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Abstract

:

This report demonstrates the first asymmetric synthesis of enantiopure structured triacylglycerols (TAGs) of the ABC type presenting three non-identical fatty acids, two of which are unsaturated. The unsaturated fatty acids included monounsaturated oleic acid (C18:1 n-9) and polyunsaturated linoleic acid (C18:2 n-6). This was accomplished by a six-step chemoenzymatic approach starting from (R)- and (S)-solketals. The highly regioselective immobilized Candida antarctica lipase (CAL-B) played a crucial role in the regiocontrol of the synthesis. The synthesis also benefited from the use of the p-methoxybenzyl (PMB) ether protective group, which enabled the incorporation of two different unsaturated fatty acids into the glycerol skeleton. The total of six such TAGs were prepared, four constituting the unsaturated fatty acids in the sn-1 and sn-2 positions, with a saturated fatty acid in the remaining sn-3 position of the glycerol backbone. In the two remaining TAGs, the different unsaturated fatty acids accommodated the sn-1 and sn-3 end positions, with the saturated fatty acid present in the sn-2 position. Enantiopure TAGs are urgently demanded as standards for the enantiospecific analysis of intact TAGs in fats and oils.
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1. Introduction


This report focuses on the synthesis of enantiopure structured triacylglycerols (TAGs), which we have named enantiostructured TAGs. Glycerol is prochiral, and the prerequisite for a TAG to become chiral is that the fatty acids accommodating the terminal 1,3-positions are different, regardless of the fatty acid occupying the central 2-position. Accordingly, chiral TAGs may be classified as AAB- and ABC-type TAGs, constituting two or three different fatty acids, respectively. A prefix, sn-, pertains to a stereospecific numbering that is used to distinguish between the two enantiotopic terminal carbons of the glycerol backbone in TAGs [1,2]. The pro-S hydroxycarbon group refers to the sn-1 position, the pro-R group to the sn-3 position, and the central carbon to the sn-2 position.



Our interest relates to synthetic challenges as well as opening an access to a library of pure enantiostructured TAGs intended as standards for the enantiospecific analysis of chiral TAGs present in natural fats and oils. A major obstacle in such analyses performed by chiral HPLC is the lack of enantiopure TAGs as reference compounds to confirm their elution behavior and retention order [3,4,5,6,7,8]. Ultimately, this may enable a more comprehensive analysis of complex natural TAG mixtures, which frequently contain remarkably high proportions of chiral ABC-type TAGs [9,10,11]. The resulting TAGs may also find use in serving as model compounds to study enzyme activities and biological functions.



Recently, we have succeeded in the synthesis of enantiostructured TAGs of various types. This includes AAB-type TAGs, possessing only two different types of fatty acids. AAB-type TAGs are covered by four AAB subclasses. Our synthetic focus has been on the SSU category, constituting two identical saturated fatty acids (S) and one unsaturated fatty acid (U), and the SUU category, with two identical unsaturated fatty acids and one saturated fatty acid [7,12]. The remaining subclasses include the SSS’ category, possessing both fatty acids as saturated, and the UUU’ category, with both fatty acids as unsaturated. Likewise, we have also reported the synthesis of ABC-type enantiostructured TAGs possessing three different fatty acids with two different saturated fatty acids and one unsaturated fatty acid [13]. These TAGs belong to two (out of six) ABC-type TAG subclasses, namely, the SS’U and SUS’ categories.



In the work described herein, our attention is focused on the synthesis of ABC-type TAGs constituting two different unsaturated fatty acids and one saturated fatty acid. Accordingly, these TAGs belong to the UU’S and USU’ subclass categories. The unsaturated fatty acids involved in this work are monounsaturated oleic acid (C18:1 n-9) and polyunsaturated linoleic acid (C18:2 n-6). Saturated fatty acids include lauric acid (C12:0), myristic acid (C14:0), and palmitic acid (16:0). The synthetic target included a total of six TAG molecules, all having the (S)-configuration, four of which belong to the UU’S category, (S)-1–4, and two to the SUS’ category, (S)-5 and 6. Their structures are revealed in Figure 1.



To execute the synthesis of ABC-type enantiostructured TAGs possessing two different unsaturated fatty acids, our previous strategy, which was based on the use of a benzyl ether as a protective group for the glycerol skeleton, needed a revision. With benzyl ether, we can easily deal with TAGs possessing one unsaturated fatty acid and two different saturated fatty acids. This is no longer an option when dealing with two different unsaturated fatty acids. Our modification is based on replacing the benzyl group with a p-methoxybenzyl protective group. The results are described in the current report.



The work described herein clearly reflects a great deal of novelty not only in terms of the TAG products accomplished but also their extensive utilities. The primary role of enantiostructured TAGs as standards for the enantiospecific analysis of chiral TAGs commonly present in natural fats and oils has already been demonstrated [4,7], and similar analyses of the TAGs obtained from the current work are underway to be reported within a few months. Furthermore, the enantiostructured TAGs have also found use in various important biological activities that include bioavailability [14,15,16,17] and oxidative stability [17,18,19] studies of bioactive n-3 polyunsaturated fatty acids, with a special emphasis on their location in terms of the stereospecific positions within the TAGs.




2. Results and Discussion


All these syntheses were dependent on enantiopure (R)- and (S)-solketals as chiral precursors and a highly regioselective Candida antarctica lipase (CAL-B) to incorporate fatty acids exclusively into the primary alcohol 1,3-positions of the glycerol backbone to control the regiochemistry. The syntheses were also dependent on the use of a benzyl ether protective group to maintain the chirality of the glycerol skeleton after the removal of the original isopropylidene protective moiety. The deprotection of the benzyl ether requires catalytic hydrogenolysis, under which conditions unsaturated fatty acids that are present obviously will not survive. This means that all the manipulations involving unsaturated fatty acids must be brought about after such deprotection and that the introduction of unsaturated fatty acids must take place in the final step(s) of the synthesis.



This is not a problem when dealing with the synthesis of the above AAB- and ABC-type enantiostructured TAGs substituted with only one type of unsaturated fatty acid. But once dealing with the introduction of two unsaturated fatty acids of different types, which is the case with the TAGs belonging to the SUU’ and USU’ subclass categories, the task becomes more challenging. That task requires an alternative protective group to the benzyl group, for which removal is tolerated by the unsaturated fatty acids. In that context, we came up with the idea for using a p-methoxybenzyl (PMB) ether to protect the end position of the glyceryl backbone, which may be cleaved under mild oxidative conditions by the use of 2,3-dichloro-5,6-dicyanobenzoquinone (DDQ) [20,21]. The question remains here as to whether not only mono- but also di- or even higher polyunsaturated fatty acids (PUFAs) might possibly survive such an oxidative treatment. It should also be emphasized that challenges related to acyl migration promoted by parameters including temperature, the presence of an acid or base, and the use of silica gel in relation to chromatography treatments must also be kept under control to maintain the regiocontrol of the synthesis [22,23,24].



2.1. Chemoenzymatic Synthesis of the SUU’ Subclass Category TAGs, (S)-1 and 2


A six-step chemoenzymatic approach was designed for the synthesis of the SUU’ subclass category TAGs, (S)-1–4, which is depicted in Figure 2 (as shown for (S)-1). It is based on the use of (R)-solketal as a chiral precursor of which the sn-1 position is protected as a PMB ether in the first step. This is followed by the removal of the isopropylidene protective moiety and the subsequent lipase-promoted regioselective acylation of the sn-3 hydroxyl group in the resulting diol with a saturated fatty acid. The fourth step involves the introduction of the first unsaturated fatty acid to the remaining sn-2 position. This is followed by the removal of the PMB protective group, and in the final step, the second unsaturated fatty acid is incorporated into the sn-3 position of the glycerol backbone to complete the synthesis.



In the first step, the PMB protective group was attached to the free sn-1 hydroxyl group of (R)-solketal by treating it with p-methoxybenzyl chloride (PMB-Cl) in THF under reflux for 22 h, using sodium hydride as a base. The PMB-protected solketal, (R)-7, was obtained in a 76% yield. The reaction required a significantly longer reaction time than the corresponding reaction with benzyl chloride (4 h) under identical conditions [7,12,13], which relates to the electron-donating properties of the p-methoxyl group. That electron-donating effect also created challenges in the subsequent removal of the isopropylidene protective moiety from the (R)-7 product.



In our previous TAG synthesis cases involving the benzyl group protection of the solketal, the isopropylidene group deprotection was smoothly brought about by hydrolysis using aqueous 1 M HCl in ethanol [7,12,13]. However, when the PMB-protected solketal (R)-7 was gently refluxed with aqueous HCl in ethanol, no PMB-protected glycerol, (S)-8, was obtained. The reaction was attempted several times under milder conditions at room temperature, with differing reaction times and acid concentrations. That resulted in the desired diol in poor yields (20–35%). It appears that the electron-donating properties of the p-methoxyl group were strong enough to induce an SN1-type cleavage of the PMB group, causing the reaction to yield mostly a free glycerol. Hence, it was clear that a different approach was needed.



Molecular iodine in the presence of water in acetonitrile as a solvent has been used to cleave isopropylidene acetals in the presence of several acid-sensitive protecting groups, including PMB [25,26]. This iodine–water-based method was adopted to remove the isopropylidene group from the solketal in the above synthesis to give excellent results, with the PMB-protected diol, (S)-8, being obtained in 97% yields.



Having the chemoselective acetal protective group’s removal successfully sorted out and the resulting PMB-ether-protected glycerol, (S)-8, in hand, the next reaction involved the introduction of fatty acids to the free end position. The selected fatty acids included the three saturated lauric (C12:0), myristic (C14:0), and palmitic (C16:0) acids. All three saturated fatty acids were commercially available as activated vinyl esters. Their activation ensures a fast reaction with the enol leaving group undergoing tautomerization to form acetaldehyde, securing an irreversible process. A fast irreversible process favors the excellent regioselectivity of the lipase [27,28].



The highly regioselective Candida antarctica lipase B (CAL-B) was used to exclusively acylate the primary sn-3 rather than the secondary sn-2 position of the glycerol backbone. Mildness in terms of the temperature is another essential parameter that is offered by the lipase to avoid the acyl migration [22,23,24] of the fatty acid once it has been introduced to a predetermined position of the glycerol backbone. We have demonstrated that under the above mild conditions offered by the lipase, no such acyl migration took place to disturb the regiocontrol of the acylation, and that was also the case in the current reactions [27,28].



In addition to that, in all the previous and current acylation steps involving the lipase and when dealing with all the intermediates possessing an acyl group adjacent to a free hydroxyl group in the glycerol skeleton, extra care had to be taken to avoid acyl migration. That includes when performing the reactions, during their work-ups and the purification of the products by the use of silica-gel-based chromatography. The use of silica gel is known to promote acyl migration, and to get around that, a silica gel impregnated with 4% boric acid was used [29,30].



The lipase-promoted reactions of the vinyl esters were performed in dry dichloromethane at room temperature and were completed in 4 h to afford the (R)-9a–c PMB-protected monoacylglycerols (MAGs) in excellent quantitative yields. The (R)-9a product with lauric acid was obtained as a colorless oil, while those of myristic and palmitic acids, (R)-9b and (R)-9c, respectively, precipitated as white lightweight powders. Table 1 shows the identities, yields, and specific optical activities of these PMB-protected sn-3-MAG derivatives. The corresponding (R)-14 from the USU’ subclass category TAG synthesis (see Section 2.2 below) has been included in the table.



The structures of the PMB-protected MAGs were confirmed by the characteristic pattern for the glycerol region (δ 5.40–3.60 ppm) in their 1H-NMR spectra. Figure S1 in the Supplementary Materials shows a comparison of the glycerol region of the PMB-protected solketal, (R)-7, the PMB-protected glycerol, (S)-8, and the PMB-protected sn-3-MAG, (R)-9c. No sign of acyl migration was observed in the case of the PMB-protected sn-3-MAG derivatives. Acyl migration side reactions would distort the peak pattern and give additional peaks in their glycerol proton region.



The sn-2 mid-position of the PMB-protected sn-3-MAGs, (R)-9a–c, was acylated by the use of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) as a coupling agent in the presence of 4-dimethylaminopyridine (DMAP) as a base and a catalyst. The reactions were performed under conditions identical to those previously described in our syntheses of structured and enantiostructured TAGs in dichloromethane at room temperature, under which no acyl migration took place [12,13,27,28]. The participating fatty acids included the unsaturated oleic acid (18:1 n-9) and linoleic acid (18:2 n-6) in the case of the SUU’ subclass category TAGs.



All the PMB-protected diacylglycerol (DAG) products, (R)-10a–e, were obtained as colorless oils in very high to excellent yields (88–99%), in the same range as those previously reported for the benzyl-protected acylglycerols [13]. All these PMB-protected sn-2,3-DAG derivatives showed specific rotation values between −6.0 and −7.0. Table 2 shows a summary of the identities, the yields obtained, and the specific optical activities of these intermediates. The corresponding (R)-15a,b from the USU’ subclass category TAG synthesis (see Section 2.2 below) have also been included in the table.



Again, the structures of the PMB-protected DAGs were confirmed by the characteristic pattern for the protons belonging to the glycerol region of their 1H-NMR spectra. Figure S2 in the Supplementary Materials shows a comparison of the glycerol regions of the PMB-protected sn-3-MAG, (R)-9b, and the PMB-protected sn-2,3-DAG, (R)-10c. It is of interest to notice the dramatic changes taking place in the spectrum upon the acylation of the sn-2 position, confirming a successful reaction.



2.1.1. DDQ Deprotection with an Incorporated MUFA Present


The most challenging key step in the proposed synthetic approach was the removal of the PMB-protecting group by the use of DDQ in a water–dichloromethane medium. DDQ is a mild oxidant capable for removing the p-methoxybenzyl protective group from alcohols and other derivatives under neutral conditions [20,21,31]. The first important question as to whether a monounsaturated fatty acid would survive the oxidative treatment would already be an important achievement in the synthesis of the SUU’ and USU’ subclass categories of the enantiostructured ABC-type TAGs. A more critical question is related to whether a more unsaturated fatty acid, such as a diene fatty acid, would survive such an oxidation, or perhaps the longer-chain PUFAs.



It is believed that the PMB group and the oxidizing benzoquinone form a charge-transfer complex before reacting in an oxidation–reduction-type reaction involving the transfer of single electrons [21]. The reduced hydroquinone (DDQ-H2) is insoluble in both water and organic solvents and is, therefore, easily removed in the work-up. Finally, the now-oxidized PMB group is vulnerable to a nucleophilic attack by water at the benzyl position and ends up cleaving off as p-methoxybenzaldehyde.



First, the compounds listed in Table 2 and containing the monounsaturated oleic acid along with a saturated fatty acid, were introduced to the deprotection, that is, not only (R)-10a–c but also (R)-15a,b (see Section 2.2 below). Those PMB-protected DAGs possessing linoleic acid, (R)-10d,e, were looked at separately. This was intended to test the compatibility of a single double bond in oleic acid to the reaction conditions. The reaction was highly successful, with all the compounds being deprotected in very high to excellent yields with no indication of any deterioration of the double bond present in the monounsaturated fatty acid. The identity, obtained yield, along with the specific optical rotation of each of the sn-2,3-DAG products, (R)-11a–c and (R)-16a,b, (Section 2.2) are revealed in Table 3.



The formation of a charge-transfer complex turned the solution a dark color, usually dark green or brown, which slowly faded until the reaction solution had become colorless, with a bright red aqueous phase. At that time, the reaction proceeded to completion, as indicated by TLC monitoring. For some reason, care had to be taken during the work-up of the reaction. The reaction product mixture appeared to be quite vulnerable, even after extraction in dichloromethane. It could not be kept in solution for more than a couple of hours or be exposed to temperatures above 20 °C without a clear deterioration in the product, as indicated by 1H NMR spectroscopy. Treatment on a rotary evaporator to remove the solvent had to be performed at room temperature without heating. Once the product had been isolated and purified, it remained stable, and there were no signs of any acyl migration taking place, as is evident from Figure S3 in the Supplementary Materials displaying the glyceryl proton region of the 1H NMR spectrum of (R)-16a as a typical example for 1,2-DAGs [12,13].




2.1.2. DDQ Deprotection with an Incorporated PUFA Present


Having confirmed that a single double bond present in oleic acid was unaffected by the oxidative cleavage conditions for the PMB protective group, we wanted to investigate further whether fatty acids of higher unsaturation would survive. Two of the PMB-protected diacylglycerols in Table 2 constitute linoleic acid, possessing two methylene-interrupted double bonds, namely, (R)-10d and (R)-10e. Both adducts contain linoleic acid (C18:2 n-6) in their sn-2 position, with saturated lauric (C12:0) and palmitic (C16:0) acids in the sn-3 position. They serve as intermediates in the intended syntheses of (S)-3 and (S)-4, respectively, and belong to the SUU’ subclass category TAGs. They were prepared by the chemoenzymatic approach shown in Figure 2. We were particularly interested in finding out whether dienes of that type might possibly survive the deprotection conditions involving the DDQ oxidation. They are far more prone to undergo oxidation as compared to an isolated double bond present in monounsaturated fatty acids [32,33,34,35]. For that investigation, the (R)-10e-constituting palmitic acid was chosen to experiment on.



First, the DDQ reaction was performed under the exact conditions as those when deprotecting the monounsaturated (R)-10a–c, as described above, using 1.3 equivalents of the DDQ oxidant stirred with a solution of the PMB-protected diacylglycerols in water–dichloromethane for 6 h at room temperature. The results were disappointing because the desired deprotected (R)-11e was isolated at only a 26% yield along with some unreacted starting material and a highly polar fraction. The polar fraction comprised oxidized breakdown products of linoleic acid, as indicated by 1H NMR spectroscopy.



Most likely, the oxidizer DDQ was destroying the double bond system. Skipped polyenes are much more sensitive to oxidation than the single double bonds of MUFAs [32,33,34,35]. To confirm this breakdown, free linoleic acid was stirred with DDQ, and the solution was monitored with TLC. As time passed, the single spot of the linoleic acid started to break down into more polar spots, indicating that, indeed, the diene system was being destroyed. A 1H NMR spectrum of linoleic acid before and after exposure to DDQ supported the postulate, with the olefin peaks being diminished after the experiment.



Several attempts were made to try to adjust the reaction conditions for the more vulnerable diene system. The amount of DDQ was reduced to one equivalent in hopes that less free oxidizer in the solution would yield more product. Additionally, DDQ was dissolved in dichloromethane and added slowly to the solution via a dropping funnel, instead of all at once, to further minimize the free DDQ, and the reaction time was decreased. These adjustments had some limited success, resulting in increased yields from 26% to 36%, and more unreacted starting material (43%) was obtained than oxidized side products. However, it was clear that the reaction was far from ideal. The product, (R)-11e, obtained from these experiments was acylated with lauric acid to accomplish the TAG product, (R)-12f, which has been included in Table 4 (see Section 2.2).




2.1.3. Chemical Coupling of the Final Fatty Acid


To complete the synthesis of the intended enantiostructured TAGs, (S)-1 and (S)-2, the final step involved the chemical coupling of the third and final fatty acid into the remaining sn-1 position of the sn-2,3-DAG precursors. In accordance with the scheme in Figure 2, this was brought about by EDCI and DMAP, as described in previous steps using free fatty acids. The final TAGs were obtained as colorless oils in very good to excellent yields. Table 4 outlines the identities, yields, and optical activities of the final products. The corresponding (S)-5 and (S)-6 from the USU’ subclass category TAG synthesis (see Section 2.2 below) have also been included in the table.



As can be further noticed from Table 4, six enantiostructured ABC-type TAGs belonging to the SUS’ subclass category have also been included there. Earlier, we had reported the synthesis of TAGs of that subclass by the use of the benzyl protective group, which involved two separate lipase steps for vinyl esters of different saturated fatty acids [13]. Alternatively, the additional TAGs included were prepared using the PMB protective group approach described herein and, thus, involved only one lipase step for the saturated fatty acid vinyl esters. In addition to that, the TAGs included are the enantiomers of those previously prepared, i.e., (R)-12a, b, d, and f, whereas the (R)-12c and (S)-12e TAGs had not been synthesized before. The TAG (R)-12f was prepared by the acylation of diacylglycerol (R)-11e, as obtained in the previous section.



Figure S4 in the Supplementary Materials depicts the glyceryl proton region in the 1H NMR spectrum of (S)-5, which is characteristic of TAGs [27,28]. The optical activities of all the TAGs were extremely low, such that it was rather difficult to measure the exact values. Frequently, when a sample was measured, the rotation angle of the polarized light would bounce up and down around the zero value, and a high concentration of the sample (40–60 mg per 1 mL) was needed to obtain a good, stable measurement. This observation can be explained by a phenomenon known as cryptoactivity or cryptochirality [36,37,38,39]. Compounds that show cryptoactivity are chiral, but the stereogenic center possesses two moieties that are so similar that optical rotation becomes non-measurable. The carbon chains of the fatty acids at the sn-1 and sn-3 positions in TAGs, which give rise to the molecule’s chirality, are essentially too alike, such that the TAGs are functionally optically inactive. Although the TAGs showed very low optical rotation, it is without a doubt that they are indeed chiral because all the intermediates in the synthesis retained their enantiopurities throughout, and the final reaction would not cause racemization.





2.2. Chemoenzymatic Synthesis of the USU’ Subclass Category TAGs, (S)-5 and 6


Like the SUU’ subclass category TAG synthesis, a six-step chemoenzymatic approach was designed for the two intended USU’ subclass category TAGs, (S)-5 and (S)-6, with both syntheses sharing the (S)-8 PMB-protected glycerol intermediate. The proposed approach is depicted in the scheme in Figure 3. It involves the lipase-promoted regioselective acylation of oleic acid in the sn-3 position of the protected glycerol. This is followed by the introduction of saturated fatty acids to the sn-2 position by chemical coupling, the deprotection of the PMB group, and, finally, the introduction of linoleic acid to the sn-1 position by a second chemical coupling to complete the synthesis.



Because vinyl esters of unsaturated fatty acids, including oleic acid, are not readily available, we were dependent on a different activated ester form that when dealing with such fatty acids in regioselective lipase biotransformations. Previously, we have successfully activated polyunsaturated fatty acids as acetoxime (acetone oxime) esters, including EPA (20:5 n-3) and DHA (22:6 n-3) [40], to obtain excellent regioselectivity in their lipase reactions involving CAL-B with glycerol to prepare symmetrically structured TAGs [40,41]. However, the oximes are clearly less reactive than the vinyl esters, and the irreversibility is not as explicit as when using the enol esters so that we have depended on the use of a vacuum to retard the reversibility of the system [40].



Oleic acid, in its reaction with acetone oxime, was converted to its acetoxime ester (13) in a quantitative yield by the use of the EDCI coupling agent in the presence of DMAP in dichloromethane at room temperature. At first, the reaction of the acetoxime ester (13) with the PMB-protected glycerol, (S)-8, promoted by CAL-B, only gave about a 70% yield for (R)-14 when performed under the same conditions as the vinyl esters this time in the presence of activated molecular sieves. However, when the reaction was performed without a solvent, under vacuum to rid the reaction environment of the acetone oxime co-product, the yield jumped up to 87%, with the product, (R)-14, obtained as a colorless oil (see Table 1).



The saturated myristic (14:0) and palmitic (16:0) acids were introduced to the sn-2 position of (R)-14 by the use of the EDCI coupling reaction described above to accomplish the PMB-protected DAG products (R)-15a and (R)-15b as colorless oils in excellent yields (94 and 91%, respectively; Table 2). Their PMB protective group was successfully removed under the DDQ reaction conditions identical to those described above to accomplish the sn-2,3-DAG intermediates (R)-16a and (R)-16b in excellent yields (95 and 91%, respectively; Table 3). As before, they were obtained in excellent regiopurities, with no signs of acyl migration taking place.



To complete the synthesis of the intended enantiostructured TAGs, (S)-5 and (S)-6, the final step, like before, involved the chemical coupling of the third and final fatty acid, linoleic acid, to the remaining sn-1 position of the sn-2,3-DAGs precursors. This was brought about by EDCI and DMAP under identical conditions to those described in previous steps using free linoleic acid. The final TAGs, (S)-5 and (S)-6, were obtained as colorless oils in excellent yields (94 and 95%, respectively; Table 4).



Table 1, Table 2, Table 3 and Table 4 outline the yields and optical activities of all the acylated intermediates and the final products in the synthesis of the intended SUU’ and USU’ subclass category TAGs obtained so far. The total yields from the (R)-solketal starting material to complete the TAGs over the six steps were 48–56%. This means that the average yield for each of the six individual steps of the synthesis ranged roughly between 88.5 and 90.5%, which is quite high. The introduction of the PMB protective group to the (R)-solketal offered the lowest yield of 76% and contributed the most to lowering the overall yield.




2.3. Chemoenzymatic Synthesis of the Remaining SUU’ Subclass Category TAGs, (S)-3 and 4


Returning to the problem of the polyenes of PUFAs being slowly destroyed by DDQ in the deprotection of the PMB ethers, for the remaining two SUU’ subclass category TAGs, (S)-3 and (S)-4, that were to be synthesized by the approach based on the PMB protective group, linoleic acid is attached to the mid position. Because the DDQ reaction could not be adequately adapted to include linoleic acid, an adjustment was clearly needed. Instead of coupling in the first two fatty acids, a saturated fatty acid, followed by linoleic acid, and then deprotecting the PMB ether, it was opted to deprotect with only the saturated fatty acid present at the end position, leaving the mid position open. Then, after deprotection, CAL-B might be used a second time to regioselectively acylate the now-free sn-1 position, and, finally, the linoleic acid could be chemically coupled to the sn-2 position.



2.3.1. Deprotection with an Open sn-2 Position


To investigate this option further, the previously described DDQ reaction conditions were applied to the (R)-9a derivative possessing the saturated lauric acid (C12:0) at the sn-3 position (see Figure 4). This reaction yielded quite interesting results. Four compounds were isolated from the reaction mixture, and their structures were elucidated by 1H NMR spectroscopy and accurate mass spectrometry studies. The desired monoacylglycerol (MAG) product, (R)-17, was obtained in a 42% yield, a cyclic acetal, (R)-18, with the protective group still attached in a 26% yield, a small fraction of p-anisaldehyde, and, finally, an unknown compound in a 30% yield.



The unknown product turned out to be a mixture of two sn-2,3- and sn-1,3-DAG regioisomers in ratios of 70% and 30%, respectively, with a p-methoxybenzoate ester present in the molecule. The acetal, (R)-18, was contaminated with p-anisaldehyde, and they were not completely separable in a flash column despite several attempts. Figure 4 outlines the reaction, all the products that had formed, and a rationalization of what happened in the reaction.



As indicated in Figure 4, the reaction began as anticipated by DDQ oxidizing the PMB group to transform it to a quinone-like moiety that is vulnerable to a nucleophilic attack. This time, however, unlike the previous cases, where two fatty acyl groups were present, there were two options for the reaction to proceed further. The reaction can continue as wanted by external water attacking in an intermolecular reaction mode. Second, the free hydroxyl group on the glycerol can also perform an intramolecular nucleophilic attack to form a cyclic acetal. The second option is usually considered as a more likely scenario because of the proximity of the hydroxyl group to the reactive benzyl position.



Like in the previous reactions, 30% excess DDQ was used and, therefore, there was plenty of DDQ present to continue oxidation of the cyclic acetal. This resulted in a second quinone-like moiety that underwent an intermolecular nucleophilic attack with water to form a benzoate attached to the glycerol backbone. It was of interest that the resulting diacylglycerols were formed in a ratio of 70% 1,2-DAG and 30% 1,3-DAG, which is opposite to the thermodynamic composition of 70% 1,3-DAG at an equilibrium involving an acyl migration [22,23,24], indicating that the overall DAG formation was somewhat under a kinetic control. It should be emphasized that under the DDQ deprotection conditions, no acyl migration was observed to take place.



Armed with the newfound knowledge of the process, the reaction was adjusted to minimize the undesired side products. First, the amount of DDQ was lowered to exactly one equivalent to retard the formation of the double-oxidized benzoate DAG regioisomers. Second, to enhance the intermolecular reaction with water over the intramolecular reaction of the free hydroxyl group, the ratio of the water to the dichloromethane in the reaction medium was increased from 1:10 to 1:3. Additionally, the reaction was performed with the magnetic stirrer on a full spin to increase the accessibility of the water in the reaction.



When the reaction was repeated with the new adjustments, the deprotected (R)-17 was isolated in a 72% yield with a minor fraction of the acetal, (R)-18, which is quite acceptable. Moreover, it was demonstrated that the acetal, (R)-18, could be converted to the desired (R)-17 in a 91% yield, using elemental iodine along with water in acetonitrile to further improve the yield of the modified reaction. This is the same reaction as was applied to remove the isopropylidene group from the solketal in the second step of the total synthesis.




2.3.2. TAG Synthesis via a Double-Lipase-Step Method


Now, when the MAG (R)-17 had been obtained, the next step involved the acylation of oleic acid as an oxime ester (13) to the sn-1 end position utilizing CAL-B to form the intended 1,3-DAG intermediate. However, the results from that reaction were disappointing. Because oxime esters are less reactive than vinyl esters, the enzymatic reaction was slow, and stirring overnight was needed for the reaction to proceed to completion. The problem is that the lipase, unlike the previous case, was in a dynamic system with the acylated glycerol. And given enough time, CAL-B started acting on the saturated ester already present in the monoacylglycerol starting material, thus interfering with the intended reaction. The consequences were losses in the regioselectivity of the reaction, lower yields of the desired product, and unreacted starting material present. In other words, the increased reaction time that was needed to introduce the oxime, allowed the lipase to slowly start destroying the desired compound and the regiocontrol of the reaction.



The double-lipase-step method has been successfully used before to synthesize ABC-type TAGs belonging to the SUS’ subclass categories [13]. However, in that case, the lipase reactions involved two saturated fatty acids to be introduced to the end positions as the much faster vinyl esters in two lipase steps, each taking no more than four hours. Therefore, it became evident that if the double-lipase-step method was to be utilized, involving a saturated and a monounsaturated fatty acid to be incorporated into the end positions, the monounsaturated one would need to be introduced first and then the saturated one in the second lipase step. Consequently, the synthesis would need to be initiated from the opposite (S)-solketal enantiomer starting material to secure the intended stereochemistry of the resulting TAGs. The accordingly modified approach is outlined in Figure 5.



The first three reactions of the synthesis were identical to those of the opposite enantiomers shown in Figure 2 and Figure 3. Once oleic acid had been introduced to the sn-1 position of (S)-8 in a 74% yield, the PMB group of the resulting (S)-14 was deprotected to accomplish the MAG, (S)-19, in a 70% yield, following the modifications described above. The second lipase step was performed with vinyl esters of lauric acid and palmitic acid to accomplish the resulting 1,3-DAGs, (S)-20a and (S)-20b, in 83 and 87% yields, respectively. The reactions only required 4 h to proceed to completion, with no observed acyl migration taking place, as was to be expected. Finally, linoleic acid was incorporated into the sn-2 position by the usual chemical coupling involving EDCI and DMAP to complete the desired target molecules, (S)-3 and (S)-4, that were obtained as colorless oils in 97 and 96% yields, respectively. Table 5 shows the identities, yields, and specific rotations for the final two TAGs and all their intermediates, starting from (S)-solketal, via the double-lipase-step approach.



The double-lipase-step method, based on the introduction of a PUFA to the sn-2 position with a monounsaturated and a saturated fatty acid present at each of the end positions, afforded the two TAGs belonging to the SUU’ subclass category in 30% overall yields from (S)-solketal over six steps. This is significantly lower than the average of 52% overall yields obtained from the PMB-based strategy described above in Figure 2 and Figure 4. However, it must be kept in mind that the average yield for the individual steps of the six-step synthesis is still close to 82%, which cannot be considered as bad. The lower total yields can mainly be attributed to the lipase-promoted oleic acid coupling reaction, which we may be able to improve, and the less efficient deprotection, with the sn-2 position being free. Nevertheless, the target compounds were obtained in excellent regiopurities, with no acyl migration occurring during the synthesis. This was established through studies of the quite characteristic glyceryl proton region from the 1H NMR spectra of all the individual 1-MAGs, 1,3- and 1,2-DAGs, and TAGs featured in the synthesis. This is demonstrated in Figure S4 of the Supporting Information.






3. Materials and Methods


3.1. General Information


The 1H- and 13C-NMR spectra were recorded on a 400 MHz Bruker Avance NEO 400 spectrometer (Bruker Switzerland AG, Faellanden, Switzerland). Chemical shifts (δ) are reported in parts per million (ppm) from tetramethylsilane, with the solvent resonance being used as an internal standard. In all the cases, the solvent was deuterochloroform, which had been filtered through aluminum oxide to eliminate acidic contamination. The coupling constants (J) are given in Hertz (Hz). The following abbreviations are used to describe the multiplicities: s, singlet; d, doublet; t, triplet; q, quartet; p, pentet; dd, doublet of doublets; dt, doublet of triplets; ABq, AB-quartet; m, multiplet. For 13C-NMR, the number of carbon nuclei contributing to each signal is indicated in parentheses after the chemical shift value. Infrared spectra were recorded on a Nicolet IS 10 FT-IR spectrometer (Thermo Scientific, Madison, WI, USA), using either sodium chloride windows (NaCl) for liquid compounds, potassium bromide pellets (KBr) for solids, or a diamond ATR crystal that was used for both liquids and solids. The following abbreviations are used to describe the peaks: s, strong; vs, very strong; m, medium; w, weak; br, broad. High-resolution mass spectra (HMRS) were recorded on a Bruker OTOF-Q Compact ESI mass spectrometer (Bruker Daltonic, Bremen, Germany). Optical activities were measured on an Autopol V automatic Polarimeter from Rudolph Research Analytical (Hacketstown, NJ, USA) using a 40T-2.5-100-0.7 Temp Trol polarimetric cell with a 2.5 mm inside diameter, a 100 mm optical length, and a 0.7 mL volume, with c (concentration) referring to g sample/100 mL. Melting points were determined using a Büchi m-560 melting point apparatus. TLC monitoring was conducted on silica plates from SiliCycle, and the plates were developed in 4% PMA solution in methanol. Boric-acid-impregnated silica gel was prepared by dissolving 4 g of boric acid in 100 mL of methanol and then adding 55 g of silica and swirling the resulting slurry for a few minutes. The methanol was then evaporated off, and the silica was dried in vacuo for 6 h at 40 °C.



All the chemicals and solvents were used without further purification unless otherwise stated. Most solvents used, deuterated chloroform (99.8% D), diethyl ether (99.8%), chloroform (≥99.5%), dichloromethane (99.8%), ethanol (≥99.8%), hexane (>97%), methanol (99.9%), and tetrahydrofuran (99.9%) were from Sigma-Aldrich (Steinheim, Germany). Tetrahydrofuran and dichloromethane were dried over molecular sieves and stored under nitrogen. Ethyl acetate and petroleum ether (special boiling point 60–95 °C) were purchased from Brenntag (Essen, Germany) in barrels. The petroleum ether was purified by distillation in a rotary evaporator. All the following chemicals: p-anisaldehyde (98%), boric acid (≥99.5%), hydrochloric acid (37%), magnesium sulfate (≥99.5%), phosphomolybdic acid, sodium bicarbonate (≥99.0%), sodium hydride (60% dispersion in mineral oil), sodium sulfate (≥99%), sodium thiosulfate (≥98.5%), (R)-solketal (98%, 98% ee), (S)-solketal (98%, 99% ee), stearic acid (≥99%), vinyl caprate (>95%), and vinyl laurate (≥99%) were obtained from Sigma-Aldrich. Capric acid (>99%), lauric acid (>99.5%), myristic acid (>99.5%), oleic alcohol, and tetrabutylammonium bromide (99%) were from Acros Organics (Geel, Belgium). 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone (>97%), 1-ethyl-3-(3-dimethylamino propyl) carbodiimide (>98%), p-methoxybenzyl chloride (>98%), vinyl myristate (>99%), vinyl palmitate (>96%), and vinyl stearate (>95%) were purchased from TCI Europe (Zwinderecht, Belgium). Arachidic acid, linoleic acid, oleic acid, and palmitic acid were all from Larodan Fine Chemicals (Malmö, Sweden). Acetoxime (98%), 4-dimethylaminopyridine (≥99%), elemental iodine, potassium hydroxide, and sodium chloride (≥99.8%) were obtained from Merck (Darmstadt, Germany). The immobilized Candida antarctica lipase B (CAL-B, Novozym 435) was obtained as a gift from Novozymes A/S (Bagsvaerd, Denmark).




3.2. Synthesis of the SUU’ Subclass Category TAGs, (S)-1 and 2


3.2.1. Synthesis of 2,3-O-Isopropylidene-1-O-(p-methoxybenzyl)-sn-glycerol, (R)-7


Sodium hydride (60% mineral oil dispersion, 490 mg, 20.43 mmol) was added to a 250 mL flame-dried two-necked round-bottom flask with a magnetic stirrer and rinsed three times with dry THF (10 mL portions) under a nitrogen atmosphere. After that, a fresh portion of dry THF (15 mL) was added, and the solution was cooled to 0 °C. (R)-Solketal (900 mg, 6.81 mmol) was added dropwise to the solution in dry THF, and the mixture was then allowed to reach room temperature and stirred for 1.5 h. After that time, the solution was again cooled to 0 °C, and p-methoxybenzyl chloride (1226 mg, 7.83 mmol) was added. Finally, the solution was refluxed for 22 h, after which the mixture had a deep orange color. The reaction was carefully quenched with water and extracted three times with dichloromethane. The combined organic extracts were washed with water and brine, then dried over MgSO4 and concentrated in vacuo. The crude concentrate was then purified by flash column chromatography using ethyl acetate:petroleum ether (2:8) as the eluent, affording the product, (R)-7, as a slightly yellow liquid (1303 mg, 76% yield). TLC (silica, ethyl acetate:petroleum ether, 2:8): Rf = 0.39. [α]20D = −1.24 (c. 2.16, CH2Cl2). IR (NaCl, νmax/cm−1): 2935 (s), 2865 (s), 1613 (m), 1248 (vs), 1037 (s). 1H NMR (400 MHz, CDCl3) δH: 7.26 (d, J = 8.8 Hz, 2H, Ph-H), 6.88 (d, J = 8.8 Hz, 2H, Ph-H), 4.49 (m, 2H, PhCH2), 4.27 (m, 1H, CH sn-2), 4.04 (dd, J = 8.3, 6.4 Hz, 1H, CH2 sn-3), 3.80 (s, 3H, OCH3), 3.72 (dd, J = 8.3, 6.3 Hz, 1H, CH2 sn-3), 3.52 (dd, J = 9.8, 5.7 Hz, 1H, CH2 sn-1), 3.44 (dd, J = 9.8, 5.6 Hz, 1H, CH2 sn-1), 1.42 (s, 3H, C(CH3)2), 1.36 (s, 3H, C(CH3)2) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 159.3, 130.0, 129.4 (2), 113.8 (2), 109.4, 74.7, 73.2, 70.8, 66.9, 55.3, 26.8, 25.4 ppm. HRMS (ESI) m/z: [M + Na]+ calcd. for C14H20O4Na 275.1254; found, 275.1255.




3.2.2. Synthesis of 1-O-(p-Methoxybenzyl)-sn-glycerol, (S)-8


PMB–solketal, (R)-7 (1300 mg, 5.15 mmol), in acetonitrile (25 mL) was added to a 50 mL round-bottom flask equipped with a magnetic stirrer. Subsequently, elemental iodine (392 mg, 1.54 mmol) and water (1 mL) were added to the solution, and it allowed to stir for 22 h at room temperature under a nitrogen atmosphere. After that time, the solution was quenched with 50 mL of Na2S2O3 (20% w/w aqueous solution) and extracted three times with ethyl acetate. The combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude concentrate was then purified by flash column chromatography, first using ethyl acetate/petroleum ether (3:7) as the eluent and then gradually increasing the proportion of ethyl acetate until the eluent was pure ethyl acetate. That afforded the product, (S)-8, which solidified upon drying under vacuum into a slightly yellow solid. It was then recrystallized in hexane, which afforded colorless fine needles (1092 mg, 97% yield). TLC (silica, ethyl acetate:petroleum ether, 30:70): Rf = 0.11. Mp. 43.1–43.6 °C. [α]20D = +2.48 (c. 1.73, CH2Cl2). IR (NaCl, νmax/cm−1): 3389 (br), 2935 (s), 2837 (vs), 1612 (m), 1463 (m), 1247 (s), 1033 (vs). 1H NMR (400 MHz, CDCl3) δH: 7.25 (d, J = 8.7 Hz, 2H, Ph-H), 6.89 (d, J = 8.7 Hz, 2H, Ph-H), 4.49 (s, 2H, PhCH2), 4.88 (m, 1H, CH sn-2), 3.81 (s, 3H, OCH3), 3.71 (dd, J = 11.5, 3.8 Hz, 1H, CH2 sn-3), 3.63 (dd, J = 11.5, 5.6 Hz, 1H, CH2 sn-3), 3.57 (dd, J = 9.6, 3.6 Hz, 1H, CH2 sn-1), 3.52 (dd, J = 9.6, 3.5 Hz, 1H, CH2 sn-1), 2.59 (br s, 1H, OH), 2.10 (br s, 1H, OH) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 159.4, 129.8, 129.5 (2), 113.9 (2), 73.4, 71.5, 70. 6, 63.9, 55.3 ppm. HRMS (ESI) m/z: [M + Na]+ calcd. for C11H16O4Na 235.0941; found, 235.0943.




3.2.3. Synthesis of 3-Dodecanoyl-1-O-(p-methoxybenzyl)-sn-glycerol, (R)-9a


PMB-protected glycerol, (S)-8 (130 mg, 0.55 mmol), and vinyl laurate (160 mg, 0.71 mmol) dissolved in dichloromethane (3 mL) were added under slow magnetic stirring to a 10 mL round-bottom flask. Subsequently, immobilized Candida antarctica lipase (CAL-B) (28 mg, 10% w/w) was added, and the atmosphere was replaced with nitrogen gas. The mixture was allowed to stir for 4 h while being monitored by TLC. After that time, the reaction was complete, and the lipase was filtered off. The solvent was removed in vacuo, and the crude concentrate was washed with a 15 mg/mL NaHCO3/methanol (1:1) solution and then extracted twice with hexane. The combined organic extracts were dried over Na2SO4 and concentrated in vacuo. The crude product was then purified by flash column chromatography with 4% boric-acid-impregnated silica gel, using ethyl acetate:hexane (2:8) as the eluent, affording the product, (I)-9a, as a colorless liquid (231 mg, quantitative yield). TLC (silica, ethyl acetate:petroleum ether, 20:80): Rf = 0.27. [α]20D = −1.28 (c. 2.50, CH2Cl2). IR (NaCl, νmax/cm−1): 3449 (br), 2925 (s), 2854 (vs), 1736 (vs), 1612 (m), 1466 (m), 1377 (m), 1248 (s), 1037 (m). 1H NMR (400 MHz, CDCl3) δH: 7.25 (d, J = 9.0 Hz, 2H, Ph-H), 6.88 (d, J = 8.7 Hz, 2H, Ph-H), 4.49 (s, 2H, PhCH2), 4.17 (dd, J = 11.5, 4.4 Hz, 1H, CH2 sn-3), 4.12 (dd, J = 11.5, 6.0 Hz, 1H, CH2 sn-3), 4.01 (m, 1H, CH sn-2), 3.81 (s, 3H, OCH3), 3.52 (dd, J = 9.6, 4.3 Hz, 1H, CH2 sn-1), 3.46 (dd, J = 9.6, 6.2 Hz, 1H, CH2 sn-1), 2.49 (br s, 1H, OH), 2.32 (t, J = 7.6 Hz, 2H, CH2COO), 1.61 (m, 2H, CH2CH2COO), 1.29–1.24 (m, 16H, CH2), 0.88 (t, J = 6.8 Hz, 3H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 174.1, 159.5, 129.9, 129.6 (2), 114.0 (2), 73.3, 70.7, 69.1, 65.5, 55.4, 34.3, 32.1, 29.7, 29.6, 29.45, 29.4 (2), 29.3, 25.1, 22.8, 14.3 ppm. HRMS (ESI) m/z: [M + Na]+ calcd. for C23H38O5Na 417.2611; found, 417.2610.




3.2.4. Synthesis of (R)-9b and (R)-9c


See the full experimental details in the Supplementary Materials.




3.2.5. Synthesis of 3-Dodecanoyl-1-O-(p-methoxybenzyl)-2-[(9Z)-octadec-9-enoyl)]-sn-glycerol, (R)-10a


Monoacylglycerol, (R)-9a (200 mg, 0.51 mmol), and oleic acid (165 mg, 0.58 mmol) in dry dichloromethane (5 mL) were added to a flame-dried 10 mL round-bottom flask equipped with a magnetic stirrer. Then, 4-dimethylaminopyridine (DMAP) (50 mg, 0.41 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (117 mg, 0.61 mmol) were added to the solution and stirred at room temperature under nitrogen for 20 h. After that time, the reaction mixture was passed through a short column packed with silica gel using ethyl acetate. The solvent was removed in vacuo, and the crude concentrate was then purified by flash column chromatography using ethyl acetate/hexane (1:9) as the eluent, affording the product, (R)-10a, as a colorless liquid (188mg, 99% yield). TLC (silica, ethyl acetate:petroleum ether, 20:80): Rf = 0.60. [α]20D = −6.77 (c. 1.92, CH2Cl2). IR (NaCl, νmax/cm−1): 3003 (m), 2925 (s), 2854 (s), 1743 (s), 1613 (m), 1464 (m), 1248 (s), 1172 (s), 1038 (m). 1H NMR (400 MHz, CDCl3) δH: 7.23 (d, J = 8.8 Hz, 2H, Ph-H), 6.87 (d, J = 8.8 Hz, 2H, Ph-H), 5.34 (m, 2H, =CH), 5.23 (m, 1H, CH sn-2), 4.45 (ABq, ΔδAB = 0.04, J = 11.8, 2H, PhCH2), 4.33 (dd, J = 11.9, 3.9 Hz, 1H, CH2 sn-3), 4.17 (dd, J = 11.9, 6.5 Hz, 1H, CH2 sn-3), 3.80 (s, 3H, OCH3), 3.55 (dd, J = 5.2, 1.3 Hz, 2H, CH2 sn-1), 2.31 (t, J = 7.6 Hz, 2H, CH2COO SFA), 2.27 (t, J = 7.6 Hz, 2H, CH2COO MUFA), 2.01 (m, 4H, CH2CH=), 1.65–1.56 (m, 4H, CH2CH2COO), 1.36–1.22 (m, 36H, CH2), 0.88 (t, J = 6.7 Hz, 6H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 173.6, 173.2, 159.5, 130.2, 129.92, 129.87, 129.5 (2), 114.0 (2), 73.1, 70.2, 68.1, 62.8, 55.4, 34.5, 34.3, 32.1 (2), 29.92, 29.87, 29.8, 29.7, 29.6 (2), 29.49 (2), 29.47 (2), 29.44, 29.36, 29.3 (2), 29.2, 27.4, 27.3, 25.1, 25.0, 22.8, 14.3 (2) ppm. [M + Na]+ calcd. for C41H70O6Na 681.5065; found, 681.5050.




3.2.6. Synthesis of (R)-10b, (R)-10c, (R)-10d, and (R)-10e


See the full experimental details in the Supplementary Materials.




3.2.7. Synthesis of 3-Dodecanoyl-2-[(9Z)-octadec-9-enoyl)]-sn-glycerol, (R)-11a


Diacylglycerol, (R)-10a (306 mg, 0.465 mmol), and dichloromethane (6 mL) were added to a 25 mL round-bottom flask equipped with a magnetic stirrer. Water (1 mL) was pipetted into the solution, and it was cooled down to 0 °C. Subsequently 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) (137 mg, 0.60 mmol) was added, which turned the solution to a dark green color. The mixture was stirred under nitrogen for an hour and then the cooling bath was removed. It was allowed to stir for an additional three hours at room temperature, during which the color slowly changed to colorless with a bright red aqueous phase. When all the dark color had vanished, the reaction was complete, as indicated by TLC monitoring. The reaction mixture was extracted three times with dichloromethane, and the combined organic layers were washed with NaHCO3, water, and brine. Then, they were dried over MgSO4 and concentrated in vacuo, and the crude concentrate was then purified by flash column chromatography with 4% boric-acid-impregnated silica gel, using ethyl acetate:hexane (1:9) as the eluent, affording the product, (R)-11a, as a colorless liquid (227 mg, 91% yield). TLC (silica, ethyl acetate:petroleum ether, 20:80): Rf = 0.41. [α]20D = +2.43 (c. 4.24, CH2Cl2). IR (NaCl, νmax/cm−1): 3480 (br), 3004 (m), 2925 (vs), 2854 (vs), 1744 (s), 1466 (m), 1352 (m), 1167 (s). 1H NMR (400 MHz, CDCl3) δH: 5.34 (m, 2H, =CH), 5.08 (p, J = 4.9 Hz, 1H, CH sn-2), 4.32 (dd, J = 12.0, 4.6 Hz, 1H, CH2 sn-3), 4.23 (dd, J = 12.0, 5.7 Hz, 1H, CH2 sn-3), 3.72 (br s, 2H, CH2 sn-1), 2.34 (t, J = 7.5 Hz, 2H, CH2COO SFA), 2.32 (t, J = 7.6 Hz, 2H, CH2COO MUFA), 2.09 (br s, 1H, OH), 2.01 (q, J = 6.6 Hz, 4H, CH2CH=), 1.62 (m, 4H, CH2CH2COO), 1.39–1.22 (m, 36H, CH2), 0.88 (t, J = 6.7, 6H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 173.9, 173.5, 130.2, 129.8, 72.3, 62.1, 61.7, 34.4, 34.2, 32.0 (2), 29.9, 29.84, 29.75 (2), 29.7, 29.6, 29.5 (2), 29.4, 29.32, 29.29, 29.25 (2), 29.2, 27.4, 27.3, 25.1, 25.0, 22.8 (2), 14.3 (2) ppm. [M + Na]+ calcd. for C33H62O5Na 561.4489; found, 561.4470.




3.2.8. Synthesis of 2-[(9Z)-Octadec-9-enoyl)]-3-tetradecanoyl-sn-glycerol, (R)-11b and (R)-11c


See the full experimental details in the Supplementary Materials.




3.2.9. Synthesis of 3-Hexadecanoyl-2-[(9Z,12Z)-octadeca-9,12-dienoyl)]-sn-glycerol, (R)-11e


Diacylglycerol, (R)-10e (1297 mg, 1.82 mmol), and dichloromethane (5 mL) were added to a 50 mL round-bottom flask equipped with a magnetic stirrer. Then, water (3 mL) was pipetted into the solution. Subsequently, 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (412 mg, 1.82 mmol) was dissolved in dichloromethane (10 mL) and slowly added dropwise to the solution over a 30 min period. The mixture was stirred vigorously for additional 1.5 h until the characteristic dark color had vanished. The reaction mixture was extracted three times with dichloromethane, and the combined organic layers were washed with NaHCO3, water, and brine. Then, they were dried over Na2SO4 and concentrated in vacuo, and the crude concentrate was then purified by flash column chromatography with 4% boric-acid-impregnated silica gel, using ethyl acetate:hexane (1:9) as the eluent, affording the product, (R)-11e, as a colorless liquid (390 mg, 36% yield) along with unreacted (R)-10e (562 mg, 43% recovery). TLC (silica, ethyl acetate:petroleum ether, 20:80): Rf = 0.40. [α]20D = +2.45 (c. 2.57, CH2Cl2). IR (ATR, νmax/cm−1): 3213 (br), 3009 (m), 2925 (vs), 2853 (vs), 1713 (vs), 1465 (m), 1349 (m), 1162 (s). 1H NMR (400 MHz, CDCl3) δH: 5.36 (m, 4H, =CH), 5.08 (m, 1H, CH sn-2), 4.32 (dd, J = 11.9, 4.6 Hz, 1H, CH2 sn-3), 4.23 (dd, J = 11.9, 5.6 Hz, 1H, CH2 sn-3), 3.73 (m, 2H, CH2 sn-1), 2.77 (t, J = 6.6 Hz, 2H, =CHCH2CH=), 2.32 (t, J = 7.7 Hz, 2H, CH2COO PUFA), 2.31 (t, J = 7.6 Hz, 4H, CH2COO SFA), 2.05 (q, J = 6.8 Hz, 4H, CH2CH=), 1.65–1.58 (m, 4H, CH2CH2COO), 1.33–1.25 (m, 38H, CH2), 0.89 (t, J = 6.9, 3H, CH2CH3 PUFA), 0.88 (t, J = 7.0, 6H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 173.9, 173.5, 130.4, 130.1, 128.2, 128.0, 72.3, 62.1, 61.7, 34.4, 34.3, 32.1, 31.7, 29.9 (3), 29.81 (2), 29.76, 29.6, 29.51, 29.50, 29.4, 29.33, 29.27 (2), 29.2, 27.4 (2), 25.8 (2), 25.1, 25.0, 22.8, 22.7, 14.3, 14.2 ppm. [M + Na]+ calcd. for C37H68O5Na 615.4964; found, 615.5067.




3.2.10. Synthesis of 3-Dodecanoyl-1-[(9Z,12Z)-octadeca-9,12-dienoyl)]-2-[(9Z)-octadec-9-enoyl)]-sn-glycerol, (S)-1


Diacylglycerol, (R)-11a (72 mg, 0.13 mmol), and linoleic acid (43 mg, 0.15 mmol) in dry dichloromethane (3 mL) were added to a 10 mL flame-dried round-bottom flask equipped with a magnetic stirrer. Then, 4-dimethylaminopyridine (DMAP) (13 mg, 0.11 mmol) and 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDCI) (31 mg, 0.16 mmol) were added to the solution and stirred at room temperature under nitrogen for 20 h. After that time, the reaction mixture was passed through a short column packed with silica gel, using ethyl acetate. The solvent was removed in vacuo, and the crude concentrate was then purified by flash column chromatography using ethyl acetate:hexane (1:19) as the eluent, affording the product, (S)-1, as a colorless liquid (91 mg, 85% yield). TLC (silica, ethyl acetate:petroleum ether, 20:80): Rf = 0.75. [α]20D = +0.03 (c. 2.96, CH2Cl2). IR (NaCl, νmax/cm−1): 3008 (s), 2926 (vs), 2855 (s), 1747 (s), 1464 (m), 1378 (m), 1161 (s). 1H NMR (400 MHz, CDCl3) δH: 5.35 (m, 6H, =CH), 5.26 (m, 1H, CH sn-2), 4.29 (dd, J = 11.9, 4.3 Hz, 2H, CH2 sn-1/sn-3), 4.14 (dd, J = 11.9, 6.0 Hz, 2H, CH2 sn-1/sn-3), 2.77 (t, J = 6.6 Hz, 2H, =CHCH2CH=), 2.32 (t, J = 7.5 Hz, 2H, CH2COO), 2.31 (t, J = 7.6 Hz, 4H, CH2COO), 2.04 (q, J = 6.8 Hz, 4H, CH2CH= MUFA), 2.01 (q, J = 6.6 Hz, 4H, CH2CH= PUFA), 1.65–1.57 (m, 6H, CH2CH2COO), 1.38–1.21 (m, 50H, CH2), 0.89 (t, J = 6.9, 3H, CH2CH3 PUFA), 0.88 (t, J = 6.7, 6H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 173.43, 173.38, 173.0, 130.4, 130.17, 130.15, 129.8, 128.2, 128.0, 69.0, 62.2 (2), 34.3, 34.20, 34.17, 32.1 (2), 31.7, 29.91, 29.87, 29.8 (3), 29.7, 29.6, 29.49 (2), 29.47 (2), 29.41, 29.35, 29.32, 29.28, 29.27 (2), 29.23, 29.20, 27.4, 27.34 (2), 27.32, 25.8, 25.03, 25.01, 24.98, 22.8 (2), 22.7, 14.3 (2), 14.2 ppm. [M + Na]+ calcd. for C51H92O6Na 823.6786; found, 823.6766.




3.2.11. Synthesis of (S)-2, (R)-12a, (R)-12b, (R)-12c, (R)-12d, (R)-12e, and (R)-12f


See the full experimental details in the Supplementary Materials.





3.3. Synthesis of the USU’ Subclass Category TAGs, (S)-5 and 6


3.3.1. Synthesis of Oleic Acid Acetoxime Ester, 13


Oleic acid (500 mg, 1.77 mmol) and dry dichloromethane (8 mL) were added to a 100 mL flame-dried two-necked round-bottom flask equipped with a magnetic stirrer. Acetone oxime (130 mg, 1.77 mmol), DMAP (43 mg, 0.35 mmol), and EDCI (407 mg, 2.12 mmol) were added to the solution, and it was stirred at room temperature under nitrogen for 20 h. After that time, the reaction mixture was flushed through a short column packed with silica gel, using ethyl acetate. The solvent was removed in vacuo, and the crude concentrate was then purified by flash column chromatography using ethyl acetate:hexane (1:9) as the eluent, affording the product (13) as a colorless liquid (596 mg, quantitative yields). TLC (silica, ethyl acetate:petroleum ether, 30:70): Rf = 0.59. IR (NaCl, νmax/cm−1): 2925 (s), 2854 (vs), 1765 (vs), 1654 (w), 1460 (m), 1377 (m), 1271 (m), 1136(s). 1H NMR (400 MHz, CDCl3) δH: 5.34 (m, 2H, =CH), 2.40 (t, J = 7.6 Hz, 2H, CH2COO), 2.05 (s, 3H, (CH3)2C=N), 2.01 (m, 4H, CH2CH=), 1.99 (s, 3H, (CH3)2C=N), 1.69 (p, J = 7.5 Hz, 2H, CH2CH2COO), 1.38–1.23 (m, 20H, CH2), 0.87 (t, J = 6.7 Hz, 3H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 171.4, 163.8, 130.2, 129.9, 33.2, 32.0, 29.9, 29.8, 29.7, 29.5 (2), 29.3, 29.2 (2), 27.4, 27.3, 25.1, 22.8, 22.2, 17.1, 14.3 ppm. [M + Na]+ calcd. for C21H39O2NNa 360.2873; found, 360.2879.




3.3.2. Synthesis of 1-O-(p-Methoxybenzyl)-3-[(9Z)-octadec-9-enoyl)]-sn-glycerol, (R)-14


PMB-protected glycerol, (S)-8 (300 mg, 1.41 mmol), and oleic acid acetoxime ester (13) (573 mg, 1.70 mmol) were added to a flame-dried 5 mL round-bottom flask. Subsequently, immobilized Candida antarctica lipase B (CAL-B) (70 mg, 8% w/w) was added; the flask was connected to a vacuum pump system (10−2 mmHg), and the resulting mixture was stirred at room temperature for 6 h. After that time, the vacuum was disconnected, and additional CAL-B (10 mg) along with dried dichloromethane (1.5 mL) were added to the flask. The mixture was allowed to stir under a nitrogen atmosphere overnight. Then, the reaction was complete, and the lipase was filtered off. The solvent was removed in vacuo, and the crude concentrate was then purified by flash column chromatography with 4% boric-acid-impregnated silica gel, using ethyl acetate:hexane (2:8) as the eluent, affording the product, (R)-14, as a colorless liquid (585 mg, 87% yield). TLC (silica, ethyl acetate:petroleum ether, 30:70): Rf = 0.50. [α]20D = −0.72 (c. 1.67, CH2Cl2). IR (NaCl, νmax/cm−1): 3449 (br), 2925 (s), 2854 (vs), 1739 (vs), 1612 (m), 1463 (m), 1377 (m), 1248 (s). 1H NMR (400 MHz, CDCl3) δH: 7.25 (d, J = 9.1 Hz, 2H, Ph-H), 6.88 (d, J = 8.8 Hz, 2H, Ph-H), 5.34 (m, 2H, =CH), 4.49 (s, 2H, PhCH2), 4.17 (dd, J = 11.5, 4.5 Hz, 1H, CH2 sn-3), 4.12 (dd, J = 11.5, 6.1 Hz, 1H, CH2 sn-3), 4.01 (m, 1H, CH sn-2), 3.81 (s, 3H, OCH3), 3.52 (dd, J = 9.6, 4.3 Hz, 1H, CH2 sn-1), 3.46 (dd, J = 9.6, 6.1 Hz, 1H, CH2 sn-1), 2.48 (d, J = 4.9 Hz, 1H, OH), 2.32 (t, J = 7.6 Hz, 2H, CH2COO), 2.00 (m, 4H, CH2CH=), 1.61 (m, 2H, CH2CH2COO), 1.38–1.23 (m, 20H, CH2), 0.88 (t, J = 6.7 Hz, 3H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 174.1, 159.5, 130.2, 129.89, 129.87, 129.6 (2), 114.0 (2), 73.3, 70.7, 69.1, 65.5, 55.4, 34.3, 32.0, 29.9, 29.8, 29.7, 29.5 (2), 29.31, 29.25 (2), 27.4, 27.3, 25.0, 22.8, 14.3 ppm. [M + Na]+ calcd. for C29H48O5Na 499.3394; found, 499.3353.




3.3.3. Synthesis of (R)-15a, (R)-15b, (R)-16a, (R)-16b, (S)-5, and (S)-6


See the full experimental details in the Supplementary Materials.





3.4. Synthesis of the SUU’ Subclass Category TAGs, (S)-3 and 4


3.4.1. Synthesis of 3-Dodecanoyl-sn-glycerol, (R)-17


Acylglycerol, (R)-9a (200 mg, 0.51 mmol), dissolved in dichloromethane (3 mL) was added to a 10 mL round-bottom flask equipped with a magnetic stirrer. Water (1 mL) was pipetted into the solution, which was cooled down to 0 °C. Subsequently, DDQ (115 mg, 0.51 mmol) was added, which turned the solution to a dark green color. The cooling bath was removed after 30 min. The solution was stirred under a nitrogen atmosphere overnight with the magnetic stirrer on full speed. After that time, the reaction mixture was extracted three times with dichloromethane, and the combined organic layers were washed with water, aqueous NaHCO3, and brine. Then, they were dried over Na2SO4, concentrated in vacuo, and the crude concentrate was then purified by flash column chromatography with 4% boric-acid-impregnated silica gel, using a gradient solvent system from ethyl acetate:hexane (1:9) to ethyl acetate:hexane (1:1) as the eluents, affording the product, (R)-17, as a white, waxy solid (139 mg, 72% yield). TLC (silica, ethyl acetate:petroleum ether, 50:50): Rf = 0.18. Mp. 53.8–54.3 °C. [α]20D = −1.62 (c. 1.11, CH2Cl2). IR (ATR, νmax/cm−1): 3300 (br), 2956 (m), 2918 (vs), 2849 (vs), 1733 (s), 1463 (m), 1175 (s). 1H NMR (400 MHz, CDCl3) δH: δ 4.21 (dd, J = 11.8, 4.6 Hz, 1H, CH2 sn-3), 4.15 (dd, J = 11.6, 6.1 Hz, 1H, CH2 sn-3), 3.93 (m, 1H, CH sn-2), 3.70 (ddd, J = 10.4, 6.4, 4.1 Hz, 1H, CH2 sn-1), 3.60 (dd, J = 11.4, 5.6 Hz, 1H, CH2 sn-1), 2.51 (d, J = 5.1 Hz, 1H, CHOH), 2.35 (t, J = 6.1, 2H, CH2COO), 2.07 (t, J = 6.1 Hz, 1H, CH2OH),1.64 (p, J = 7.6 Hz, 2H, CH2CH2COO), 1.32–1.22 (m, 16H, CH2), 0.88 (t, J = 6.9, 3H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 174.5, 70.4, 65.3, 63.5, 34.3, 32.1, 29.7 (2), 29.6, 29.5, 29.4, 29.3, 25.1, 22.8, 14.3 ppm. [M + Na]+ calcd. for C15H30O4Na 297.2036; found, 297.2023.




3.4.2. Synthesis of [2-(p-methoxyphenyl)-1,3-dioxolan-4-yl]methyl Dodecanoate, (R)-18


Acylglycerol, (R)-9a (100 mg, 0.25 mmol), and dichloromethane (3 mL) were added to a 10 mL round-bottom flask equipped with a magnetic stirrer. Water (0.5 mL) was pipetted into the solution, and it was cooled down to 0 °C. Subsequently DDQ (75 mg, 0.33 mmol) was added, which turned the solution to a dark green color. The mixture was stirred under nitrogen for 30 min and then the cooling bath was removed. It was allowed to stir for an additional five hours at room temperature, during which the color slowly changed to bright red. When the dark color had vanished, the reaction was finished, and the mixture was extracted three times with dichloromethane. The combined organic layers were washed with aqueous NaHCO3, water, and brine. Then, they were dried over Na2SO4, concentrated in vacuo, and the crude concentrate was then purified by flash column chromatography with 4% boric-acid-impregnated silica gel, using ethyl acetate:petroleum ether (1:9) as the eluent, affording the product, (R)-18, as a colorless liquid (38 mg, 54% yield). TLC (silica, ethyl acetate:petroleum ether, 50:50): Rf = 0.71. [α]20D = +5.63 (c. 1.92, CH2Cl2). IR (ATR, νmax/cm−1): 2923 (s), 2853 (s), 1737 (s), 1614 (w), 1464 (m), 1248 (vs), 1160 (s), 1032 (s). 1H NMR (400 MHz, CDCl3) δH: 7.40 (dd, J = 8.7, 6.2 Hz, 2H, Ph-H), 6.90 (d, J = 7.8 Hz, 2H, Ph-H), 5.89 (s, 0.45H, OCH-Ph), 5.78 (s, 0.55H, OCH-Ph), 4.48 (m, 0.45H, CH sn-2), 4.43 (m, 0.55H, CH sn-2), 4.28 (dd, J = 6.8, 1.8 Hz, 0.5H, CH2 sn-1), 4.23 (m, 2H, CH2 sn-3), 4.10 (dd, J = 8.5, 7.1 Hz, 0.5H, CH2 sn-1), 3.95 (dd, J = 8.4, 5.1 Hz, 0.5H, CH2 sn-1), 3.81 (s, 3H, OCH3), 3.77 (dd, J = 8.5, 6.8 Hz, 0.5H, CH2 sn-1), 2.35 (m, 2H, CH2COO), 1.63 (p, J = 7.2 Hz, 2H, CH2CH2COO), 1.33–1.24 (m, 16H, CH2), 0.88 (t, J = 6.9 Hz, 3H, CH2CH3) ppm. 13C{H} NMR (101 MHz, CDCl3) δC: 173.82, 173.79, 160.8, 160.6, 129.7, 129.2, 128.3 (2), 128.1 (2), 113.93 (2), 113.91 (2), 104.8, 100.0, 74.2, 74.0, 67.6, 67.4, 64.6, 64.2, 55. 5 (2), 34.3 (2), 32.1 (2), 29.7 (4), 29.6 (2), 29.5 (2), 29.4 (2), 29.3 (2), 25.1 (2), 22.8 (2), 14.3 (2) ppm. [M + Na]+ calcd. for C23H36O5Na 415.2455; found, 415.2445.




3.4.3. Conversion from Acetal, (R)-18, to (R)-17


Acetal, (R)-18 (32 mg, 0.08 mmol), in acetonitrile (1 mL) was added to a 10 mL round-bottom flask equipped with a magnetic stirrer. Subsequently, elemental iodine (6 mg, 0.02 mmol) and water (20 μL) were added to the solution, and it was allowed to stir for 22 h at room temperature under a nitrogen atmosphere. After that time, the solution was quenched with Na2S2O3 (20% w/w aqueous solution) and extracted three times with ethyl acetate. The combined organic layers were dried over Na2SO4 and concentrated in vacuo. The crude concentrate was then purified by flash column chromatography with 4% boric acid-impregnated-silica gel, using a gradient solvent system from ethyl acetate:hexane (1:9) to ethyl acetate:hexane (1:1) as the eluents. That afforded the product, (R)-17, as a slightly yellow solid (20 mg, 91% yield).




3.4.4. Synthesis of (R)-8, (S)-14, (S)-19, (S)-20a, (S)-20b, (S)-3, and (S)-4.


See the full experimental details in the Supplementary Materials.






4. Conclusions


The lack of enantiopure TAGs as reference standards has been a major barrier in the enantiospecific analysis of intact chiral TAGs in natural fats and oils to determine the separation order of TAG enantiomers. In recent years, we have contributed various types of enantiostructured TAGs for that purpose, including AAB- and ABC-type TAG enantiomers. In an attempt to expand the existing focused-compound library of such standards, the current work was undertaken and succeeded in the synthesis of ABC-type TAG enantiomers belonging to both subclass categories of TAGs, constituting two non-identical unsaturated fatty acids (oleic acid and linoleic acid) along with a saturated fatty acid. Herein, we reported the synthesis of six enantiostructured ABC-type TAGs. Four of them belong to the SUU’ subclass category, having unsaturated fatty acids located at the sn-1 and sn-2 positions, with a saturated fatty acid at the sn-3 position of the glycerol skeleton. The two remaining TAGs belong to the USU’ subclass category, with different unsaturated fatty acids present at the sn-1 and sn-3 end positions and the saturated fatty acid at the sn-2 position.



As before, the highly regioselective immobilized Candida antarctica lipase (CAL-B) played a crucial role in the regiocontrol of the six-step chemoenzymatic synthesis that was started from enantiopure solketals. The use of the ether PMB protective group, indeed, allowed the incorporation of two different unsaturated fatty acids into the glycerol backbone. However, its use was limited to the presence of only a monounsaturated fatty acid in the deprotection step because the higher unsaturation did not survive the mild oxidative treatment. That created challenges when dealing with the TAGs belonging to the SUU’ subclass category, which involved the PUFA at the sn-2 position, causing the overall yields to drop from an average of 52% over the six steps down to 30%, which is still quite acceptable.



This is, however, an important achievement because we were unable to prepare TAGs possessing two dissimilar unsaturated fatty acids by the previous strategy based on the use of the benzyl-protecting moiety. This highly efficient synthetic strategy should prove to be of high use to synthesize a variety of similar and related enantiopure ABC-type structured TAGs constituting two unsaturated fatty acids, with one of them monounsaturated and the other polyunsaturated. It should be emphasized that PUFAs are not limited to linoleic acid and will most certainly suit bioactive n-6 and n-3 long-chain PUFAs, such as arachidonic acid, EPA, and DHA, which may be incorporated in the final step by the aid of chemical coupling, as has been demonstrated previously. Our continuing activities aim at modifying the current strategies to enable the synthesis of enantiostructured TAGs constituting two different types of PUFAs by investigating alternative protective groups.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/molecules29071633/s1: Figure S1: Comparison of the glycerol regions of the PMB-protected solketal (R)-7, the PMB-protected glycerol (S)-8, and the PMB-protected sn-3-MAG (R)-9c (pS1); Figure S2: Comparison of the glycerol regions of the PMB-protected sn-3-MAG (R)-9b and the PMB-protected sn-2,3-DAG (R)-10c (pS2); Figure S3: Comparison of the glyceryl proton regions in the 1H NMR spectra for the diacylglycerol (R)-16a and the triacylglycerol (S)-5 (pS3); Figure S4: Comparison of the glycerol proton regions in the 1H NMR spectra for the 1-MAG (S)-19, 1,3-DAG (S)-20b, 1,2-DAG (R)-15a, and TAG (S)-5 (pS4); Experimental Information: pS5-S20; NMR spectra: pS21-S106.





Author Contributions


Conceptualization, G.G.H., H.G.G., B.Y., and K.M.L.; methodology, G.G.H., H.G.G., and H.H.; validation, G.G.H., H.G.G., H.H., K.M.L., and B.Y.; formal analysis, H.H. and G.G.H.; investigation, H.H. and G.G.H.; resources, G.G.H., K.M.L., and B.Y.; data curation, H.H., G.G.H., and H.G.G.; writing—original draft preparation, H.H. and G.G.H.; writing—review and editing, G.G.H., H.H., H.G.G., K.M.L., and B.Y.; supervision, G.G.H.; project administration, G.G.H.; funding acquisition, G.G.H., H.H. (a grant from Lysi hf. in Iceland), K.M.L., and B.Y. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Lysi hf. in Iceland (H.H.) and the Research Council of Finland (Decision No. 356891, Structures and functions of chiral lipids: A stereospecific and multi-omics approach.) (B.Y.).




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data underlying this study are available in the published article and its online Supplementary Materials.




Acknowledgments


Sigrídur Jónsdóttir University of Iceland is acknowledged for NMR and accurate MS measurements. Financial support from Lysi hf. in Iceland is highly appreciated (H.H.), and the Research Council of Finland is acknowledged for funding (B.Y.).




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Gunstone, F.D. The Chemistry of Oils and Fats. Sources, Composition, Properties and Uses; Blackwell Publishing: Oxford, UK, 2004; pp. 50–75. [Google Scholar]

	



IUPAC-IUB Commission on Biochemical Nomenclature. The nomenclature of lipids. Eur. J. Biochem. 1977, 79, 11–21. [Google Scholar] [CrossRef]

	



Lísa, M.; Holčapek, M. Characterization of triacylglycerol enantiomers using chiral HPLC/APCI-MS and synthesis of enantiomeric triacylglycerols. Anal. Chem. 2013, 85, 1852–1859. [Google Scholar] [CrossRef] [PubMed]

	



Kalpio, M.; Nylund, M.; Linderborg, K.M.; Yang, B.; Kristinsson, B.; Haraldsson, G.G.; Kallio, H. Enantioselective chromatography in analysis of triacylglycerols common in edible fats and oils. Food Chem. 2015, 172, 718–724. [Google Scholar] [CrossRef] [PubMed]

	



Řezanka, T.; Kolouchová, I.; Nedbalová, L.; Sigler, K. Enantiomeric separation of triacylglycerols containing very long chain fatty acids. J. Chromatogr. A 2018, 1557, 9–19. [Google Scholar] [CrossRef] [PubMed]

	



Nagai, T.; Kinoshita, T.; Kasamatsu, E.; Yoshinaga, K.; Mizobe, H.; Yoshida, A.; Itabashi, Y.; Gotoh, N. Simultaneous separation of triacylglycerol enantiomers and positional isomers by chiral high performance liquid chromatography coupled with mass spectrometry. J. Oleo Sci. 2019, 68, 1019–1026. [Google Scholar] [CrossRef] [PubMed]

	



Kalpio, M.; Magnússon, J.D.; Gudmundsson, H.G.; Linderborg, K.M.; Kallio, H.; Haraldsson, G.G.; Yang, B. Synthesis and enantiospecific analysis of enantiostructured triacylglycerols containing n-3 polyunsaturated fatty acids. Chem. Phys. Lipids 2020, 231, 104937. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.J.; Zhou, X.H.; Han, B.; Yu, Z.; Yi, H.X.; Jiang, S.L.; Li, Y.Y.; Pan, J.C.; Zhang, L.W. Regioisomeric and enantiomeric analysis of primary triglycerides in human milk by silver ion and chiral HPLC atmospheric pressure chemical ionization-MS. J. Dairy Sci. 2020, 103, 7761–7774. [Google Scholar] [CrossRef]

	



Kallio, H.; Yli-Jokipii, K.; Kurvinen, J.P.; Sjövall, O.; Tahvonen, R. Regioisomerism of Triacylglycerols in Lard, Tallow, Yolk, Chicken Skin, Palm Oil, Palm Olein, Palm Stearin, and a Transesterified Blend of Palm Stearin and Coconut Oil Analyzed by Tandem Mass Spectrometry. J. Agric. Food Chem. 2001, 49, 3363–3369. [Google Scholar] [CrossRef]

	



Sun, C.; Wei, W.; Zou, X.; Huang, J.; Jin, Q.; Wang, X. Evaluation of Triacylglycerol Composition in Commercial Infant Formulas on the Chinese Market: A Comparative Study Based on Fat Source and Stage. Food Chem. 2018, 252, 154–162. [Google Scholar] [CrossRef]

	



Zhang, X.; Qi, C.; Zhang, Y.; Wei, W.; Jin, Q.; Xu, Z.; Tao, G.; Wang, X. Identification and Quantification of Triacylglycerols in Human Milk Fat Using Ultra-Performance Convergence Chromatography and Quadrupole Time-of-Flight Mass Spectrometery with Supercritical Carbon Dioxide as a Mobile Phase. Food Chem. 2019, 275, 712–720. [Google Scholar] [CrossRef]

	



Kristinsson, B.; Linderborg, K.M.; Kallio, H.; Haraldsson, G.G. Synthesis of enantiopure structured triacylglycerols. Tetrahedron Asymmetry 2014, 25, 125–132. [Google Scholar] [CrossRef]

	



Gudmundsson, H.G.; Linderborg, K.M.; Kallio, H.; Yang, B.; Haraldsson, G.G. Synthesis of Enantiopure ABC-Type Triacylglycerols. Tetrahedron 2020, 76, 130813. [Google Scholar] [CrossRef]

	



Pariyani, R.; Zhang, Y.; Haraldsson, G.G.; Chen, K.; Linderborg, K.M.; Yang, B. Metabolomic investigation of brain and liver in rats fed docosahexaenoic acid in regio- and enantiopure triacylglycerols. Mol. Nutr. Food Res. 2024, 68, 2300341. [Google Scholar] [CrossRef] [PubMed]

	



Kulkarni, A.; Linderborg, K.M.; Zhao, A.; Kallio, H.; Haraldsson, G.G.; Zhang, Y.; Yang, B. Influence of dietary triacylglycerol structure on the accumulation of docosahexaenoic acid [22:6(n-3)] in organs in a short-term feeding trial with mildly omega-3 deficient rats. Mol. Nutr. Food Res. 2024, 68, 2300635. [Google Scholar] [CrossRef] [PubMed]

	



Zhang, Y.; Kalpio, M.; Tao, L.; Haraldsson, G.G.; Gudmundsson, H.G.; Fang, X.; Linderborg, K.M.; Zhang, Y.; Yang, B. Metabolic fate of DHA from regio- and stereospecific positions of triacylglycerols in a long-term feeding trial in rats. Food Res. Intern. 2023, 174, 113626. [Google Scholar] [CrossRef] [PubMed]

	



Beltrame, G.; Ahonen, E.; Damerau, A.; Gudmundsson, H.G.; Haraldsson, G.G.; Linderborg, K.M. Lipid structure influences the digestion and oxidation behavior of docosahexaenoic and eicosapentaenoic acids in simulated digestion system. J. Agric. Food Chem. 2023, 71, 10087–10096. [Google Scholar] [CrossRef]

	



Damerau, A.; Ahonen, E.; Kortesniemi, M.; Gudmundsson, H.G.; Yang, B.; Haraldsson, G.G.; Linderborg, K.M. Docosahexaenoic acid in regio- and enantiopure triacylglycerols: Oxidative stability and influence of chiral antioxidant. Food Chem. 2023, 402, 134271. [Google Scholar] [CrossRef] [PubMed]

	



Ahonen, E.; Damerau, A.; Linderborg, K.M. Antioxidative effect of dihydrosphingosine (d18:0) and α-tocopherol on tridocosahexaenoin (DHA-TAG). J. Agric. Food Chem. 2023, 71, 14769–14781. [Google Scholar] [CrossRef]

	



Greene, T.W.; Wuts, P.G.M. Protection for the hydroxyl group, including 1,2- and 1,3-diols. In Greene’s Protective Groups in Organic Synthesis, 4th ed.; Greene, T.W., Wuts, P.G.M., Eds.; John Wiley and sons: Hoboken, NJ, USA, 2006; pp. 16–366. [Google Scholar]

	



Kociensky, P.J. Protecting Groups, 3rd ed.; Thieme Verlag: Stuttgart, Germany, 2005; 279p. [Google Scholar]

	



Kodali, D.R.; Tercyak, A.; Fahey, D.A.; Small, D.M. Acyl migration in 1,2-dipalmitoyl-sn-glycerol. Chem. Phys. Lipids 1990, 52, 163–170. [Google Scholar] [CrossRef]

	



Laszlo, J.A.; Compton, D.L.; Vermillion, K.E. Acyl migration kinetics of vegetable oil 1,2-diacylglycerols. J. Am. Oil Chem. Soc. 2008, 85, 307–312. [Google Scholar] [CrossRef]

	



Compton, D.L.; Laszlo, J.A.; Appell, M.; Vermillion, K.E.; Evans, K.O. Influence of fatty acid desaturation on spontaneous acyl migration in 2-monoacylglycerols. J. Am. Oil Chem. Soc. 2012, 89, 2259–2267. [Google Scholar] [CrossRef]

	



Yadav, J.S.; Satyanarayana, M.; Raghavendra, S.; Balanarsaiah, E. Chemoselective hydrolysis of terminal isopropylidene acetals in acetonitrile using molecular iodine as a mild and efficient catalyst. Tetrahedron Lett. 2005, 46, 8745–8748. [Google Scholar] [CrossRef]

	



Sun, J.; Dong, Y.; Cao, L.; Wang, X.; Wang, S.; Hu, Y. Highly efficient chemoselective deprotection of O,O-acetals and O,O-ketals catalyzed by molecular iodine in acetone. J. Org. Chem. 2004, 69, 8932–8934. [Google Scholar] [CrossRef] [PubMed]

	



Halldorsson, A.; Magnusson, C.D.; Haraldsson, G.G. Chemoenzymatic synthesis of structured triacylglycerols by highly regioselective acylation. Tetrahedron 2003, 59, 9101–9109. [Google Scholar] [CrossRef]

	



Magnusson, C.D.; Haraldsson, G.G. Chemoenzymatic synthesis of symmetrically structured triacylglycerols possessing short-chain fatty acids. Tetrahedron 2010, 66, 2728–2731. [Google Scholar] [CrossRef]

	



Christie, W.W. Lipid Analysis. Isolation, Separation, Identification and Structural Analysis of Lpids, 3rd ed.; The Oily Press: High Wycombe, Buckinghamshire, UK, 2003; Chapter 4; pp. 105–135. [Google Scholar]

	



Thomas, A.E.; Scharoun, J.E.; Ralston, H. Quantitative estimation of isomeric monoglycerides by thin-layer chromatography. J. Am. Oil Chem. Soc. 1965, 42, 789–792. [Google Scholar] [CrossRef]

	



Oikawa, Y.; Yoshioka, T.; Yonemitsu, O. Specific removal of o-methoxybenzyl protection by DDQ oxidation. Tetrahedron Lett. 1982, 23, 885–888. [Google Scholar] [CrossRef]

	



Frankel, E.N. Lipid oxidation. Progr. Lipid Res. 1980, 19, 1–22. [Google Scholar] [CrossRef] [PubMed]

	



Frankel, E.N. Volatile lipid oxidation products. Progr. Lipid Res. 1982, 22, 1–33. [Google Scholar] [CrossRef]

	



Frankel, E.N. Lipid oxidation: Mechanisms, products and biological significance. J. Am. Oil Chem. Soc. 1984, 61, 1908–1917. [Google Scholar] [CrossRef]

	



Porter, N.A.; Caldwell, S.E.; Mills, K.A. Mechanisms of free radical oxidation of unsaturated lipids. Lipids 1995, 30, 277–290. [Google Scholar] [CrossRef] [PubMed]

	



Schlenk, W., Jr. Synthesis and analysis of optically active triglycerides. J. Am. Oil Chem. Soc. 1965, 42, 945–957. [Google Scholar] [CrossRef] [PubMed]

	



Mislow, K.; Bickart, P. An epistemological note on chirality. Isr. J. Chem. 1976/1977, 15, 1–6. [Google Scholar] [CrossRef]

	



Foss, B.J.; Sliwka, H.-R.; Partali, V.; Köpsel, C.; Mayer, B.; Martin, H.-D.; Zsila, F.; Bikadi, Z.; Simonyi, M. Optically active oligomer units in aggregates of a highly unsaturated optically inactive carotenid phospholipid. Chem. Eur. J. 2005, 11, 4103–4108. [Google Scholar] [CrossRef] [PubMed]

	



Mislow, K. Molecular chirality. In Topics in Stereochemistry; Denmark, S.E., Ed.; Wiley & Sons: New York, NY, USA, 1999; Volume 22, pp. 1–82. [Google Scholar]

	



Magnusson, C.D.; Haraldsson, G.G. 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. [Google Scholar] [CrossRef]

	



Gudmundsdottir, A.V.; Hansen, K.-A.; Magnusson, C.D.; Haraldsson, G.G. Synthesis of reversed structured triacylglycerols possessing EPA and DHA at their terminal positions. Tetrahedron 2015, 71, 8544–8550. [Google Scholar] [CrossRef]








[image: Molecules 29 01633 g001] 





Figure 1. The structures of the six enantiostructured ABC-type TAG products synthesized: (S)-1, (S)-2, (S)-3, and (S)-4 belong to the UU’S subclass category and (S)-5 and (S)-6 to the USU’ subclass category. 
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Figure 2. Chemoenzymatic synthesis of the SUU’ subclass category TAGs, (S)-1, 2, 3, and 4 (shown for (S)-1). Reagents and conditions: (a) NaH, THF, then PMB-Cl, reflux (76%); (b) I2, H2O, acetonitrile r.t. (97%); (c) vinyl dodecanoate, CAL, CH2Cl2, r.t. (>99%); (d) oleic acid, EDCI, DMAP, CH2Cl2, r.t. (99%); (e) DDQ, CH2Cl2, H2O, from 0 °C to r.t. (91%); (f) linoleic acid, EDCI, DMAP, CH2Cl2, r.t. (85%). 






Figure 2. Chemoenzymatic synthesis of the SUU’ subclass category TAGs, (S)-1, 2, 3, and 4 (shown for (S)-1). Reagents and conditions: (a) NaH, THF, then PMB-Cl, reflux (76%); (b) I2, H2O, acetonitrile r.t. (97%); (c) vinyl dodecanoate, CAL, CH2Cl2, r.t. (>99%); (d) oleic acid, EDCI, DMAP, CH2Cl2, r.t. (99%); (e) DDQ, CH2Cl2, H2O, from 0 °C to r.t. (91%); (f) linoleic acid, EDCI, DMAP, CH2Cl2, r.t. (85%).



[image: Molecules 29 01633 g002]







[image: Molecules 29 01633 g003] 





Figure 3. Chemoenzymatic synthesis of the USU’ subclass category TAGs, (S)-5 and (S)-6 (shown for (S)-6). Reagents and conditions: (a) oleic acid acetoxime ester (13), CAL-B, vacuum, r.t. (87%); (b) hexadecanoic acid, EDCI, DMAP, CH2Cl2, r.t. (91%); (c) DDQ, CH2Cl2, H2O, from 0 °C to r.t. (91%); (d) linoleic acid, EDCI, DMAP, CH2Cl2, r.t. (95%). 
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Figure 4. Intermediates and products obtained when (R)-9a was treated with DDQ to deprotect the PMB–ether moiety in dichloromethane with water at room temperature. 
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Figure 5. Chemoenzymatic synthesis of the SUU’ subclass category TAGs, (S)-3 and 4 (shown for (S)-3). Reagents and conditions: (a) NaH, THF, then PMB-Cl, reflux (76%); (b) I2, H2O, acetonitrile, r.t. (92%); (c) oleic acid acetoxime ester (13), CAL-B, vacuum, r.t. (74%); (d) DDQ, CH2Cl2, H2O, from 0 °C to r.t. (70%); (e) vinyl dodecanoate, CAL-B, CH2Cl2, r.t. (83%); (f) Linoleic acid, EDCI, DMAP, CH2Cl2, r.t. (97%). 
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Table 1. Summary of yields and specific rotations of intermediates (R)-9a–c and (R)-14.
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	Compound
	sn-1
	sn-2
	sn-3
	Yield
	[α]20D





	(R)-9a
	PMB
	OH
	12:0
	>99%
	−1.28



	(R)-9b
	PMB
	OH
	14:0
	91%
	−1.93



	(R)-9c
	PMB
	OH
	16:0
	94%
	−1.18



	(R)-14
	PMB
	OH
	18:1
	87%
	−0.72










 





Table 2. Summary of the yields and specific rotations of the intermediates (R)-10a–c and (R)-15a,b.
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	Compound
	sn-1
	sn-2
	sn-3
	Yield
	[α]20D





	(R)-10a
	PMB
	18:1
	12:0
	99%
	−6.77



	(R)-10b
	PMB
	18:1
	14:0
	99%
	−6.61



	(R)-10c
	PMB
	18:1
	16:0
	88%
	−6.24



	(R)-10d
	PMB
	18:2
	12:0
	88%
	−6.05



	(R)-10e
	PMB
	18:2
	16:0
	89%
	−6.80



	(R)-15a
	PMB
	14:0
	18:1
	94%
	−6.86



	(R)-15b
	PMB
	16:0
	18:1
	91%
	−6.75










 





Table 3. Summary of yields and specific rotations of intermediates (R)-11a–c and (R)-16a,b.
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	Compound
	sn-1
	sn-2
	sn-3
	Yield
	[α]20D





	(R)-11a
	OH
	18:1
	12:0
	91%
	+2.43



	(R)-11b
	OH
	18:1
	14:0
	92%
	+2.09



	(R)-11c
	OH
	18:1
	16:0
	85%
	+2.10



	(R)-16a
	OH
	14:0
	18:1
	95%
	+2.41



	(R)-16b
	OH
	16:0
	18:1
	91%
	+2.39










 





Table 4. Summary of yields and specific rotations of TAGs (S)-1, 2, 5, and 6 and (R)-12a–d, (S)-12e, and (R)-12f.
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	Compound
	sn-1
	sn-2
	sn-3
	Yield
	[α]20D





	(S)-1
	18:2
	18:1
	12:0
	85%
	+0.03



	(S)-2
	18:2
	18:1
	16:0
	92%
	−0.01



	(S)-5
	18:2
	14:0
	18:1
	94%
	+0.05



	(S)-6
	18:2
	16:0
	18:1
	95%
	−0.02



	(R)-12a
	12:0
	18:1
	14:0
	90%
	+0.04



	(R)-12b
	10:0
	18:1
	16:0
	98%
	+0.05



	(R)-12c
	12:0
	18:1
	16:0
	99%
	+0.02



	(R)-12d
	14:0
	18:1
	16:0
	96%
	−0.02



	(S)-12e
	20:0
	18:1
	16:0
	97%
	+0.01



	(R)-12f
	12:0
	18:2
	16:0
	86%
	+0.09










 





Table 5. Summary of yields and specific optical rotations for all the intermediates and SUU’ subclass category TAGs (R)-3 and (R)-4 synthesized via the two-lipase-step method.
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