a white crystalline solid, which was 

recrystallized from n-hexane at -18 °C.  

 

 

Figure 3.2: Mechanism for the synthesis of 1-hexadodecyl-O-glycerol. The product of the first reaction is 

shown in square bracke,.which was then deprotected with the use og acid catalyst 

The synthesis of product (S)-3 was successful, however, the yield was not as high as 

expected. The product was acquired in 49% yield compared to 80% as previously reported 

[19]. The product was fully identified with the use of 1H, 13C, COSY and HETCOR NMR, 

and IR spectroscopy. 

The 1H NMR spectrum of alkylglycerol (S)-3 was in accordance with its structure. As 

expected it had a multiplet that was observed at δ 3.90-3.82 ppm corresponding to the proton 

located at the chiral carbon. The remaining four protons belonging to the glycerol moiety 

resonated as a doublet of doublets (dd), each at 3.72, 3.65, 3.54, and 3.50 ppm. This was 

expected because the protons in question are prochiral and therefore chemically 

inequivalent. The methylene protons closest to the ether oxygen on the alkyl group resonated 

as a triplet of doublets. The protons belonging to the methylene group second from the ether 

bond appeared as a broad (br) quintet (qn), whereas the remaining methylene protons 

resonated as a broad signal corresponding to 26 protons. The terminal methyl group protons 

resonated as a broad triplet as expected. Finally, the protons belonging to the hydroxyl 

groups were observed to appear as a triplet and doublet for the sn-3 and sn-2 alcohol protons, 

respectively (see Figure A.11).  

The IR spectrum for product (S)-3 showed a broad peak in the 3200–3500 cm-1 region for 

the alcohol groups. Then there were peaks for C–H stretches at 2920 and 2848 cm-1 and a 

peak for the C=C stretches observed at 1655 cm-1. 
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3.3 Lipase reaction 

The synthesis of 1–O–hexadecyl–3–PUFA–sn–glycerol, compounds (R)-4 and (R)-5, were 

carried out in a water free environment with the use of enzymatic catalyst, CAL B. The lipase 

used ensures exclusive acylation of the sn-3 position of the glycerol moiety and works under 

mild conditions, which was ideal in order to limit the risk of acyl migration to the sn-2 

position. The use of lipase to catalyse the reaction also enabled the reaction to be carried out 

in a single step rather than multiple step involving protection and deprotection of the sn-2 

position, it also simplified the workup since it is a heterogeneous catalyst and can easily be 

filtered off [18]. The lipase has a catalytic triad, serine (SER) as a nucleophile, histidine 

(HIS) as a base, and aspartic acid (ASP), all of which are necessary to catalyse the reaction 

(see Figure 3.3).  

 

 

Figure 3.3: Mechanism of the synthesis of 1–O–hexadecyl–3–PUFA–sn–glycerol, where PUFA is either the 

EPA or DHA ω-3 fatty acid. Here, the specific role of each of the catalytic triad amino acids of the lipase is 

shown. 
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Molecular sieves were used to encapsulate any water that might find its way into the reaction. 

Also, and more importantly, they were used to encapsulate the acetone oxime co-product, in 

order to make the reaction less reversible. Excess PUFA acetone oxime was used to ensure 

that all of the alcohol would be consumed in the reaction. The reaction mixture was stirred 

under inert atmosphere at room temperature while being kept away from light for four hours. 

Special care had to be taken to ensure that the minimal amount of solvent possible was used. 

If too much solvent was used the reaction rate slowed down and the alcohol would not be 

completely reacted after four hour. This was monitored via thin layer chromatography 

(TLC). Even though the reaction had not reached an endpoint it had to be discontinued in 

order to prevent any acyl migration that might occur at a longer reaction time. After the 

reaction had been discontinued via filtration, a mixture of excess PUFA acetone oxime and 

the product was acquired. The product was to be isolated by the means of precipitating, as 

described in the literature [18]. The product mixture was dissolved in hot methanol and 

cooled at -25 °C overnight and then cooled further in an acetonitrile cooling bath at -40 °C. 

This resulted in white powder and orange solution. At first the resulting mixture was 

separated via filtration and the solid material washed with cold methanol (-40 °C). This 

method proved problematic since the solid material quickly melted and went through with 

the filtrate. This gave about 25 % yield of a slightly yellow solid. By means of 1H NMR 

spectroscopy it was evident that there was still PUFA acetone oxime present, therefore, 

further purification was needed. Now, decantation was used instead of filtration. This 

method also proved problematic since the solid had a tendency to float around in the solution 

making it difficult to only pour off the filtrate. The highest obtained yield through 

decantation was 20 % and the purity of the resulting product was not satisfactory.  

Since both of these methods gave unsatisfactory yields and purities of the product, the third 

method attempted was to separate the product from the excess reactant with the use of 4 % 

boric acid impregnated flash silica gel column chromatography. The 4 % boric acid 

impregnated silica gel was used to prevent acyl migration that would otherwise occur during 

the silica gel separation. Since the Rf values of the product and the excess reactant were very 

similar, about 0.1 difference in Rf value, therefore, a gradient elution of ethyl acetate 

(EA)/petroleum ether (PE) (2:98 up to 15:85) was used to purify the products (R)-4 and (R)-

5. Once a suitable method had been established, the synthesis gave satisfactory yields. 

However, the yield for compound (R)-4 was considerably lower than for compound (R)-5 

(see Table 3.2). The products were fully identified with the use of 1H, 13C, COSY and 

HETCOR NMR, and IR spectroscopy. 

Table 3.2: Yields from the synthesis of 1–O–hexadecyl–3–PUFA–sn–glycerol [18]. 

Product PUFA Yield (%) Literature yield (%) 

(R)-4 EPA 59 90 

(R)-5 DHA 83 91 

 

The 1H NMR spectra were expected to display a combination of compounds 1 and (S)-3, and 

2 and (S)-3, for compounds (R)-4 and (R)-5, respectively. This is what was observed, every 

peak observed in the 1H spectra of compounds 1 and (S)-3 were more or less observed at the 

same chemical shifts in the spectrum for the newly synthesized monoacylglycerol ether 

(MAGE), compound (R)-4. With the distinctive exception that the two singlets 

corresponding to the two methyl groups of the oxime were now absent. Also, the sn-2 and 

sn-3 protons of the glycerol moiety had shifted further downfield. The sn-3 protons showed 
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a dramatic downfield shift because the newly formed ester is directly bonded to that position 

and are therefore now further downfield than the sn-2 proton compared to the spectrum of 

compounds (S)-3. The same arguments can be made about the observed spectrum of (R)-5 

compared to the 1H spectra of compounds 2 and (S)-3 (see Figures A.16 and A.21, 

respectively). 

The IR spectra of compounds (R)-4 and (R)-5 both show a broad peak above 3000 cm-1 

corresponding to the alcohol group. Around 3000 cm-1 were peaks corresponding to =C–H 

and C–H stretches. At 1740 cm-1 a peak was observed for the carbonyl stretches. Around 

1650 cm-1 a peak was observed for the carbon-carbon double bond and around 1120 cm-1 

another peak was observed corresponding to the ether (see Figures A.20 and A.25, 

respectively). 

3.4 Coupling of the DRUGs 

The syntheses of the four different diacylglycerol ether products, 6-9, were carried out with 

the use of EDAC as a coupling agent in the presence of DMAP as a base and catalyst, as 

described earlier, in dichloromethane as solvent (see Figure 3.4). The reaction mixture, 

which was monitored via TLC, was stirred under inert atmosphere while keeping it away 

from light overnight. Once the reaction had reached an endpoint the reaction was 

discontinued by applying the reaction mixture to a short silica gel column with a 

dichloromethane/diethyl ether (Et2O) solvent mixture as eluent (9:1, DCM:Et2O). The crude 

products were further purified with the use of flash silica gel column chromatography, which 

afforded the DAGEs products in good to excellent yields (see Table 3.3). For the naproxen 

derivatives 6 and 8 a solvent system of ethyl acetate/petroleum ether (15:85, EA:PE) was 

used whereas for the ibuprofen derivatives 7 and 9 ethyl acetate/petroleum ether (10:90, 

EA:PE) was used. The products were fully characterized with the use of 1H, 13C, COSY and 

HETCOR NMR, and IR spectroscopy. 

Table 3.3: Yields of the four diacylglycerol ethers synthesized.  

Product DRUG PUFA Yield (%) Literature yield 

6 S-Naproxen EPA 94 - 

7 S-Ibuprofen EPA 95 - 

8 S-Naproxen DHA 75 - 

9 S-Ibuprofen DHA 84 - 
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Figure 3.4: Mechanism of the synthesis of the diacylglycerol ethers, where PUFA is either the EPA or DHA 

ω-3 fatty acid and DRUG is either S-Naproxen or S-Ibuprofen. 

Both the S-ibuprofen and S-naproxen molecules have aromatic rings, a benzene ring and 

naphthalene ring system for S-ibuprofen and S-naproxen, respectively. The different 

positions on these aromatic rings need to be distinguishable from one another for 

clarification (see Figure 3.5).  

 

 

Figure 3.5: The labeling of the aromatic positions of a) S-naproxena and b) S-ibuprofen. 

The 1H NMR spectra were expected to be mostly identical to those of (R)-4 and (R)-5, with 

the obvious additions of the peaks corresponding to the DRUGs. In both cases, the peaks 

corresponding to the sn-2 protons were observed to resonate even further downfield and 

peaks due to aromatic protons were observed as expected. In the case of the naproxen 

products, 6 and 8, there were some impurities observed in the spectra at δ 1.34–1.14 ppm. 

These impurities were most likely resulting from of the use of impure solvents during the 

purification process. As expected the spectra showed two peaks corresponding to methyl 
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groups belonging to the naproxen, one doublet and one singlet due to the methoxyl group, 

and a quartet (q) due to the α proton. For the naproxen products 6 and 8 the aromatic protons 

resonated in the aromatic region at 7.70 – 7.00 ppm. The peaks corresponding to the 

methoxyl and methyl group where observed as a singlet at 3.91 and a doublet at 1.58 ppm, 

respectively. The peak corresponding to the α proton of the naproxen was observed as a 

quartet at 3.86 ppm. The sn-2 proton had shifted even further downfield, as expected, below 

5.0 ppm. Also, there was now a better separation of the two doublet of doublets observed for 

the sn-3 methylene protons. Also, the sn-1 protons and the OCH2CH2 protons resonated as 

two separate signals rather than showing as a single multiplet, they appeared as a doublet of 

doublets and a multiplet, respectively. In the case of the ibuprofen compounds, 7 and 9, two 

separate peaks were expected due to the three methyl groups, both as doublet of doublets. 

The methyl group located α to the carbonyl group was expected to appear further downfield 

than the protons belonging to the iso-butyl group. The single proton between the methyl 

groups of the iso-butyl group was expected to appear as a multiplet and the two methylene 

protons belonging to the iso-butyl group were expected to appear as a doublet. A quartet was 

expected due to the one proton near the carbonyl group. The spectra observed were as 

expected. The aromatic protons appeared as two doublets at 7.19 and 7.07 ppm. The iso-

butyl methyl protons appeared under the same signal as the terminal methyl protons of the 

1-O-alkyl chain. The expected multiplet and two additional doublets were also observed. 

The protons of the glycerol moiety had shifted as expected and almost identical to that 

observed for the naproxen compounds (see Figures A.26, A.31, A.36, and A.41). 

The 13C NMR spectra showed an increase in peaks. Most importantly, there were now two 

carbonyl group peaks present along with peaks corresponding to the aromatic carbons for 

each of the products (see Figures A.27, A.32, A.37, and A.42). 

The COSY and HETCOR NMR spectra provided important information about the structures 

of the compounds. The COSY spectra showed which protons were interacting with each 

other, i.e. couple with each other. Some peaks were easier to position on the molecules than 

others. When a peak can be assigned to a corresponding proton of the molecule, the COSY 

spectrum can be used to determine which peaks correspond to the neighbouring protons of 

that preassigned proton. The most interesting was the glycerol moiety itself. By analysis of 

the COSY spectra it was clear that the protons in the sn-2 positions interacted with their 

vicinal protons in the sn-1 and sn-3 positions. Also, they showed that the protons in the sn-

1 position did interact with each other, the same goes for the sn-3 protons, because they are 

chemically inequivalent. The HETCOR spectra provided information about which carbon 

the corresponding protons were directly bonded to.  

All the IR spectra of the products had the same characteristic peaks at roughly the same 

energies. At 3013-3012 cm-1 there was a peak corresponding to =C–H stretches. Right below 

3000 cm-1 were peaks corresponding to C–H stretches and carbonyl stretches at 1739-1741 

cm-1. Peaks corresponding to carbon-carbon double bond stretches were observed at 1634-

1655 cm-1, and at 1121 cm-1 there were peaks corresponding to the ethers (see Figures A.30, 

A.35, A.40, and A.45). 

It was interesting to observe how the changes made to the glycerol moiety affected the 

chemical shifts of the 1H NMR spectra. The starting material, (R)-solketal, had the sn-2 and 

sn-3 positions protected with an acetal group and in the sn-1 position there was a hydroxyl 

group. After the first two steps of the synthesis the compound acquired had one alkoxy group 

in the sn-1 position and two hydroxyl groups in the sn-2 and sn-3 positions. The signals of 
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the glycerol moiety of the 1-O-alkylglycerol ether, (S)-3, was observed to have shifted 

further upfield from what was observed for the starting material. After a PUFA had been 

added to the sn-3 position a downfield shift was observed since the ester group is the least 

electron donating of the three groups. However, there were no noticeable changes in 

chemical shift for the sn-1 methylene protons because the change made was too far away in 

the molecule. Then after coupling of a DRUG molecule to the sn-2 position the signals were 

observed to shift even further downfield because of the introduction of second ester group 

(see. Figure 3.6).  

 

 

Figure 3.6: Shows the difference in chemical shift of the protons directly attached to the glycerol moiety, the 

positions of the protons are assigned with their corresponding positions. A) (R)-solketal, B) compound (S)-3, 

C) compound (R)-5, and D) compound 8. 

3.5 High resolution mass spectrometry 

High resolution mass spectrometry was used to further identify the products. In the 

instrument positive ions in the form of sodium ions (Na+) were formed and measured (see 

Table 3.4). 
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Table 3.4: Exact masses recorded (M + Na+) compared with the theoretical masses.  

Compound Measured mass (m/z) Theoretical mass (m/z) Error (ppm) 

1 380.2552 380.2560 1.6 

2 406.2713 406,2717 0.4 

(S)-3 339.2866 339.2870 1.1 

(R)-4 623.4981 623.5010 4.2 

(R)-5 649.5167 649.5166 0.4 

6 835.5845 835.5847 0.2 

7 811.6203 811.6211 1.0 

8 861.5989 861.6004 1.7 

9 837.6358 837.6367 1.1 

 

Since the errors of the measured masses compared to the theoretical masses were within  the 

allowed limit of 5 ppm, the measurements supported that these were indeed the desired 

products.  

3.6 Optical activity 

Another identification method used was to measure the optical activity of the compounds. 

Some of the compounds had, to the best of our knowledge, not been synthesized before and 

were therefore required to be measured. Optical rotation is dependent on concentration, 

temperature, solvent, and wavelength of the plane polarized light. The optical rotations were 

measured at 20 °C and with polarized light of a single wavelength of 589 nm. The specific 

rotations were then calculated according to equation (1) (see Table 3.5). 

[𝛼]𝐷
𝑇 =

𝛼

𝑐⋅𝑙
                                                              (1) 

Where, D indicates the wavelength of 589 nm, T indicates the temperature of the sample 

being measured, α indicates the measured optical rotation, l indicates the length of the cell 

in dm, and c indicates the concentration of the sample in g cm-3. In the experimental section, 

the concentration is given in g per 100 cm-3. 

Table 3.5: Specific rotations of the compounds compared with previously reported values in brackets [18] 

Compound c [g/100 cm-3]  Solvent α [α]20
D 

(S)-3 5.6 (4.96) Chloroform + 0.100 + 1.79 (+ 1.7) 

(R)-4 9.4 (1.00) Benzene - 0.281 - 2.99 (- 3.4) 

(R)-5 7.0 (1.00) Benzene - 0.163 - 2.33 (- 2.5) 

6 5.8 Chloroform - 0.091 - 1.57 

7 5.0 Chloroform + 0.004 + 0.08 

8 2.5 Chloroform - 0.090 - 3.60 

9 8.0 Chloroform - 0.018 - 0.23 

 

The specific rotation of compound (S)-3 was clockwise (+), however, after a PUFA had been 

introduced to the sn-3 position, compounds (R)-4 and (R)-5, the rotation was reversed, now 

anticlockwise (-), therefore the change in absolute configuration was confirmed. After the 

DRUG had been coupled to the sn-2 positions the chiral carbon of the glycerol moiety 
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remained in the (R) configuration and the absolute configuration of the DRUGs was (S) 

oriented, making the products, 6-9, diasteriomers with the absolute configurations (R, S). In 

cases of compounds containing PUFAs, the specific rotations varied with concentration, the 

rotations were also dependent on how close the PUFA is to the chiral carbon [20]. The 

DRUG molecules both have a large clockwise rotation, S-naproxen about + 65, and S-

ibuprofen about + 54 [21]. For the naproxen containing compounds, 6 and 8, the rotation 

remained anticlockwise, despite of the large clockwise rotation of naproxen. The reason 

might be because of the two opposite rotations, the anticlockwise rotations is stronger than 

the clockwise one for these compounds in this particular configuration. For the ibuprofen 

containing compounds, 7 and 9, the rotations almost cancelled out. The reason might be that 

the opposite rotations of the chiral carbons are almost equal in magnitude and therefore 

cancel each other out. Also, the instrument was unable to maintain a stable value of the 

optical rotation, there was an error of ± 0.01 in the measured rotation. This was only a 

problem for these two compounds and therefore it can be concluded that the reason for the 

error was due to the fact that the optical rotation was so small and therefore the instrument 

not able to measure such a low activity accurately enough.  
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4 Experimental  

4.1 General 

4.1.1 Instrumentation 

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

spectrometer. The NMR spectra were all recorded in deuterated chloroform as solvent at 400 

and 100 MHz, respectively. Chemical shifts (δ) are quoted in parts per million (ppm) and 

the coupling constants (J) in Hertz (Hz). The number of nuclei behind each 13C signal is 

indicated in parentheses after each chemical shift value, when there are more than one carbon 

responsible for the signal. All Infrared spectra were recorded using a FT–IR (E.S.P) 

spectrophotometer on NaCl window and on a KBr pellets for liquids and solids, respectively. 

The high-resolution mass spectra (HRMS) were acquired on a micrOTOF–Q mass 

spectrometer. The optical activities were measured on an Autopol V Automatic Polarimeter 

manufactured by Rudolph Research Analytical, using a 10.0 cm long cell from the same 

manufacturer. 

4.1.2 Materials 

The immobilized Candida antarctica lipase (Novozym 435) was acquired from Novozym 

A/S (Denmark). (R)–Solketal, ((–)–1,2–O–isopropylidene–sn–glycerol; 98%), 1–

bromohexadecane (97 %), hydrochloric acid (37 %), 4–(dimethylamino)pyridine (DMAP, 

≥99 %), boric acid (≥99.5 %), potassium hydroxide pellets, magnesium sulphate (≥99.5 %), 

N–(3–dimetylaminopropyl)–N‘–ethylcarbodiimide hydrochloride (EDAC, ≥98.0+ %), and 

(S)–(+)–ibuprofen (99 %) were acquired from Sigma–Aldrich (Germany). 

Tetrabutylammonium bromide (99+ %) and acetone oxime (98+ %) were acquired from 

ACROS Organics (Belgium). (S)–(+)–naproxen was acquired as a gift from Professor 

Þorsteinn Loftsson at the Faculty of Pharmaceutical Sciences at the University of Iceland. 

DHA and EPA were obtained as ethyl esters from Pronova Biocare (Norway) and were 

hydrolysed to their corresponding free carboxylic acids. Silica gel (40–63 μm, F60) and 

preparative TLC plates (250 μm, F–255) were obtained from Silicycle (Canada). The 

solvents, absolute ethanol HPLC grade (≥99.8 %), diethyl ether (≥99.8 %), ethyl acetate 

HPLC grade (≥99.7 %), petroleum ether, boiling range 40–60 °C, and dichloromethane 

HPLC grade (≥99.8 %), n–hexane (≥99 %), methanol HPLC grade (≥99.9 %), benzene 

HPLC grade (≥99.9 %), acetonitrile HPLC grade (≥99.9 %), chloroform HPLC grade (≥99.8 

%), and deuterated chloroform (99.8 %). All chemicals and solvents were used as supplied 

unless otherwise stated. With the exception of dichloromethane. Dichloromethane was dried 

over calcium hydride.  

4.2 Synthesis of Eicosapentaenoic acid 

acetoxime ester – 1 [18] 

To a solution of eicosapentaenoic acid (EPA) (591 mg, 1.95 mmol), DMAP (51 mg, 0.42 

mmol) and EDAC (458 mg, 2.39 mmol) in dichloromethane (6 mL), acetoxime (147 mg, 

2.01 mmol) was added and the resulting solution was stirred for 5 hours, while kept away 

from light. The reaction solution was passed through a short silica gel column with ethyl 
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acetate/petroleum ether (60:40) as an eluent. The product 1 was afforded as a dark brown oil 

after evaporation of the solvents (697 mg, 78 % yield). 

IR (NaCl): 3012 (=C–H), 1762 (C=O), 1651 (C=C) cm-1.  

HRMS: m/z (APCI) calculated for C23H35NO2 + Na: 380.2560; found 380.2552 amu.  

1H NMR (400 MHz, CDCl3): δ 5.49–5.23 (m, 10H, =CH), 2.89–2.73 (m, 8H, =CCH2C=), 

2.44–2.38 (m, 2H, CH2CH2COO), 2.18–2.11 (m, 2H, =CCH2CH2), 2.11–2.01 (m, 2H, 

=CCH2CH3), 2.04 (s, 3H, N=C(CH3)), 1.98 (s, 3H, N=C(CH3)), 1.81–1.73 (m, 2H, 

CH2CH2COO), 0.97 (t, J = 7.5 Hz, 3H, CH2CH3) ppm.  

13C NMR (100 MHz, CDCl3): δ 170.9 (C=O), 163.6 (C=N), 132.0, 129.0, 128.8, 128.5, 

128.23, 128.16, 128.13, 128.05, 127.8, 127.0, 32.3, 26.6, 25.6 (3), 25.5, 24.7, 22.0, 20.5, 

16.9, 14.2 ppm.  

4.3 Synthesis of Docosahexaenoic acid 

acetoxime ester – 2 [18] 

A procedure identical to that described above for the EPA acetoxime ester 1 was followed 

using docosahexaenoic acid (DHA) (212 mg, 0.65 mmol), DMAP (17 mg, 0.14 mmol), 

EDAC (151 mg, 0.67 mmol), dichloromethane (2.5 mL) and acetoxime (49 mg, 0.67 mmol). 

The product 2 was afforded as a dark yellow oil after evaporation of the solvents (200 mg, 

80 % yield). 

IR (NaCl): 3012 (=C–H), 1759 (C=O), 1655 (C=C) cm-1.  

HRMS: m/z (APCI) calculated for C25H37NO2 + Na: 406.2717; found 406.2713 amu.  

1H NMR (400 MHz, CDCl3): δ 5.47–5.27 (m, 12H, =CH), 2.90–2.75 (m, 10H, =CCH2C=), 

2.47–2.44 (m, 4H, CH2CH2COO), 2.12–2.05 (m, 2H, =CCH2CH3), 2.04 (s, 3H, 

N=C(CH3)2), 1.99 (s, 3H, N=C(CH3)2), 0.97 (t, J = 7.5 Hz, 3H, CH2CH3) ppm.  

13C NMR (100 MHz, CDCl3): δ 170.5 (C=O), 163.7 (C=N), 132.0, 129.5, 128.5, 128.3, 

128.2 (2), 128.07, 128.05, 128.0, 127.9, 127.7, 127.0, 32.9, 25.61 (3), 25.59, 25.5, 22.7, 22.0, 

20.5, 17.0, 14.2 ppm. 

4.4 Synthesis of 1–O–hexadecylglycerol – (S)–3 

[19] 

The reaction flask, 10 mL round bottom flask, was charged with (R)–2,2–dimethyl–1,3–

dioxolane–4–methanol (421 mg, 3.19 mmol), 1–bromohexadecane (1012 mg, 3.31 mmol) 

and tetrabutylammonium bromide (219 mg, 0.68 mmol). The resulting mixture was stirred 

for 10 minutes at room temperature. Now, grounded potassium hydroxide (369 mg, 6.58 

mmol) was added to the reaction flask and stirred at 37 °C over night. Additional KOH (103 

mg, 1.84 mmol) was added and the reaction mixture stirred for three more hours. The product 

was extracted into n-hexane (40 mL) and the organic phase washed with water (3x10 mL) 

and with brine solution (10 mL), and dried over MgSO4. The solvents were removed in vacuo 
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on a rotary evaporator, affording a yellow oil mainly containing the 1–O–hexadecyl–2,2–

dimethyl–1,3–dioxolane 3a. 

The oil was placed in a reaction flask, 10 mL round bottom flask, together with 1 M 

hydrochloric acid (10 mL) and ethanol (10 mL) and the resulting solution was refluxed for 

30 minutes. The product was extracted into ether (2x20 mL) and the organic phase washed 

with water (2x20 mL) and with brine solution (20 mL), and dried over MgSO4. The solvents 

were removed in vacuo on a rotary evaporator, which afforded a white crystalline material. 

Recrystallization from n-hexane in a freezer (–18 °C) resulted in a highly pure crystalline 

material of the 1–O–hexadecylglycerol (500 mg, 49 % yield). 

Melting point: 65.2 – 66.0 °C.  

[α]D20: 1.8° (c 5.6, chloroform).  

IR (KBr): 3200–3500 (OH), 2920 (C–H), 2848 (C–H), 1655 (C=C) cm-1.  

HRMS: m/z (APCI) calculated for C19H40O3 + Na+: 339.2870; found 339.2866 amu.  

1H NMR (400 MHz, CDCl3): δ  3.90-3.82 (m, 1H, CHOH), 3.72 (dd, J = 11.4, 3.9 Hz, 1H, 

CH2OH), 3.65 (dd, J = 11.4, 5.1 Hz, 1H, CH2OH), 3.54 (dd, J = 9.7, 3.9 Hz, 1H, 

CH2OCH2CH2), 3.50 (dd, J = 9.8, 6.0 Hz, 1H, CH2OCH2CH2), 3.46 (td, J = 6.7, 2.9 Hz, 

2H, OCH2CH2), 2.58 (d, J = 4.9 Hz, 1H, CHOH), 2.14 (t, J = 5.7 Hz, 1H, CH2OH) 1.63-

1.53 (m, 2H, OCH2CH2), 1.41-1.14 (m, 26H, CH2), and 0.88 (t, J = 6.9 Hz, 13H, CH2CH3) 

ppm.  

13C NMR (100 MHz, CDCl3): δ 72.5, 71.9, 70.4, 64.3, 31.9, 29.7 (5), 29.69 (2), 29.67, 

26.65, 29.5, 29.4, 26.1, 22.7, 14.1 ppm.  

4.5 Synthesis of 1–O–hexadecyl–3–

eicosapentaenoyl–sn–glycerol – (R)–4 [18] 

The reaction flask was charged with 1–O–hexadecylglycerol (S)–3 (230 mg, 0.73 mmol), 

immobilized C. antarctica lipase (61 mg), molecular sieves (410 mg), EPA acetoxime ester 

1 (321 mg, 0.73 mmol) in dry dichloromethane (7.1 mL). The resulting mixture was stirred 

until all of the alcohol had dissolved. Then, additional immobilized C. antarctica lipase (45 

mg) and EPA acetoxime ester (119 mg, 0.5 mmol) were added to the reaction mixture and 

then stirred for 3 hours and 30 minutes, while kept away from light. The reaction was 

monitored via TLC. The reaction was discontinued by separating the lipase off by filtration. 

The solvents were removed in vacuo on a rotary evaporator. Then, the crude product was 

applied to a 4 % boric acid impregnated flash silica gel column with gradient elution of ethyl 

acetate/petroleum ether (5:95 and 20:80), affording the product (R)–4 as a colourless oil (258 

mg, 59 % yield). 

[α]D20: –3.0° (c 9.4, benzene).  

IR (NaCl): 3465 (OH), 3012 (=C–H), 2923 (C–H), 1740 (C=O), 1656 (C=C), 1119 (C–O–

C) cm-1.  

HRMS: m/z (APCI) calculated for C39H68O4 + Na+: 623.5010; found 623.4981 amu. 
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1H NMR (400 MHz, CDCl3): δ 5.47–5.25 (m, 10H, =CH), 4.17 (dd, J = 11.5, 4.4 Hz, 1H, 

CHCH2OCO), 4.12 (dd, J = 11.5, 6.2 Hz, 1H, CHCH2OCO), 4.01–3.96 (m, 1H, 

CH2CHCH2), 3.49 (dd, J = 9.6, 4.3 Hz, 1H, CHCH2O), 3.46 (m, 2H, OCH2CH2), 3.41 (dd, 

J = 9.7, 6.3 Hz, 1H, CHCH2O), 2.90–2.75 (m, 8H, =CCH2C=), 2.36 (t, J = 7.6 Hz, 2H, 

CH2COO), 2.09 (m, 4H, =CCH2CH2 and =CCH2CH3 in EPA), 1.72 (qn, J = 7.5 Hz, 2H, 

CH2CH2COO), 1.57 (m, 2H, OCH2CH2), 1.37–1.19 (m, 26H, CH2), 0.97 (t, J = 7.5 Hz, 3H, 

CH3 in EPA), 0.88 (br t, J = 6.8 Hz, 3H, CH3 in 1–O–alkyl) ppm.  

13C NMR (100 MHz, CDCl3): δ 173.6 (C=O), 132.0, 128.89, 128.87, 128.6, 128.3, 128.19, 

128.16, 128.1, 127.9, 127.0, 71.8, 71.4, 68.9, 65.5, 33.5, 31.9, 29.69 (3), 29.68, 29.66 (2), 

29.62, 29.59 (2), 29.5, 29.4, 26.5, 26.1, 25.6 (3), 25.5, 24.8, 22.7, 20.6, 14.3, 14.1 ppm.  

4.6 Synthesis of 1–O–hexadecyl–3–

docosahexaenoyl–sn–glycerol – (R)–5 [18] 

A procedure identical to that described above for (R)–4 was followed using 1–O–

hexadecylglycerol (S)–3 (117 mg, 0.37 mmol), immobilized C. antarctica lipase (35 mg), 

molecular sieves (200 mg), DHA acetoxime ester 2 (142 mg, 0.37 mmol), dry 

dichloromethane (3.6 mL), and additional DHA acetoxime ester 2 (88 mg, 0.23 mmol) and 

immobilized C. antarctica lipase (30 mg). The product was afforded as a colourless oil (197 

mg, 83 % yield). 

[α]D20: –2.3° (c 7.0, benzene).  

IR (NaCl): 3461, 3212 (OH), 3013 (=C–H), 2924, 2853 (C–H), 1740 (C=O), 1654 (C=C), 

1463 (CH3), 1120 (C–O–C) cm-1.  

HRMS: m/z (APCI) calculated for C41H70O4 + Na+: 649.5166; found 649.5167 amu.  

1H NMR (400 MHz, CDCl3): δ 5.45–5.28 (m, 12H, =CH), 4.18 (dd, J = 11.6, 4.4 Hz, 1H, 

CHCH2OCO), 4.13 (dd, J = 11.5, 6.2 Hz, 1H, CHCH2OCO), 4.02–3.97 (m, 1H, 

CH2CHCH2), 3.49 (dd, J = 9.7, 4.3 Hz, 1H, CHCH2O), 3.49–3.41 (m, 2H, OCH2CH2), 3.42 

(dd, J = 9.7, 6.4 Hz, 1H, CHCH2O), 2.88–2.80 (m, 10H, =CCH2C=), 2.43–2.38 (m, 4H, 

CH2CH2COO), 2.08 (br qn, J = 7.6 Hz, 2H, =CCH2CH3), 1.57 (br qn, J = 6.8 Hz, 2H, 

OCH2CH2), 1.36–1.20 (m, 26H, CH2), 0.98 (t, J = 7.5 Hz, 3H, CH3 in DHA), 0.88 (br t, J = 

6.9 Hz, 3H, CH3 in 1–O–alkyl) ppm.  

13C NMR (100 MHz, CDCl3): δ 173.1 (C=O), 132.0, 129.4, 128.6, 128.29, 128.27, 128.24, 

128.10, 128.08, 128.02, 127.9, 127.8, 127.0, 71.8, 71.4, 68.9, 65.6, 34.1, 31.9, 29.69 (3), 

29.68, 29.67, 29.66, 29.62, 29.59 (2), 29.5, 29.4, 26.1, 25.64 (3), 25.60, 25.5, 22.75, 22.69, 

20.6, 14.3, 14.1 ppm.  

4.7 Synthesis of 1–O–hexadecyl–2–[(S)–(6–

methoxynaphthalene–2–yl)propanoyl]–3–

eicosapentaenoyl–sn–glycerol – 6 [22] 

The reaction flask, 10 mL round bottom flask, was charged with 1–O–hexadecyl–3–

eicosapentaenoyl–sn–glycerol (R)–4 (63 mg, 0.10 mmol), DMAP (17 mg, 0.14 mmol), 
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EDAC (50 mg, 0.26 mmol), and (S)–Ibuprofen (49 mg, 0.21 mmol) in dichloromethane (1.5 

mL). The resulting reaction mixture was stirred while keeping away from light at room 

temperature for 18 hours. The reaction was monitored via TLC. The reaction was stopped 

by passing the reaction mixture through a short silica gel column by use of 

dichloromethane/diethyl ether (90:10) as eluent. Then, the crude product was applied to a 

flash silica gel column with elution of ethyl acetate/petroleum ether (15:85), affording the 

product (R)–6 as a colourless oil (76 mg, 94 % yield). 

[α]D20: –1.57° (c 5.8, chloroform).  

IR (NaCl): 3013 (=C–H), 2925, 2853 (C–H), 1740 (C=O), 1634 (C=C), 1463 (CH3), 1121 

(C–O–C) cm-1.  

HRMS: m/z (APCI) calculated for C53H80O6 + Na+: 835.5847; found 835.5845 amu.  

1H NMR (400 MHz, CDCl3): δ 7.67 (dd, J = 8.7, 3.8 Hz, 2H, H–50 and H–57), 7.66 (d, J 

= 1.2 Hz, 1H, H–59), 7.40 (dd, J = 8.5, 1.8 Hz, 1H, H–49), 7.13 (dd, J = 8.9, 2.5 Hz, 1H, 

H–56), 7.10 (d, J = 2.5 Hz, 1H, H–52), 5.44–5.28 (m, 10H, =CH), 5.22–5.17 (m, 1H, 

CH2CHCH2), 4.34 (dd, J = 11.9, 3.6 Hz, 1H, CHCH2OCO), 4.16 (dd, J = 11.9, 6.7 Hz, 1H, 

CHCH2OCO), 3.91 (s, 3H, OCH3), 3.86 (q, J = 7.1 Hz, 1H, OOCCHCH3), 3.44 (dd, J = 

10.8, 5.2 Hz, 1H, CHCH2O), 3.39 (dd, J = 10.8, 5.2 Hz, 1H, CHCH2O), 3.25–3.15 (m, 2H, 

OCH2CH2), 2.89–2.79 (m, 8H, =CCH2C=), 2.25 (dt, J = 7.7, 1.2 Hz, 2H, CH2COO), 2.08 

(m, 4H, =CCH2CH2 and =CCH2CH3 in EPA), 1.64 (qn, J = 7.6 Hz, 2H, CH2CH2COO), 1.58 

(d, J = 7.2 Hz, 3H, OOCCHCH3), 1.26 (m, 28H, CH2), 0.97 (t, J = 7.5 Hz, 3H, CH3 in EPA), 

0.88 (br t, J = 6.9 Hz, 3H, CH3 in 1–O–alkyl) ppm. 

13C NMR (100 MHz, CDCl3): δ 173.9 (C=O), 173.1 (C=O), 157.6, 135.4, 133.7, 132.0, 

129.2, 128.9, 128.8, 128.6, 128.3, 128.19, 128.16, 128.1, 127.9, 127.04, 127.01, 126.2, 

126.0, 118.9, 105.5, 71.7, 70.8, 68.7, 62.8, 55.3, 45.5, 33.5, 31.9, 29.70 (3), 29.68 (2), 29.65, 

29.64, 29.57 (2), 29.50, 29.42, 29.36, 26.5, 25.9, 25.6 (3), 25.5, 24.7, 22.7, 20.6, 18.5, 14.3, 

14.1 ppm. 

4.8 Synthesis of 1–O–hexadecyl–2–[(S)–2–(4–

isobutylphenyl)propanoyl]–3–

eicosapentaenoyl–sn–glycerol – 7 [22] 

The reaction flask, 10 mL round bottom flask, was charged with 1–O–hexadecyl–3–

eicosapentaenoyl–sn–glycerol (R)–4 (71 mg, 0.12 mmol), DMAP (18 mg, 0.15 mmol), 

EDAC (48 mg, 0.25 mmol), and (S)–Ibuprofen (43 mg, 0.21 mmol) in dichloromethane (1.5 

mL). The resulting reaction mixture was stirred while protected from light at room 

temperature for 18 hours. The reaction was monitored via TLC. The reaction was stopped 

by passing the reaction mixture through a short silica gel column by use of 

dichloromethane/diethyl ether (90:10) as eluent. Then, the crude product was applied to a 

flash silica gel column with elution of ethyl acetate/petroleum ether (10:90), affording the 

product (R)–7 as a colourless oil (90 mg, 95 % yield). 

[α]D20: +0.08° (c 5.0, chloroform).  
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IR (NaCl): 3012 (=C–H), 2925, 2853 (C–H), 1741 (C=O), 1653 (C=C), 1464 (CH3), 1121 

(C–O–C) cm-1.  

HRMS: m/z (APCI) calculated for C52H84O5 + Na+: 811.6211; found 811.6203 amu.  

1H NMR (400 MHz, CDCl3): δ 7.19 (d, J = 8.1 Hz, 2H, H–50 and H–52), 7.07 (d, J = 8.1 

Hz, 2H, H–49 and H–53), 5.46–5.26 (m, 10H, =CH), 5.20–5.15 (m, 1H, CH2CHCH2), 4.34 

(dd, J = 11.9, 3.6 Hz, 1H, CHCH2OCO), 4.16 (dd, J = 11.9, 6.7 Hz, 1H, CHCH2OCO), 3.70 

(q, J = 7.1 Hz, 1H, OOCCHCH3), 3.45 (dd, J = 10.7, 5.1 Hz, 1H, CHCH2O), 3.40 (dd, J = 

10.7, 5.2 Hz, 1H, CHCH2O), 3.34–3.20 (m, 2H, OCH2CH2), 2.91–2.77 (m, 8H, =CCH2C=), 

2.44 (d, J = 7.2 Hz, 2H, CH2CH(CH3)2), 2.33–2.25 (m, 2H, CH2COO), 2.09 (m, 4H, 

=CCH2CH2 and =CCH2CH3 in EPA), 1.89–1.79 (m, 1H, CH2CH(CH3)2), 1.68 (qn, J = 7.6 

Hz, 2H, CH2CH2COO), 1.49 (d, J = 7.2 Hz, 3H, OOCCHCH3), 1.46–1.40 (m, 2H, 

OCH2CH2), 1.32–1.21 (d, J = 4.4 Hz, 26H, CH2), 0.98 (t, J = 7.5 Hz, 3H, CH3 in EPA), 0.89 

(d, J = 6.7 Hz, 6H, CH(CH3)2 in ibuprofen), 0.88 (t, J = 6.7 Hz, 3H, CH3 in 1–O–alkyl) 

ppm.  

13C NMR (100 MHz, CDCl3): δ 174.0 (C=O), 173.1 (C=O), 140.5, 137.5, 132.0, 129.2 (2), 

128.89, 128.86, 128.56, 128.26, 128.19, 128.16, 128.07, 127.9, 127.2 (2), 127.0, 71.7, 70.6, 

68.8, 62.8, 45.1, 45.0, 33.5, 31.9, 30.2, 29.70 (4), 29.65 (2), 29.61(2), 29.56, 29.47, 29.35, 

26.5, 26.0, 25.6 (3), 25.5, 24.72, 22.68, 22.4 (2), 20.6, 18.5, 14.3, 14.1 ppm. 

4.9 Synthesis of 1–O–hexadecyl–2–[(S)–(6–

methoxynaphthalene–2–yl)propanoyl]–3–

docosahexaenoyl–sn–glycerol – 8 [22] 

A procedure identical to that described above for (R)–6 was followed using 1–O–hexadecyl–

3–eicosapentaenoyl–sn–glycerol (R)–4 (51 mg, 0.08 mmol), DMAP (9 mg, 0.0.8 mmol), 

EDAC (21 mg, 0.11 mmol), and (S)–Naproxen (22 mg, 0.10 mmol) in dichloromethane (1.0 

mL). The product was afforded as a colourless oil (50 mg, 75 % yield). 

[α]D20: –3.6° (c 2.5, chloroform).  

IR (NaCl): 3012 (=C–H), 2924, 2853 (C–H), 1739 (C=O), 1634 (C=C), 1463 (CH3), 1121 

(C–O–C) cm-1.  

HRMS: m/z (APCI) calculated for C55H82O6 + Na+: 861.6004; found 861.5989 amu.  

1H NMR (400 MHz, CDCl3): δ 7.69 (dd, J = 8.7, 3.5 Hz, 1H, H–52 and H–59), 7.66 (d, J 

= 3.5 Hz, 1H, H–61),  7.40 (dd, J = 8.5, 1.9 Hz, 1H, H–51), 7.13 (dd, J = 8.9, 2.5 Hz, 1H, 

H–58), 7.10 (d, J = 2.6 Hz, 1H, H–54), 5.44–5.27 (m, 12H, =CH), 5.22–5.17 (m, 1H, 

CH2CHCH2), 4.34 (dd, J = 11.9, 3.6 Hz, 1H, CHCH2OCO), 4.17 (dd, J = 11.9, 6.7 Hz, 1H, 

CHCH2OCO), 3.91 (s, 3H, OCH3), 3.87 (q, J = 7.1 Hz, 1H, OOCCHCH3), 3.44 (dd, J = 

10.8, 5.2 Hz, 1H, CHCH2O), 3.39 (dd, J = 10.7, 5.2 Hz, 1H, CHCH2O), 3.27–3.13 (m, 2H, 

OCH2CH2), 2.91–2.72 (m, 10H, =CCH2C=), 2.39–2.25 (m, 4H, OOCCH2CH2), 2.20–1.99 

(m, 2H, =CCH2CH3 in DHA), 1.58 (d, J = 7.1 Hz, 3H, OOCCHCH3), 1.39–1.09 (m, 28H, 

CH2), 0.97 (t, J = 7.5 Hz, 3H, CH3 in DHA), 0.88 (t, J = 6.9 Hz, 3H, CH3 in 1–O–alkyl) 

ppm. 
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13C NMR (100 MHz, CDCl3): δ 173.9 (C=O), 172.6 (C=O), 157.6, 135.4, 133.7, 132.0, 

129.3, 129.2, 128.9, 128.6, 128.28, 128.27, 128.24, 128.10, 128.07, 128.04, 127.9, 127.8, 

127.04, 127.01, 126.2, 126.0, 118.9, 105.5, 71.7, 70.8, 68.7, 62.9, 55.3, 45.4, 33.9, 31.9, 

29.70, 29.68 (3), 29.65, 29.64, 29.57 (2), 29.5, 29.42, 29.35, 25.9, 25.63 (3), 25.58, 25.5, 

22.7, 22.6, 20.6, 18.6, 14.3, 14.1 ppm.  

4.10 Synthesis of 1–O–hexadecyl–2– [(S)–2–

(4–isobutylphenyl)propanoyl]–3–

docosahexaenoyl–sn–glycerol – 9 [22] 

A procedure identical to that described above for (R)–7 was followed using 1–O–hexadecyl–

3–eicosapentaenoyl–sn–glycerol (R)–4 (70 mg, 0.11 mmol), DMAP (14 mg, 0.11 mmol), 

EDAC (40 mg, 0.21 mmol), and (S)–Ibuprofen (40 mg, 0.20 mmol) in dichloromethane (1.4 

mL). The product was afforded as a colourless oil (75 mg, 84 % yield). 

[α]D20: –0.23° (c 8.0, chloroform).  

IR (NaCl): 3013 (=C–H), 2924, 2853 (C–H), 1741 (C=O), 1655 (C=C), 1465 (CH3), 1121 

(C–O–C) cm-1.  

HRMS: m/z (APCI) calculated for C54H86O5 + Na+: 837.6367; found 837.6358 amu.  

1H NMR (400 MHz, CDCl3): δ 7.19 (d, J = 8.1 Hz, 2H, H–52 and H–54), 7.07 (d, J = 8.1 

Hz, 2H, H–51 and H–55), 5.47–5.25 (m, 12H), 5.20–5.15 (m, 1H, CH2CHCH2), 4.34 (dd, J 

= 11.9, 3.6 Hz, 1H, CHCH2OCO), 4.16 (dd, J = 11.9, 6.8 Hz, 1H, CHCH2OCO), 3.70 (q, J 

= 7.2 Hz, 1H, OOCCHCH3), 3.53–3.35 (m, 2H, CHCH2O), 3.34–3.20 (m, 2H, OCH2CH2), 

2.91–2.77 (m, 10H, =CCH2C=), 2.44 (d, J = 7.2 Hz, 2H, CH2CH(CH3)2), 2.41–2.27 (m, 4H, 

OOCCH2CH2), 2.14–2.01 (m, 2H, =CCH2CH3 in DHA), 1.89–1.79 (m, 1H, CH2CH(CH3)2), 

1.49 (d, J = 7.2 Hz, 3H, OOCCHCH3), 1.46–1.38 (m, 2H, OCH2CH2), 1.25 (m, 26H), 0.97 

(t, J = 7.5 Hz, 3H, CH3 in DHA), 0.89 (d, J = 6.6 Hz, 6H, CH(CH3)2 in ibuprofen),  0.88 (t, 

J = 7.0 Hz, 3H, CH3 in 1–O–alkyl) ppm. 

13C NMR (100 MHz, CDCl3): δ 174.0 (C=O), 172.7 (C=O), 140.5, 137.5, 132.0, 129.3, 

129.2 (2), 128.6, 128.29, 128.27, 128.2, 128.10, 128.08, 128.0, 127.9, 127.8, 127.2 (2), 

127.0, 71.8, 70.6, 68.8, 62.9, 45.10, 45.0, 34.0, 31.9, 30.1, 29.70 (3), 29.66 (2), 29.61 (2), 

29.57 (2), 29.5, 29.4, 26.0, 25.63 (3), 25.59, 25.5, 22.68, 22.65, 22.4 (2), 20.6, 18.5, 14.3, 

14.1 ppm. 
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5 Conclusion 

The aim of the project was to synthesize four novel diacylglyceryl ethers containing 

polyunsaturated fatty acid in the sn-3 end position and a non-steroidal anti-inflammatory 

drug in the sn-2 mid position, which could serve as a possible prodrug. The overall yield of 

the final products were from 27.2 % to 34.2 % (see Table 5.1). The reason for the low overall 

yield was mostly a result of the low yield acquired from the first two steps of the synthesis. 

The first two steps were not as satisfactory as expected since this procedure had been 

previously reported. For the lipase reaction the monoacylglycerol ethers were purified with 

a 4 % boric acid impregnated flash silica gel column rather than by precipitating the 

compound out by dissolving in methanol and cooling the solution. After modifying the 

method good yield for coupling of DHA in the end position (83 %) was acquired. However, 

the same reaction for EPA gave much lower yield (59 %). Coupling of the DRUG to the mid 

position of the EPA adduct gave excellent yields for both naproxen (94 %) and ibuprofen 

(95 %). The identical reaction for the DHA adduct gave good yield for both naproxen (75 

%) and ibuprofen (84 %). The coupling of the DRUG with the DHA adduct could have been 

more successful. The first two steps of the synthesis along with the lipase reaction of EPA 

to the end position could also have been more successful. To start with the purity of the 

compounds was deemed more significant than the obtained yields. However, with more time 

and practice there is no doubt the yields could be increased. High purity was acquired for all 

of the intermediates and products, which made the analyses of the NMR and IR spectra 

simpler. All the spectra and HRMS measurement excellently matched the previously 

reported spectra and values. The spectra and HRMS measurements for the novel compounds 

matched well with what was to be expected. Overall the project was successful and gave 

satisfactory results for the four novel diacylglyceryl ethers that were synthesized.  

Table 5.1: Overall yields of the four novel DAGEs  

Compound DRUG PUFA Overall yield (%) 

6 S-Naproxen EPA 27.5 

7 S-Ibuprofen EPA 27.2 

8 S-Naproxen DHA 30.5 

9 S-Ibuprofen DHA 34.2 
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A. Supporting information 

 

Figure A.1: 1H NMR spectrum of compound 1. 

 

 

Figure A.2: 13C NMR spectrum of compound 1. 
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Figure A.3: COSY NMR spectrum of compound 1. 

 

 

Figure A.4: HETCOR NMR spectrum of compound 1. 
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Figure A.5: IR spectrum of compound 1. 

 

 

Figure A.6: 1H NMR spectrum of compound 2. 
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Figure A.7: 13C NMR spectrum of compound 2. 

 

 

Figure A.8: COSY NMR spectrum of compound 2. 
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Figure A.9: HETCOR NMR spectrum of compound 2. 

 

 

Figure A.10: IR spectrum of compound 2. 
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Figure A.11: 1H NMR spectrum of compound (S)–3. 

 

 

Figure A.12: 13C NMR spectrum of compound (S)–3. 
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Figure A.13: COSY NMR spectrum of compound (S)–3. 

 

 

Figure A.14: HETCOR NMR spectrum of compound (S)–3. 
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Figure A.15: IR spectrum of compound (S)–3. 

 

 

Figure A.16: 1H NMR spectrum of compound (R)–4. 
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Figure A.17: 13C NMR spectrum of compound (R)–4. 

 

 

Figure A.18: COSY NMR spectrum of compound (R)–4. 
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Figure A.19: HETCOR NMR spectrum of compound (R)–4. 

 

 

Figure A.20: IR spectrum of compound (R)–4. 
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Figure A.21: 1H NMR spectrum of compound (R)–5. 

 

 

Figure A.22: 13C NMR spectrum of compound (R)–5. 
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Figure A.23: COSY NMR spectrum of compound (R)–5. 

 

 

Figure A.24: HETCOR NMR spectrum of compound (R)–5. 
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Figure A.25: IR spectrum of compound (R)–5. 

 

 

Figure A.26: 1H NMR spectrum of compound 6. 
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Figure A.27: 13C NMR spectrum of compound 6. 

 

 

Figure A.28: COSY NMR spectrum of compound 6. 
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Figure A.29: HETCOR NMR spectrum of compound 6. 

 

 

Figure A.30: IR spectrum of compound 6. 
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Figure A.31: 1H NMR spectrum of compound 7. 

 

 

Figure A.32: 13C NMR spectrum of compound 7. 
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Figure A.33: COSY NMR spectrum of compound 7. 

 

 

Figure A.34: HETCOR NMR spectrum of compound 7. 
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Figure A.35: IR spectrum of compound 7. 

 

 

Figure A.36: 1H NMR spectrum of compound 8. 
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Figure A.37: 13C NMR spectrum of compound 8. 

 

 

Figure A.38: COSY NMR spectrum of compound 8. 
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Figure A.39: HETCOR NMR spectrum of compound 8. 

 

 

Figure A.40: IR spectrum of compound 8. 
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Figure A.41: 1H NMR spectrum of compound 9. 

 

 

Figure A.42: 13C NMR spectrum of compound 9. 
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Figure A.43: COSY NMR spectrum of compound 9. 

 

 

Figure A.44: HETCOR NMR spectrum of compound 9. 
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Figure A.45: IR spectrum of compound 9. 

 

 

 

 


