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Because of the high homology of signaling pathways to higher animals, C. elegans has become 

a preferred model organism to study animal development and human diseases, including 

Alzheimer’s diseases (AD) and obesity. C. elegans produce a family of small molecules called 

ascarosides, which are based on glycosides of the dideoxysugar ascarylose. This family of 

small molecules function as signaling molecules that regulate many aspects of their life history, 

including development, lifespan, social communication, as well as interactions with other 

species. Ascarosides not only regulate many aspects of worm biology, they can also be 

perceived by plant and even mammals: with a history of hundreds of million years, plants and 

animals have evolved to recognize ascarosides as an ancient molecular signature of nematodes. 

For example, ascr#18 can trigger the defense response of almost all plants and increase their 

resistance to multiple plants diseases, while ascr#7 can suppress the development of 

autoimmune diseases on mouse models.  

         Given the significance of ascaroside-based signaling molecules, there exists a need to 

develop approaches to synthesize ascarosides efficiently, elucidate perception mechanisms, and 

determine how they are metabolized in vivo. Deeveloping appropriate chemical strategies to 

address these challenges forms the central goal of this thesis. In Chapter 1, I will present a 

versatile approach to ascaroside synthesis I developed. Compared to previous methods, this 

new approach enables regioselective modification and thus greatly facilitates structure activity 

relationship (SAR) studies. In Chapter 2, I will present a thiol-catalyzed redox rearrangement 
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approach to synthesize ascarosides that further simplifies ascaroside synthesis, reducing the 

number of steps required to synthesize protected ascarylose from commercially available 

starting material from seven to three. Chapter 3 describes development, synthesis, and 

biological evaluation of trifunctional probes to identify the receptors of ascarosides. 

Specifically, the synthesis of four ascr#8 probes will be reported, two of which retained 

biological activity comparable to that of the natural, unmodified ascaroside. Chapter 4 

describes the innovative application of isotope labeling to detect and identify new ascaroside 

metabolites and related metabolic pathways. In Chapter 5, applications of the synthetic 

strategies developed in chapter 1 and 2 to the syntheses of several peroxisomal β-oxidation-

dependent ascaroside derivatives are described. In chapter 6, the identification and assignment 

of absolute configuration of a peroxisomal α-oxidation shunt metabolite ameth#11 are 

described, in addition to a synthesis of enantiomerically pure ameth#11 biological evaluation. 
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Introduction 

C. elegans as model organism for human diseases 

Caenorhabditis elegans (C. elegans) is a free-living nematode that lives in a temperate soil 

environment. It was firstly selected as a simple metazoan model in the early 1960s by Sydney 

Brenner for pursuing research in developmental biology and neurobiology. Since its introduction 

as a model organism, C. elegans has been widely used to investigate important biological 

processes most of which have remained essentially unchanged during evolution1. Research in C. 

elegans has been instrumental for the elucidation of molecular pathways implicated in many 

aging and neurodegenerative human diseases, such as Alzheimer’s disease (AD) and 

Parkinson's2,3. Compared with traditional animal models, like rodents, this small nematode 

possesses many benefits. Because of its short lifespan and well-known biology4, coupled with a 

completely sequenced genome that shares extensive homology with that of mammals5, C. 

elegans is one of the most versatile and powerful model organisms.  

 

Carbohydrates in drug discovery 

Over the past two decades, research has uncovered numerous biological roles for carbohydrates, 

ranging from functions as simple as energy storage to complex process that regulate transport, 

protein function, intercellular adhesion, signal transduction, malignant transformation, and viral 

and bacterial cell-surface recognition6. As a class of molecules, carbohydrates have an enormous 

range of shape, orientation and composition. Due to this structural diversity, carbohydrate 

chemistry can be applied to develop a broad range of complex therapeutic molecules and drugs, 

including pure carbohydrates as well as protein-linked carbohydrates, or glycoproteins7,8. 

Because of their structural complexity, carbohydrates have not received as much scientific 
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attention as nucleic acids or proteins. Significant progress, however, is being made in this area. 

As carbohydrate-related drug-discovery targets are increasingly discovered and validated, the 

tremendous pharmaceutical potential of carbohydrates is beginning to be exploited by the 

pharmaceutical industry9. Several carbohydrate-based drugs are currently on the market. This list 

includes BG Medicine Inc.’s lead product, BGM Galectin-3, a blood test for clinical use in 

chronic heart failure. Meanwhile, La Jolla Pharmaceuticals’ lead drug, GSC100 (formerly known 

as GBC590), is a complex polysaccharide that has the ability to bind and block the effects of 

galectin-3. Additionally, Galectin Therapeutics’ two lead drugs—GM-CT-01 for cancer 

immunotherapy and GM-MD-02 for fibrosis—are both based on carbohydrate chemistry.  

 

Preview of each chapter: 

Chapter 1: 

Since even small changes in the chemical structures of nematode-derived modular metabolites 

(NDMMs) can greatly affect biological activity and NDMMs can be active at extremely low 

(femtomolar) concentrations10,11, requirements for the purity of synthetic samples for bioassays 

are particularly stringent. Previous syntheses of ascaroside- and paratoside-based NDMMs 

employed 2,4-di-O-benzoylascarylose as the key intermediate, which was obtained in 6 steps 

from commercially available L-Rhamnose12–15. However, this intermediate does not permit 

regioselective modification or introduction of other substituents at the 2'- and 4'-positions, and 

thus is ill-suited for the selective synthesis of 2'- or 4'-substituted NDMMs. In this chapter a 

versatile synthesis of modular ascarosides, a family of signaling molecules from Caenorhabditis 

elegans and other nematodes, via hydrogenolysis of a cyclic sulfate derived from methyl-α-L-

rhamnopyranoside is reported. The route enables selective introduction of different sidechains at 
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the 1, 2, and 4 positions of the sugar, as demonstrated for ascarosides from C. elegans and 

Pristionchus pacificus. 

 

Chapter 2: 

A greatly improved synthesis of modular ascarosides has been realized through thiol-catalyzed 

radical-chain redox rearrangement of cyclic benzylidene acetals, using 2,3-O-benzylidene 

rhamnopyranoside as the substrate. In 2017 we reported an improved synthesis of ascarosides 

that allowed regioselective modifications18. In this work, we are able to realize the same 

advantage in 3 steps instead of 7, together with an 82% cost reduction. This new method would 

be very beneficial for large scale preparation. 

 

Chapter 3: 

Signaling pathways involving specific receptor(s) of cognate ligands are necessary for 

communication, leading to an animal’s increased chance at survival. Nematode communication 

occurs via a class of conserved-structure pheromones, termed ascarosides. Ascarosides are 

sensed by a subset of the ~1200 G protein-coupled receptors in the Caenorhabditis elegans 

genome19. Identifying interactions between diverse ligands and receptors is difficult, given the 

vast array of compounds sensed by olfactory receptors. Given the complexity of pheromone 

perception events, traditional approaches such as reverse genetic screens are insufficient in 

identifying receptors. Here, we describe the design, syntheses, and bioactivity of several different 

probes for a small-molecule pheromone, ascaroside #8 (ascr#8), which mediates sex-specific 

attraction. Structure-activity relationships guided the incorporation of alkyne- and diazirine-

moieties for photoaffinity labeling and revealed that addition of functionality at two different loci 
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in the sidechain of ascr#8 was well tolerated, while modifications to the ascarylose moiety 

resulted in loss of biological activity. Our study reports the synthesis of a tri-functional ascr#8 

probe that retains full biological activity and provides guidelines for future probe design of 

ascaroside-based pheromones. 

 

Chapter 4: 

Organisms receive and recognize various signals in the environment to make wise decisions. As 

the most numerically abundant animals on earth, nematodes use ascaroside as the major 

signaling small molecules, which have been proved to play an important role in communication 

between individuals, both within and across species20. However, the metabolic pathways of 

ascarosides in difference species are still poorly understood. Here we report the first syntheses of 

a series of dual isotope-labeled ascarosides and their applications in the investigation of new 

metabolites, which could provide insights into potential metabolic pathways. Dual isotope-

labeled ascarosides with inversion at the ꞷ-methyl revealed the impact of stereochemistry in 

metabolism.  

 

Chapter 5: 

Peroxisomal β-oxidation (pβo) is one of the major fatty acid degradation pathways in eukaryotes, 

generating heat, NADH, and acetyl- or propionyl CoA. However, it has become apparent that 

lipid metabolism in the peroxisomes plays a central role in diverse signaling processes in 

animals21,22 and plants23,24. In this chapter, applications of the synthetic strategies developed in 

chapter 1 and 2 to the syntheses of several ascaroside derivatives are described. Specifically, this 

chapter reports the syntheses of the β-oxidation-dependent ascarosides ascr#81, nuclas#31, 
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nuclas#32, iglas#1 and osas#91. The synthesis of these ascarosides confirmed structures 

originally proposed on the basis of mass spectrometry.  

 

Chapter 6: 

Besides β-oxidation described in Chapter 5, α-oxidation pathway plays an important role in fatty 

acid metabolism and is responsible for metabolism of β-branched fatty acids in peroxisomes25. A 

series of C11 fatty acids were found to accumulate in the mutant exo-metabolome and 2D NMR 

analysis of these metabolites suggested that they were derived from previously uncharacterized 

methyl branched fatty acids. In this chapter, the identification of ameth#11, the most abundant 

shunt metabolite accumulating in the exo-metabolome of an α-oxidation mutant is described. The 

structure of ameth#11 was proposed on the basis of mass spectrometry and NMR spectroscopic 

analysis and subsequently confirmed via stereoselective synthesis and a series of derivatization 

studies of natural ameth#11.  
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CHAPTER 1 

AN IMPROVED SYNTHESIS FOR MODULAR ASCAROSIDES UNCOVERS 

BIOLOGICAL ACTIVITIES 

 

 

 

 

ABSTRACT 

A versatile synthesis of modular ascarosides, a family of signaling molecules from 

Caenorhabditis elegans and other nematodes, via hydrogenolysis of a cyclic sulfate derived 

from methyl-α-L-rhamnopyranoside is reported. The route enables selective introduction of 

different sidechains at the 1, 2, and 4 positions of the sugar, as demonstrated for ascarosides 

from C. elegans and Pristionchus pacificus. Bioassays with synthetic samples of 4'-tigloyl 

ascaroside mbas#3 revealed its role as an avoidance or dispersal signal. 
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Over the past decade, a group of specialized metabolites, the nematode-derived modular 

metabolites (NDMMs), has been identified from the model organism C. elegans and other 

nematodes.1, 2 These compounds are derived from glycosides of the dideoxy sugars L-

ascarylose and L-paratose, which are decorated with diverse building blocks from amino acid, 

nucleoside, carbohydrate, and fatty acid metabolism (Figure 1).1, 3 NDMMs function as 

signaling molecules that regulate many aspects of nematode life history, including 

development,4-7 lifespan,8, 9 morphology,10 social communication,6, 7, 11-15 as well as interactions 

with other species.16-18 Since even small changes in the chemical structures of NDMMs can 

greatly affect biological activity and NDMMs can be active at extremely low (femtomolar) 

concentrations,12, 19 requirements for the purity of synthetic samples for bioassays are 

particularly stringent. Previous syntheses of ascaroside- and paratoside-based NDMMs 

employed 2,4-di-O-benzoylascarylose 2 as key intermediate, which was obtained in 6 steps 

from 1 (Figure 2).4, 20-22 An improved version of this route was reported by Knölker et al..23 

However, 2 does not permit regioselective modification or introduction of other substituents at 

the 2'- and 4'-positions, and thus is ill-suited for the selective synthesis of 2'- or 4'-substituted 

NDMMs.  
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Figure 1. Modular ascarosides incorporating building blocks from neurotransmitter (osas#9), 

folate (ascr#8), tryptophan (icas#3), and short-chain fatty acid (mbas#3) metabolism from C. 

elegans, and, from the satellite model organism P. pacificus, dimeric ascaroside ubas#1 and 

dasc#1.  

      We aimed to develop a synthesis for a key intermediate that would enable straightforward 

differentiation of the 2’ and 4’ positions. Recognizing that the crucial 3’ deoxygenation would 

be facilitated by using an activating group that could double as a protecting group for the 2’ 

hydroxy group, we turned our attention to Klemer-Rodemeyer-like transformations. Based on 

literature precedent,24, 25 inverse Klemer-Rodemeyer fragmentation of 2,3-O-benzylidine-

rhamnose derivative 3 was expected to furnish ascarylose derivative 5 but instead produced the 

dihydropyran 4 as the major product, likely as a result of abstraction of the benzylic proton 
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(Scheme 1). Inspired by work of van Boom and coworkers,26 we then considered a strategy 

based on regioselective opening of cyclic sulfates, whose utility is being increasingly 

recognized in carbohydrate chemistry.27 Commercially available methyl-L-rhamnopyranoside 6 

was treated with 2,2-dimethoxypropane to afford 7, followed by TBDPS protection. In the 

presence of excess TBDPSCl, acetonide deprotection occurred during silica gel 

chromatography to directly afford diol 8 in nearly quantitative yield. Treatment of 8 with 

thionyl chloride led to cyclic sulfite 9, which was subsequently oxidized with sodium periodate 

in the presence of a catalytic amount of ruthenium trichloride to give cyclic sulfate 10. In 

addition, the corresponding 4-methoxybenzyl-protected derivative 14 was prepared, as 

described by van Boom and co-workers.26 Reduction of 14 with tetrabutylammonium 

borohydride produced the two regioisomers 15 and 16 in a ratio of about 6:1, as reported.26 

Better regioselectivity (15:1, easily separable) was achieved when using the corresponding 4’-

TBDPS-protected derivative 10. 

 

 

Figure 2. Previous approach to ascaroside synthesis and desired key intermediate. 
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      Next, we explored the effect of different protective groups in position 2' on the outcome of 

subsequent glycosylation reactions. Although the use of the 2'-benzyl derivative would offer 

advantages for the synthesis of some modular ascarosides, we expected 2'-benzoyl protection to 

be preferable, as anchimeric assistance of the benzoyl carbonyl would provide better 

stereoselectivity of the glycosylation step. In test reactions with (2R)-5-hexen-2-ol, we found 

that the 2'-benzyl derivative produced acceptable yields of the desired α-anomer (ratio α:β = 

7:1); however, we ultimately proceeded using the 2'-benzoyl derivative 13 because of better 

yields in subsequent steps, in addition to better stereoselectivity of the glycosylation (ratio 

α:β > 50:1).  

      To demonstrate the synthetic utility of 13, we selected three modular ascarosides; icas#9 

and mbas#3 from C. elegans and dasc#1 from P. pacificus. The dimeric ascaroside dasc#1 has 

recently been shown to regulate mouth form development in P. pacificus,10 and synthetic 

dasc#1 is urgently needed for the study of the underlying signaling pathways, which are of 

great interest for understanding development of morphology in animals.28, 29 The indole 

ascaroside icas#9 is one of the most abundant indole ascarosides, acts as a strong 

hermaphrodite attractant in C. elegans, and contributes to induction of larval diapause 

(dauer).12, 30 In contrast, nothing is known about the biological activity of mbas#3,19 in part 

because previous syntheses yielded insufficient material for bioassays.  

      Starting from benzoyl derivative 13, icas#9 was synthesized in 8 steps with an overall yield 

of 12% (Scheme 2). After removing the anomeric methyl using BBr3, and glycosylation of 

(2R)-5-hexen-2-ol, the terminal double bond was oxidized to the corresponding carboxylic acid 

24. Following debenzoylation and dibenzylation, the TBDPS group was removed to yield 

intermediate 27. Finally, attachment of the indole carboxy moiety and subsequent 
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debenzylation afforded icas#9. Using an analogous sequence, dasc#1 was synthesized from key 

intermediate 13 in 12 steps with an overall yield of 7% (Scheme 2). For the synthesis of 

mbas#3, we had to take into account that the presence of the tigloyl and unsaturated side chain 

preclude a hydrogenation step. Therefore, we here employed 4-methoxybenzyl for 2'-

protection, which could be easily removed using trifluoroacetic acid. In this way, mbas#3 was 

synthesized from key intermediate 13 in 7 steps with an overall yield of 19% (Scheme 2).  

      Next, we explored the biological properties of mbas#3 in bioassays with C. elegans. Since 

it is structurally related to icas#3 (Figure 1), differing only in the nature of the 4'-substituent, 

we tested mbas#3 in an assay that had previously been used to characterize icas#3 as an 

attractive pheromone (Figure 3).12 Strikingly, we found that, in contrast to icas#3, which was 

tested in parallel, mbas#3 is not attractive and instead triggers avoidance behavior. Avoidance 

behavior was observed in assays with the common laboratory strain N2 Bristol as well as in 

CB4856, a C. elegans strain originally collected in Hawaii that differs from the laboratory 

strain N2 in that it has a higher propensity to aggregate on food.31 In order to exclude the 

possibility that the observed behavioral effects of mbas#3 are due to synergy with other 

ascarosides produced by the worms during the assays, we also tested the effect of mbas#3 on 

daf-22 mutant worms which do not produce any ascaroside-based signaling molecules because 

of a defect in peroxisomal β-oxidation.19 Similar to the results we obtained for N2 Bristol and 

CB4856, mbas#3 triggered avoidance behavior in daf-22 mutant worms.  
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Scheme 1. Inverse Klemer-Rodemeyer fragmentation of 2,3-O-benzylidine-rhamnose 

derivative 8 (a) and preparation of ascaroside derivatives via methoxy rhamnose-derived cyclic 

sulfates (b,c). 
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Scheme 2. Synthesis of mbas#3, dasc#1 and icas#9 from 13. 
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      These results suggest that mbas#3 serves as a dispersal signal in C. elegans that may 

antagonize the attractive properties of indole ascarosides such as icas#3 and icas#9, in a manner 

similar to the antagonistic effects of high concentrations of ascr#3 on icas#3-mediated 

attraction.12 Avoidance behavior induced by mbas#3 also differs from previously described 

avoidance behavior triggered by another ascaroside, osas#9. osas#9, an ascaroside specifically 

produced in large quantities by starved L1 larvae, triggers avoidance behavior only in starved 

worms, but not in worms that have access to food,11 whereas mbas#3, which is produced by C. 

elegans larvae and adults, triggers avoidance even in the presence of food.  

 

Figure 3. Quadrant assay used to measure attractive and repulsive properties of icas#3 and 

mbas#3. a) Agar plates were divided into quadrants, with opposite quadrants containing icas#3 

at 1 pM or mbas#3 at 10 nM. Worms were placed into the center of the plate and their location 

tracked over time. b) Chemotaxis indices measured for icas#3 and mbas#3. See Srinivasan et 

al.12 for methods.    
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      In summary, we report a synthetic strategy that enables selective preparation of 2'- or 4’-

substituted ascarosides, based on reductive opening of a rhamnose-derived cyclic sulfate. The 

new approach enabled facile access to synthetic samples of very high purity of three modular 

ascarosides, icas#3, dasc#1, and mbas#3. Testing of synthetic mbas#3 revealed that this 

ascaroside mediates a novel, unexpected behavioral phenotype. Availability of synthetic 

mbas#3 and other ascarosides of high purity will enable further, more detailed studies of their 

biological roles.  
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1. Experimental 

1.1 General procedures 

Unless otherwise stated, all oxygen and moisture-sensitive reactions were carried out under 

argon atmosphere in flame-dried glassware. Solutions and solvents sensitive to moisture and 

oxygen were transferred via standard syringe and cannula techniques. All commercial reagents 

were purchased as reagent grade and, unless otherwise stated, used without any further 

purification. Tetrahydrofuran, dichloromethane, and dimethylformamide were dried over 4Å 

molecular sieves prior to use; N,N-diisopropylethylamine was distilled from calcium hydride 

under argon. Thin-layer chromatography (TLC) was performed using J. T. Baker Silica Gel IB2-

F. Flash chromatography was performed using Teledyne Isco CombiFlash systems and Teledyne 

Isco RediSep Rf silica columns.  Nuclear Magnetic Resonance (NMR) spectra were recorded on 

Varian INOVA 600 (600 MHz) or Varian INOVA 400 (400 MHz) spectrometers in Cornell 

University’s NMR facility. 1H NMR chemical shifts are reported in ppm (δ) relative to residual 

solvent peaks (7.26 ppm for CDCl3, 3.31 ppm for CD3OD). NMR-spectroscopic data are 

reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, br = broad), coupling constants (Hz), and integration. 13C NMR chemical shifts 

are reported in ppm (δ) relative to CHCl3 (δ 77.2) in CDCl3, CH3OH (δ 49.0) in CD3OD.  

 

 

 

 

 



 

34 

 

1.2 Synthesis of key intermediate 13 

(3aR,4R,6S,7S,7aR)-2,2,6-trimethyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-

7-ol (7). 

To a solution of 6 (4.0 g, 22.4 mmol) in dry N,N-dimethylformamide (40 mL), 

2,2-dimethoxypropane (13.8 mL, 0.11 mol) and p-toluenesulfonic acid (427 mg, 2.24 mmol) 

were added, and the mixture was allowed to stir at room temperature. After 5 hours, the reaction 

was concentrated in vacuo.  Flash column chromatography on silica using a gradient of 0-60% 

ethyl acetate in hexanes afforded 7 (4.82 g, 22.1 mmol, 98.6%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 4.83 (br s, 1H), 4.12-4.08 (m, 1H), 4.05 (dd, J = 

7.2, 6.2 Hz, 1H), 3.62 (dq, J = 9.4, 6.4 Hz, 1H), 3.37 (s, 3H), 3.38 (dd, J = 9.4, 7.2 Hz, 1H), 1.51 

(s, 3H), 1.34 (s, 3H), 1.29 (d, J =6.4 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 

109.6, 98.3, 78.6, 75.9, 74.6, 65.9, 55.1, 28.1, 26.3, 17.6. HRMS (ESI) m/z calcd for C10H18O5 

[M+Na]+ 241. 10464, found 241.10466, Δ ppm 0.063. 

 

(2R,3R,4S,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-2-methoxy-6-methyl-

tetrahydro-2H-pyran-3,4-diol (8). 

To a stirred solution of 7 (4.82 g, 22.1 mmol) in dry N,N-

dimethylformamide (40 mL) at 0 °C, tert-butyldiphenylchlorosilane (28.7 mL, 0.11 mol) and 

imidazole (4.5 g, 66.3 mmol) were added. After stirring overnight at room temperature, the 

reaction was concentrated in vacuo. Flash column chromatography on silica using a gradient of 

0-35% ethyl acetate in hexanes afforded 8 (9.08g, 98.6%) as a clear oil.   



 

35 

 

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.77-7.73 (m, 2H), 7.71-7.67 (m, 2H), 7.47-7.38 

(m, 6H), 4.58 (br s, 1H), 3.81 (dd, J = 8.8, 3.5 Hz, 1H), 3.78 (dd, J = 3.5, 1.6 Hz, 1H), 3.74 (dq, 

J = 9.2, 6.3 Hz, 1H), 3.56-3.51 (m, 1H), 3.37 (s, 3H), 1.26 (d, J = 6.3 Hz, 3H), 1.07 (s, 9H). 13C 

NMR (151 MHz, chloroform-d): δ (ppm) 136.3, 135.6, 134.6, 132.9, 130.13, 130.05, 128.08, 

127.98, 100.3, 76.1, 72.0, 71.2, 68.1, 55.1, 27.3, 19.8, 18.3. HRMS (ESI) m/z calcd for 

C23H32O5Si [M+Na]+ 439.19112, found 439.19089, Δ ppm -0.528. 

 

(3aR,4R,6S,7S,7aR)-7-((tert-butyldiphenylsilyl)oxy)-4-methoxy-6-

methyltetrahydro-4H-[1,3,2]dioxathiolo[4,5-c]pyran 2-oxide (9). 

To a solution of 8 (9.08 g, 21.8 mmol) in ethyl acetate (100 mL), pyridine 

(3.52 mL, 43.6 mmol) was added with stirring. After 1 min, the reaction was cooled to 0 °C with 

ice bath. Thionyl chloride (2.38 mL, 32.7 mmol) was added and the reaction turned cloudy 

instantly. After stirring for 30 min, the reaction was diluted with ethyl acetate, washed with 

water, dried over Na2SO4, and concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 0-20% ethyl acetate in hexanes afforded a mixture of 9 and the corresponding 

β-anomer (9.98 g, 99%) in a ratio of about 6.25:1 as a clear oil.  

α-anomer, 9 (major): 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.73-7.65 (m, 4H), 7.44-

7.34 (m, 6H), 4.91 (dd, J = 7.6, 5.5 Hz, 1H), 4.90 (br s, 1H), 4.73 (dd, J = 5.5 Hz, 0.7 Hz, 1H), 

3.75 (dq, J = 9.7 Hz, 6.3 Hz, 1H), 3.37 (s, 3H), 3.14 (dd, J = 9.7 Hz, 7.6 Hz, 1H), 1.12 (d, J = 

6.3 Hz, 3H), 1.06 (s, 9H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 136.2, 136.1, 133.0, 

132.3, 130.0, 129.9, 127.7, 127.6, 96.3, 84.7, 76.3, 76.0, 65.8, 55.2, 27.1, 19.7, 17.9. β-anomer 
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(minor): 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.73-7.65 (m, 4H), 7.44-7.34 (m, 6H), 

4.92 (br s, 1H), 4.73 (dd, J = 7.7, 6.2 Hz, 1H), 4.37 (dd, J = 6.2, 0.8 Hz, 1H), 3.69 (dq, J = 9.6, 

6.2 Hz, 1H), 3.35 (s, 3H), 1.07 (s, 9H), 0.98 (d, J = 6.2 Hz. 3H). 13C NMR (151 MHz, 

chloroform-d): δ (ppm) 136.4, 136.1, 133.2, 132.4, 129.9, 129.8, 127.6, 127.5, 96.8, 83.5, 81.8, 

76.0, 66.5, 55.1, 27.1, 19.8, 17.8. HRMS (ESI) m/z calcd for C23H30O6SSi [M+Na]+ 485.14246, 

found 485.14279, Δ ppm 0.686. 

 

(3aR,4R,6S,7S,7aR)-7-((tert-butyldiphenylsilyl)oxy)-4-methoxy-6-

methyltetrahydro-4H-[1,3,2]dioxathiolo[4,5-c]pyran 2,2-dioxide (10). 

To a vigorously stirred solution of 9 (9.98 g, 21.6 mmol) in 

dichloromethane (80 mL), acetonitrile (80 mL) and water (70 mL), ruthenium (III) chloride 

hydrate (223 mg, 1.1 mmol) in 10 mL water was added followed by the addition of sodium 

periodate (23 g, 0.11 mol). After stirring for 30 min, the reaction was diluted with water and 

extracted with two 50-mL portions of dichloromethane. The combined organic extracts were 

dried over Na2SO4 and concentrated in vacuo. Flash column chromatography on silica using a 

gradient of 0-20% ethyl acetate in hexane afforded 10 (9.92 g, 96%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.71-7.65 (m, 4H), 7.46-7.36 (m, 6H), 4.97 (dd, J 

= 7.5, 5.4 Hz, 1H), 4.89 (dd, J = 5.4, 0.8Hz, 1H), 4.84 (br s, 1H), 3.81 (dd, J = 9.7, 7.5 Hz, 1H), 

3.73 (dq, J = 9.7, 6.2 Hz, 1H), 3.36 (s, 3H), 1.05 (s, 9H), 1.02 (d, J = 6.2 Hz, 3H). 13C NMR 

(151 MHz, chloroform-d): δ (ppm) 136.3, 136.1, 132.6, 131.6, 130.3, 130.0, 127.9, 127.8, 95.2, 

86.2, 79.5, 73.8, 65.7, 55.3, 27.1, 19.8, 17.7. HRMS (ESI) m/z calcd for C23H30O7SSi [M+Na]+ 

501.13737, found 501.13785, Δ ppm 0.955. 
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(2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-2-methoxy-6-methyl-

tetrahydro-2H-pyran-3-ol (11). 

A solution of 10 (9.92 g, 20.7 mmol) in tetrahydrofuran (70 mL) was 

stirred and heated to 55 °C. To this mixture, tetrabutylammonium borohydride (10.7 g, 41.4 

mmol) was added and the reaction was allowed to stir overnight. After 18 h, the reaction was 

cooled to 0 °C and quenched with acetone. Concentrated sulfuric acid (5 mL) was added and the 

mixture was stirred for 1 h before methanol (5 mL) was added. After an additional 30 min of 

stirring, the reaction was concentrated in vacuo. Flash column chromatography on silica using a 

gradient of 0-20% ethyl acetate in hexanes afforded 11 (6.4 g, 77%) as clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.72-7.64 (m, 4H), 7.46-7.34 (m, 6H), 4.38 (br s, 

1H), 3.75 (dq, J = 8.9, 6.3 Hz, 1H), 3.69-3.67 (m, 1H), 3.64 (ddd, J = 10.7, 9.1, 4.7 Hz, 1H), 

3.38 (s, 3H), 1.85 (ddd, J = 13.5, 10.7, 3.1 Hz, 1H), 1.78 (ddd, J = 13.5, 4.7, 3.5 Hz, 1H), 1.19 

(d, J = 6.3 Hz, 3H), 1.06 (s, 9H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 136.1, 134.5, 

133.7, 130.0, 129.8, 127.8, 127.7, 100.3, 69.9, 69.8, 68.7, 55.0, 35.8, 27.2, 19.5, 18.4. HRMS 

(ESI) m/z calcd for C23H32O4Si [M+Na]+ 423.19621, found 423.19665, Δ ppm 1.046. 

 

(2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-2-methoxy-6-methyl-

tetrahydro-2H-pyran-3-yl benzoate (13). 

To a solution of 11 (0.9 g, 2.2 mmol) in pyridine (40 mL), benzoyl chloride 

(0.76 mL, 6.6 mmol) was added slowly at 0 °C. After 3 hours, the reaction was diluted with 

water, extracted with hexanes, dried over Na2SO4, and concentrated in vacuo. Flash column 
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chromatography on silica using a gradient of 0-15% ethyl acetate in hexanes afforded 13 (1.04 g, 

94%) as a white powder. 

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.75-7.71 (m, 2H), 7.69-7.63 (m, 4H), 7.57-7.53 

(m, 1H), 7.41-7.35 (m, 3H), 7.35-7.27 (m, 5H), 4.94-4.92 (m, 1H), 4.54 (br s, 1H), 3.84 (dq, J = 

9.2, 6.3 Hz, 1H), 3.65 (ddd, J = 11.2, 9.2, 4.4 Hz, 1H), 3.40 (s, 3H), 2.03 (ddd, J = 13.7, 11.2, 

3.1 Hz, 1H), 1.89-1.84 (m, 1H), 1.29 (d, J = 6.3 Hz, 1H), 1.05 (s, 9H). 13C NMR (151 MHz, 

chloroform-d): δ (ppm) 165.4, 136.1, 136.0, 134.2, 133.3, 133.1, 130.0, 129.89, 129.87, 129.8, 

128.3, 127.8, 127.6, 97.3, 71.1, 70.3, 69.6, 54.9, 33.4, 27.2, 19.5, 18.6. HRMS (ESI) m/z calcd 

for C30H36O5Si [M+Na]+ 527.22242, found 527.22326, Δ ppm 1.590. 

 

1.3 Synthesis of icas#9 

(2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-2-hydroxy-6-

methyltetrahydro-2H-pyran-3-yl benzoate (SI-1). 

To a solution of 13 (0.9 g, 1.8 mmol) in dichloromethane (20 mL) cooled to -78 

°C in a dry ice/acetone bath, boron tribromide solution (1 M in dichloromethane, 

1.5 mL, 1.5 mmol) was added dropwise under argon. After 5 min, the reaction was quenched 

with sat. NaHCO3, extracted with ethyl acetate, dried over Na2SO4, and concentrated in vacuo. 

Flash column chromatography on silica using a gradient of 0-20% ethyl acetate in hexanes 

afforded SI-1, containing 24% of the β-anomer (440 mg, 50%, 98% BRSM) as a white powder.  

1H NMR for major anomer (400 MHz, chloroform-d): δ (ppm) 7.82-7.52 (m, 7H), 7.43-7.27 

(m, 8H), 5.07 (br s, 1H), 4.99-4.96 (m, 1H), 4.10 (dq, J = 9.2, 6.2 Hz, 1H), 3.66 (ddd, J = 11.4, 

9.2, 4.4 Hz, 1H), 2.12 (ddd, J = 13.8, 11.4, 3.0 Hz, 1H), 1.88 (dt, J = 13.8, 3.8 Hz, 1H), 1.27 (d, 

J = 6.2 Hz, 3H), 1.05 (s, 9H). 13C NMR for major anomer (100 MHz, chloroform-d): δ (ppm) 
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165.5, 136.1, 136.0, 134.2, 133.3, 133.2, 130.0, 129.9, 128.3, 127.8, 127.7, 91.0, 71.5, 70.3, 69.8, 

32.7, 27.2, 19.5, 18.6. HRMS (ESI) m/z calcd for C29H34O5Si [M+Na]+ 513.20677, found 

513.20740, Δ ppm 1.224. 

 

(2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-2-(((R)-hex-5-en-2-

yl)oxy)-6-methyltetrahydro-2H-pyran-3-yl benzoate (19).  

To a stirred solution of SI-1 (45 mg, 0.09 mmol) in dry dichloromethane 

(2 mL), trichloroacetonitrile (18.4 μL, 0.18 mmol) and 1,8-

diazabicycloundec-7-ene (1.4 μL, 9 μmol) were added at room temperature. After 90 min, the 

reaction was concentrated in vacuo to evaporate most solvent. Flash column chromatography on 

silica using a gradient of 15-25% ethyl acetate in hexanes afforded 17 (49.6 mg, 85%) as a clear 

oil. A stirred solution of 17 and (R)-(−)-5-hexen-2-ol (13.4 μL, 0.11 mmol) was cooled to 0 °C in 

an ice bath, trimethylsilyl trifluoromethanesulfonate (3.3 μL, 18 μmol) was added, and the 

solution was allowed to warm to room temperature. After an hour, the reaction was quenched 

with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and concentrated in 

vacuo. Flash column chromatography on silica using a gradient of 0-15% ethyl acetate in 

hexanes afforded 19 (40.6 mg, 77%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.75-7.72 (m, 2H), 7.70-7.64 (m, 4H), 7.57-7.53 

(m, 1H), 7.41-7.27 (m, 8H), 5.89 (ddt, J = 16.7, 10.1, 6.3 Hz, 1H), 5.12-5.07 (m, 1H), 5.04-5.00 

(m, 1H), 4.90-4.87 (m, 1H), 4.75 (br s, 1H), 3.90 (dq, J = 9.3, 6.2 Hz, 1H), 3.85-3.78 (m, 1H), 

3.67 (ddd, J =11.3, 9.4, 4.3 Hz, 1H), 2.29-2.14 (m, 2H), 2.04 (ddd, J = 13.6, 11.3, 3.0 Hz, 1H), 

1.88 (dt, J = 13.6, 3.6 Hz, 1H), 1.62-1.55 (m, 2H), 1.26 (d, J = 6.2 Hz, 3H), 1.14 (d, J = 6.2 Hz, 

3H), 1.06 (s, 9H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 165.6, 138.7, 136.1, 136.0, 

https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene
https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene


 

40 

 

134.3, 133.5, 133.1, 130.1, 129.90, 129.87, 129.8, 128.3, 127.8, 127.7, 114.9, 93.6, 72.1, 71.8, 

70.5, 70.1, 36.6, 33.5, 30.2, 27.2, 19.5, 19.3, 18.6. HRMS (ESI) m/z calcd for C35H44O5Si 

[M+Na]+ 595.28502, found 595.28575, Δ ppm 1.223. 

 

(R)-4-(((2R,3R,5R,6S)-3-(benzoyloxy)-5-((tert-

butyldiphenylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-

yl)oxy)pentanoic acid (24). 

To a solution of 19 (40.6 mg, 0.071 mmol) in dichloromethane (1 mL), 

acetonitrile (1 mL) and H2O (0.5 mL), ruthenium(III) chloride hydrate (1.5 mg, 7 μmol) in H2O 

(0.5 mL) was added while stirring vigorously. After 5 min, sodium periodate (75 mg, 0.35 mmol) 

was added and the resulting mixture was stirred for 90 min at room temperature. The reaction 

was diluted with H2O, extracted with dichloromethane, dried over Na2SO4, and concentrated in 

vacuo. Flash column chromatography on silica using a gradient of 0-50% ethyl acetate in 

hexanes afforded 24 (41.5 mg, 99%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.75-7.71 (m, 2H), 7.70-7.64 (m, 4H), 7.57-7.53 

(m, 1H), 7.40-7.27 (m, 8H), 4.89-4.86 (m, 1H), 4.75 (br s, 1H), 3.89-3.82 (m, 2H), 3.66 (ddd, J = 

11.2, 9.2, 4.2 Hz, 1H), 2.61-2.50 (m, 2H), 2.01 (ddd, J = 13.9, 11.1, 2.9 Hz, 1H), 1.92-1.86 (m, 

3H), 1.26 (d, J = 6.3 Hz, 3H), 1.17 (d, J =6.2 Hz, 3H), 1.06 (s, 9H). 13C NMR (151 MHz, 

chloroform-d): δ (ppm)178.0, 165.5, 136.1, 136.0, 134.3, 133.4, 133.2, 130.7, 130.0, 129.91, 

129.88, 129.81, 128.36, 127.8, 127.7, 93.6, 71.9, 71.2, 70.35, 70.31, 33.4, 32.0, 30.3, 27.2, 19.5, 

19.1, 18.5. HRMS (ESI) m/z calcd for C34H42O7Si [M-H]- 589.26270, found 589.26329, Δ ppm 

0.996. 
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(R)-4-(((2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-3-hydroxy-6-

methyltetrahydro-2H-pyran-2-yl)oxy)pentanoic acid (SI-2). 

To a solution of 24 (277 mg, 0.5 mmol) in 1,4-dioxane (15 mL), lithium 

hydroxide monohydrate (79 mg, 1.9 mmol) in H2O (2 mL) was added and 

the resulting mixture was stirred at 60 °C for 3 hours. Glacial acetic acid (1 mL) was added, and 

the reaction was concentrated in vacuo. Flash column chromatography on silica using a gradient 

of 0-40% ethyl acetate in hexanes afforded SI-2 (218 mg, 90%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.71-7.64 (m, 4H), 7.45-7.35 (m, 6H), 4.59 (br s, 

1H), 3.87-3.81 (m, 1H), 3.75 (dq, J = 8.8, 6.2 Hz, 1H), 3.68-3.62 (m, 3H), 2.58-2.47 (m, 2H), 

1.89-1.81 (m, 3H), 1.78 (dt, J = 13.2, 4.2 Hz, 1H), 1.16 (d, J = 6.2 Hz, 3H), 1.13 (d, J = 6.0 Hz, 

3H), 1.05 (s, 9H).  HRMS (ESI) m/z calcd for C27H38O6Si [M-H]- 485.23649, found 485.23707, 

Δ ppm 1.198. 

 

Benzyl (R)-4-(((2R,3R,5R,6S)-3-(benzyloxy)-5-((tert-

butyldiphenylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-

yl)oxy)pentanoate (SI-3). 

To a stirred solution of SI-2 (218 mg, 0.45 mmol) in dry N,N-

dimethylformamide (7 mL) under argon, benzyl bromide (0.32 mL, 2.7 mmol) and sodium 

hydride (64.5 mg, 2.7 mmol) were added. After stirring overnight, the reaction was carefully 

quenched by drop-wise addition of sat. NaHCO3, extracted with ethyl acetate, dried over 

Na2SO4, and concentrated in vacuo. Flash column chromatography on silica using a gradient of 

0-20% ethyl acetate in hexanes afforded SI-3 (187 mg, 63%) as a clear oil.  
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1H NMR (600 MHz, chloroform-d): δ (ppm) 7.73-7.68 (m, 5H), 7.45-7.30 (m, 10H), 7.26-7.20 

(m, 3H), 7.08-7.05 (m, 2H), 5.17 (d, J = 12.4 Hz, 1H), 5.13 (d, J = 12.4 Hz, 1H), 4.64 (br s, 1H), 

4.15 (d, J = 12.3 Hz, 1H), 4.05 (d, J = 12.3 Hz, 1H), 3.85 -3.69 (m, 3H), 3.30-3.27 (m, 1H), 

2.58-2.41 (m, 2H), 1.91-1.78 (m, 3H), 1.66 (ddd, J = 13.5, 10.6, 2.9 Hz, 1H), 1.24 (d, J = 6.3 

Hz, 3H), 1.07 (d, J = 6.1 Hz, 3H), 1.05 (s, 9H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 

173.6, 136.2, 136.11, 136.06, 135.63, 135.56, 134.8, 133.9, 129.9, 129.7, 128.8, 128.42, 129.38, 

128.3, 127.9, 127.7, 127.6, 127.5, 94.6, 75.6, 70.5, 70.2, 70.3, 70.1, 66.4, 32.4, 30.8, 29.6, 27.2, 

19.6, 18.9, 18.5. HRMS (ESI) m/z calcd for C41H50O6Si [M+Na]+ 689.32689, found 689.32780, 

Δ ppm 1.325. 

 

Benzyl (R)-4-(((2R,3R,5R,6S)-3-(benzyloxy)-5-hydroxy-6-

methyltetrahydro-2H-pyran-2-yl)oxy)pentanoate (27). 

To a solution of SI-3 (152 mg, 0.23 mmol) in tetrahydrofuran (6 mL), 

tetrabutylammonium fluoride solution (1 M in THF, 1.14 mL, 1.14 

mmol) was added. After stirring overnight, the reaction was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-50% ethyl acetate in hexanes afforded 27 (79.6 

mg, 81%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.38-7.27 (m, 10H), 5.13 (d, J =12.4 Hz, 1H), 

5.10 (d, J =12.4 Hz, 1H), 4.78 (br s, 1H), 4.59 (d, J =12.2 Hz, 1H), 4.56 (d, J =12.2 Hz, 1H), 

3.86-3.80 (m, 1H), 3.62 (ddd, J = 11.1, 9.3, 4.4 Hz, 1H), 3.56 (dq, J = 9.1, 6.1 Hz, 1H), 3.51-

3.49 (m, 1H), 2.52-2.41 (m, 2H), 2.13 (dt, J = 13.4, 3.8 Hz, 1H), 1.89-1.79 (m, 2H), 1.68 (ddd, J 

= 13.4, 11.1, 3.1 Hz, 1H), 1.25 (d, J = 6.1 Hz, 3H), 1.09 (d, J = 6.1 Hz, 3H). 13C NMR (151 

MHz, chloroform-d): δ (ppm) 173.7, 138.4, 136.1, 128.7, 128.6, 128.44, 128.43, 127.87, 
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127.82, 114.7, 93.9, 75.9, 71.3, 70.1, 70.06, 68.5, 66.4, 32.9, 32.3, 30.9, 18.8, 17.9. HRMS 

(ESI) m/z calcd for C25H32O6 [M+Na]+ 451.20911, found 451.20959, Δ ppm 1.064. 

 

(2S,3R,5R,6R)-5-(benzyloxy)-6-(((R)-5-(benzyloxy)-5-oxopentan-2-

yl)oxy)-2-methyltetrahydro-2H-pyran-3-yl 1H-indole-3-carboxylate 

(SI-4). 

Indole-3-carboxylic acid (16 mg, 0.1 mmol) was dissolved in dry 

dichloromethane (1 mL) with a drop of dimethylformamide and the solution was cooled to 0 °C 

in an ice bath. Oxalyl chloride (17 μL, 0.2 mmol) was added slowly, and the resulting solution 

was stirred for 20 min at room temperature. The reaction mixture was concentrated to dryness in 

vacuo, and the residue was redissolved in dry dichloromethane (1 mL). The resulting solution 

was added dropwise to a stirred solution containing 27 (21mg, 0.05 mmol) and N,N-

diisopropylethylamine (34 μL, 0.2 mmol) in dry dichloromethane (1 mL) at 0 °C in an ice bath. 

After 20 min, the reaction was quenched with sat. NaHCO3, extracted with dichloromethane, 

dried over Na2SO4, and concentrated in vacuo. Flash column chromatography on silica using a 

gradient of 0-35% ethyl acetate in hexanes afforded SI-4 (16 mg, 56%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 8.72 (br s, 1H), 8.18-8.15 (m, 1H), 7.89-7.87 (m, 

1H), 7.44-7.26 (m, 13H), 5.17-5.12 (m, 3H), 4.85 (br s, 1H), 4.75 (d, J = 12.1 Hz, 1H), 4.58 (d, J 

= 12.1 Hz, 1H), 3.99 (dq, J = 9.3, 6.3 Hz, 1H), 3.92-3.86 (m, 1H), 3.58-3.56 (m, 1H), 2.61-2.50 

(m, 2H), 2.14 (dt, J = 13.1, 3.4 Hz, 1H), 1.95-1.85 (m, 2H), 1.69 (ddd, J = 13.1, 11.1, 3.1 Hz, 

1H), 1.25 (d, J = 6.1 Hz, 3H), 1.13 (d, J = 6.1 Hz, 3H). HRMS (ESI) m/z calcd for C34H37NO7 

[M+Na]+ 594.24622, found 594.24665, Δ ppm 0.718. 
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(R)-4-(((2R,3R,5R,6S)-5-((1H-indole-3-carbonyl)oxy)-3-hydroxy-6-

methyltetrahydro-2H-pyran-2-yl)oxy)pentanoic acid (icas#9). 

To a suspension of palladium on activated carbon (10 wt%, 16 mg, 15 

μmol) in methanol (2 mL), SI-4 (8.8 mg, 15.4 μmol) in methanol (3 mL) 

was added under argon. After 5 min, argon was purged by flushing hydrogen through the 

reaction flask. The resulting mixture was stirred for 90 min at room temperature, and hydrogen 

was purged by flushing argon. After removing the catalyst particles from the solution by 

filtration, the reaction was concentrated in vacuo. Flash column chromatography on silica using a 

gradient of 0-15% methanol in dichloromethane afforded icas#9 (4.7 mg, 78%) as clear oil. 

Spectroscopic data were identical to those reported previously [1]. 

 

1.4 Synthesis of dasc#1 

(2R,3R,5R,6S)-2-(((R)-7-ethoxy-7-oxoheptan-2-yl)oxy)-6-

methyltetrahydro-2H-pyran-3,5-diyl dibenzoate (SI-5). 

To a stirred solution of 1 (220 mg, 0.62 mmol) in dry dichloromethane (10 

mL), trichloroacetonitrile (0.12 mL, 1.2 mmol) and 1,8-diazabicycloundec-7-

ene (5 μL, 33 μmol) were added at room temperature. After 90 min, the reaction was 

concentrated in vacuo to evaporate most solvent. Flash column chromatography on silica using a 

gradient of 15-25% ethyl acetate in hexanes afforded SI-6 (200 mg, 66%) as a clear oil.  

A solution of SI-6 and 21 (84 mg, 0.66 mmol) in dry 

dichloromethane (10 mL) was cooled in an ice bath, trimethylsilyl 

trifluoromethanesulfonate (22 μL, 0.12 mmol) was added, and the 

solution was allowed to warm to room temperature. After an hour, 

https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene
https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene
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the reaction was quenched with sat. NaHCO3, extracted with dichloromethane, dried over 

Na2SO4, and concentrated in vacuo. Flash column chromatography on silica using a gradient of 

0-20% ethyl acetate in hexanes afforded SI-5 (165 mg, 52%) as clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 8.13-8.09 (m, 2H), 8.07-8.03 (m, 2H), 7.61-7.55 

(m, 2H), 7.50-7.43 (m, 4H), 5.18 (ddd, J = 11.3, 9.9, 4.7 Hz, 1H), 5.15-5.12 (m, 1H), 4.95 (br s, 

1H), 4.16-4.07 (m, 3H), 3.88-3.82 (m, 1H), 2.41 (dt, J = 13.5, 3.9 Hz, 1H), 2.35 (t, J = 7.5 Hz, 

2H), 2.20 (ddd, J = 13.5, 11.5, 3.2 Hz, 1H), 1.74 -1.63 (m, 3H), 1.57-1.39 (m, 3H), 1.28 (d, J = 

6,3 Hz, 3H), 1.25 (t, J = 7.1 Hz, 3H), 1.19 (d, J = 6.1 Hz, 3H). 13C NMR (151 MHz, 

chloroform-d): δ (ppm) 173.8, 166.0, 165.9, 133.42, 133.36, 130.1, 129.8, 128.6, 94.0, 72.6, 

71.4, 70.8, 67.2, 60.4, 37.0, 34.5, 29.9, 25.5, 25.2, 19.3, 18.1 [2]. 

 

(R)-6-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-

pyran-2-yl)oxy)heptanoic acid (SI-7, ascr#1). 

To a solution of SI-5 (165 mg, 0.32 mmol) in 1,4-dioxane (10 mL), 

lithium hydroxide monohydrate (108 mg, 2.6 mmol) in H2O (2 mL) 

was added, and the resulting mixture was stirred at 60 °C for 2.5 hours. Glacial acetic acid (1 

mL) was added, and the reaction was concentrated in vacuo. Flash column chromatography on 

silica using a gradient of 0-10% methanol in dichloromethane afforded SI-7 (88 mg, 99%) as a 

clear oil. Spectroscopic data were identical to those reported previously [3]. 

 

Benzyl (R)-6-(((2R,3R,5R,6S)-3,5-bis(benzyloxy)-6-

methyltetrahydro-2H-pyran-2-yl)oxy)heptanoate (SI-8). 

To a stirred solution of SI-7 (88 mg, 0.32 mmol) in dry N,N-
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dimethylformamide (4 mL), benzyl bromide (0.4 mL, 3.2 mmol) and sodium hydride (77 mg, 3.2 

mmol) were added. After stirring overnight, the reaction was quenched with sat. NaHCO3, 

extracted with ethyl acetate, dried over Na2SO4, and concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-10% ethyl acetate in hexanes afforded SI-8 (107 

mg, 61%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.39-7.26 (m, 15H), 5.10 (s, 2H), 4.76 (br s, 1H), 

4.58 -4.51 (m, 3H), 4.46 (d, J = 11.6 Hz, 1H), 3.80-3.71 (m, 3H), 3.55-3.51 (m, 1H), 3.44 (ddd, J 

= 11.0, 9.4, 4.3 Hz, 1H), 2.35 (t, J = 7.5 Hz, 2H), 2.21 (dt, J = 13.4, 3.8 Hz, 1H), 1.72 (ddd, J = 

13.4, 11.0, 3.0 Hz, 1H), 1.69-1.60 (m, 2H), 1.56-1.31 (m, 4H), 1.27 (t, J =6.3 Hz, 3H), 1.05 (d, J 

= 6.1 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 173.6, 138.7, 138.6, 136.3, 128.7, 

128.6, 128.33, 128.31, 128.0, 127.9, 127.8, 94.4, 76.0, 75.7, 71.5, 71.3, 71.1, 68.6, 66.3, 37.0, 

34.4, 29.7, 25.4, 25.1, 19.0, 18.3. HRMS (ESI) m/z calcd for C34H42O6 [M+Na]+ 569.28736, 

found 569.28816, Δ ppm 1.405. 

 

(R)-6-(((2R,3R,5R,6S)-3,5-bis(benzyloxy)-6-

methyltetrahydro-2H-pyran-2-yl)oxy)heptanoic acid (29). 

To a solution of SI-8 (107 mg, 0.2 mmol) in 1,4-dioxane (10 

mL), lithium hydroxide monohydrate (24 mg, 0.6 mmol) in 

H2O (0.5 mL) was added, and the resulting mixture was stirred at 60 °C for 12 hours. Glacial 

acetic acid (1 mL) was added, and the reaction was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-40% ethyl acetate in hexanes afforded 29 (75 mg, 

82%) as a clear oil.  
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1H NMR (600 MHz, chloroform-d): δ (ppm) 7.37-7.27 (m, 10H), 4.80 (br s, 1H), 4.59 (d, J = 

11.5 Hz, 1H), 4.58 (d, J = 12.4 Hz, 1H), 4.55 (d, J = 12.4 Hz, 1H), 4.49 (d, J = 11.5 Hz, 1H), 

3.82-3.74 (m, 2H), 3.56-3.54 (m, 1H), 3.47 (ddd, J = 11.1, 9.6, 4.3 Hz, 1H), 2.35 (t, J = 7.4 Hz, 

2H), 2.23 (dt, J = 13.3, 3.8 Hz, 1H), 1.75 (ddd, J = 13.3, 11.1, 2.9 Hz, 1H), 1.69-1.35 (m, 6H), 

1.30 (d, J = 6.2 Hz, 3H), 1.08 (d, J = 6.1 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ 

(ppm) 179.6, 138.6, 138.5, 128.5, 128.0, 127.83, 127.80, 94.3, 76.0, 75.7, 71.4, 71.3, 71.0, 68.6, 

36.9, 34.1, 29.7, 25.3, 24.8, 19.0, 18.2. HRMS (ESI) m/z calcd for C27H36O6 [M-H]- 455.24391, 

found 455.24452, Δ ppm 1.335. 

 

(2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-2-(((R)-7-

ethoxy-7-oxoheptan-2-yl)oxy)-6-methyltetrahydro-2H-pyran-

3-yl benzoate (23). 

To a stirred solution of SI-1 (206 mg, 0.42 mmol) in dry 

dichloromethane (10 mL), trichloroacetonitrile (84 μL, 0.84 mmol) and 1,8-diazabicycloundec-7-

ene (10 μL, 67 μmol) were added at room temperature. After 90 min, the reaction was 

concentrated in vacuo to evaporate most solvent. Flash column chromatography on silica using a 

gradient of 15-20% ethyl acetate in hexanes afforded 17 (266 mg, 100%) as a clear oil. A 

solution of 17 and 21 (87 mg, 0.5 mmol) in dry dichloromethane (10 mL) was cooled to 0 °C in 

an ice bath, trimethylsilyl trifluoromethanesulfonate (15 μL, 84 μmol) was added, and the 

solution was allowed to warm to room temperature. After an hour, the reaction was quenched 

with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and concentrated in 

vacuo. Flash column chromatography on silica using a gradient of 0-20% ethyl acetate in 

hexanes afforded 23 (263 mg, 97%) as a clear oil.  
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1H NMR (600 MHz, chloroform-d): δ (ppm) 7.74 -7.71 (m, 2H), 7.69-7.64 (m, 4H), 7.57-7.53 

(m, 1H), 7.40-7.27 (m, 8H), 4.88-4.86 (m, 1H), 4.74 (br s, 1H), 4.15 (q, J = 7.1 Hz, 2H), 3.87 

(dq, J = 9.3, 6.2 Hz, 1H), 3.81-3.75 (m, 1H), 3.66 (ddd, J = 11.3, 9.2, 4.3 Hz, 1H), 2.36 (t, J = 

7.5 Hz, 2H), 2.02 (ddd, J = 13.9, 11.3, 3.0 Hz, 1H), 1.87 (dt, J = 13.9, 3.8 Hz, 1H), 1.73-1.61 

(m, 3H), 1.55-1.39 (m, 3H), 1.27 (t, J = 7.1 Hz, 3H), 1.26 (d, J = 6.2 Hz, 1H), 1.13 (d, J = 6.1 

Hz, 3H), 1.06 (s, 9H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 173.9, 165.5, 136.1, 136.0, 

134.3, 133.4, 133.1, 130.1, 129.89, 129.86, 129.8, 128.3, 127.8, 127.7, 93.7, 72.2, 72.0, 70.5, 

70.1, 60.6, 37.0, 34.5, 33.5, 27.2, 25.5, 25.2, 19.5, 19.3, 18.5. HRMS (ESI) m/z calcd for 

C38H50O7Si [M+Na]+ 669.32180, found 669.32280, Δ ppm 1.492. 

 

(R)-6-(((2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-3-hydroxy-

6-methyltetrahydro-2H-pyran-2-yl)oxy)heptanoic acid (SI-9).  

To a solution of 23 (263 mg, 0.4 mmol) in 1,4-dioxane (20 mL), 

lithium hydroxide monohydrate (100 mg, 2.4 mmol) in H2O (2 mL) was added and the resulting 

mixture was stirred at 60 °C for 12 hours. Glacial acetic acid (2 mL) was added, and the reaction 

was concentrated in vacuo. Flash column chromatography on silica using a gradient of 20-50% 

ethyl acetate in hexanes afforded SI-9 (190 mg, 92%) as clear oil.  

1H NMR (400 MHz, methanol-d4): δ (ppm) 7.73-7.64 (m, 4H), 7.47-7.36 (m, 6H), 4.56 (br s, 

1H), 3.87-3.71 (m, 3H), 3.58-3.54 (m, 1H), 2.34 (t, J = 7.5 Hz, 2H), 1.83-1.77 (m, 2H), 1.71-

1.40 (m, 6H), 1.11 (d, J = 5.9 Hz, 3H), 1.10 (d, J = 5.8 Hz, 3H), 1.05 (s, 9H). 13C NMR (100 

MHz, methanol-d4): δ (ppm) 177.5, 137.09, 137.05, 135.0, 130.9, 130.8, 128.7, 128.6, 97.4, 

72.2, 71.7, 71.3, 71.2, 69.7, 39.1, 39.0, 38.0, 36.9, 35.0, 27.5, 26.5, 26.0, 20.9, 20.1, 19.3, 18.7. 

HRMS (ESI) m/z calcd for C29H42O6Si [M-H]- 513.26779, found 513.26821, Δ ppm 0.821. 
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Benzyl (R)-6-(((2R,3R,5R,6S)-3-(benzyloxy)-5-((tert-

butyldiphenylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-

yl)oxy)heptanoate (SI-10). 

To a stirred solution of SI-9 (190 mg, 0.37 mmol) in dry N,N-dimethylformamide (10 mL), 

benzyl bromide (0.35 mL, 2.95 mmol) and sodium hydride (71 mg, 2.95 mmol) were added. 

After stirring overnight at room temperature, the reaction was quenched with sat. NaHCO3, 

extracted with ethyl acetate, dried over Na2SO4, and concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-10% ethyl acetate in hexanes afforded SI-10 (194 

mg, 75%) as clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.74-7.68 (m, 4H), 7.44-7.12 (m, 14H), 7.09-7.05 

(m, 2H), 5.13 (s, 2H), 4.64 (br s, 1H), 4.15 (d, J = 12.5 Hz, 1H), 4.06 (d, J = 12.5 Hz, 1H), 3.80-

3.72 (m, 3H), 3.31-3.27 (m, 1H), 2.40 (t, J = 7.5 Hz, 2H), 1.83 (dt, J = 13.5 Hz, 3H), 1.74-1.35 

(m, 7H), 1.25 (d, J = 6.1 Hz, 3H), 1.05 (s, 9H), 1.04 (d, J = 6.0 Hz, 3H). 13C NMR (151 MHz, 

chloroform-d): δ (ppm) 173.6, 138.4, 136.3, 136.11, 136.05, 135.0, 134.8, 133.9, 129.9, 129.8, 

129.7, 128.7, 128.4, 128.3, 127.9, 127.8, 127.7, 127.6, 127.5, 94.7, 75.7, 71.1, 70.4, 70.3, 70.1, 

66.3, 37.0, 34.5, 32.5, 27.2, 26.7, 25.5, 25.1, 19.6, 19.1, 18.5. HRMS (ESI) m/z calcd for 

C43H54O6Si [M+Na]+ 717.35819, found 717.35896, Δ ppm 1.078. 

 

Benzyl (R)-6-(((2R,3R,5R,6S)-3-(benzyloxy)-5-hydroxy-6-

methyltetrahydro-2H-pyran-2-yl)oxy)heptanoate (26).            

To a stirred solution of SI-10 (160 mg, 0.23 mmol) in 

tetrahydrofuran (3 mL), tetrabutylammonium fluoride solution (1M in THF, 1.4 mL, 1.4 mmol) 
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was added. After stirring overnight, the reaction was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-40% ethyl acetate in hexanes afforded 26 (76 mg, 

72%) as a clear oil.  

1H NMR (400 MHz, chloroform-d): δ (ppm) 7.40-7.26 (m, 10H), 5.11 (s, 2H), 4.79 (br s, 1H), 

4.60 (d, J = 12.3 Hz, 1H), 4.57 (d, J = 12.3 Hz, 1H), 3.82-3.74 (m, 1H), 3.67-3.58 (m, 2H), 3.53-

3.50 (m, 1H), 2.37 (t, J = 7.4 Hz, 2H), 2.15 (dt, J = 13.5, 3.6 Hz, 1H), 1.77-1.34 (m, 6H), 1.27 

(d, J = 5.5 Hz, 3H), 1.06 (d, J = 6.0 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 

173.8, 138.4, 136.2, 135.0, 128.7, 128.6, 128.4, 128.3, 127.8, 94.0, 76.0, 71.2, 70.8, 70.0, 68.5, 

66.4, 37.0, 34.4, 32.9, 25.4, 25.1, 19.0, 17.9. HRMS (ESI) m/z calcd for C27H36O6 [M+Na]+ 

479.24041, found 479.24103, Δ ppm 1.294. 

 

Benzyl (R)-6-(((2R,3R,5R,6S)-3-(benzyloxy)-5-(((R)-6-

(((2R,3R,5R,6S)-3,5-bis(benzyloxy)-6-methyltetrahydro-2H-

pyran-2-yl)oxy)heptanoyl)oxy)-6-methyltetrahydro-2H-pyran-2-

yl)oxy)heptanoate (SI-11). 

To a stirred solution of 29 (17.4 mg, 0.038 mmol) in dry dichloromethane (2 mL), 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC HCl) (10.9 mg, 0.06 mmol) 

and 4-dimethylaminopyridine (7.0 mg, 0.06 mmol) were added at room temperature. The 

resulting mixture was stirred for 30 min, and 26 (8.7 mg, 0.019 mmol) in dry dichloromethane (2 

mL) was added. After 2 hours, the reaction was washed with sat. NaHCO3, extracted with ethyl 

acetate, dried over Na2SO4, and concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 0-30% ethyl acetate in hexanes afforded SI-11 (10.5 mg, 62%) as a clear oil.  
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1H NMR (400 MHz, chloroform-d): δ (ppm) 7.38-7.27 (m, 20H), 5.11 (s, 2H), 4.84 (ddd, J = 

11.0, 9.6, 4.5 Hz, 1H), 4.78 (br s, 1H), 4.77 (br s, 1H), 4.67 (d, J = 12.1 Hz, 1H), 4.57 (d, J = 

12.1 Hz, 2H), 4.53 (d, J = 12.1 Hz, 2H), 4.46 (d, J = 12.1 Hz, 1H), 3.84-3.70 (m, 4H),  3.55 -

3.51 (m, 1H), 3.51-3.48 (m, 1H), 3.44 (ddd, J = 10.9, 9.4, 4.2 Hz, 1H), 2.37 (t, J = 7.5 Hz, 2H), 

2.31-2.18 (m, 4H), 1.76-1.30 (m, 12H), 1.28 (d, J = 6.2 Hz, 3H), 1.15 (d, J = 6.2 Hz, 3H), 1.061 

(d, J = 6.1 Hz, 3H), 1.058 (d, J = 6.0 Hz, 3H). HRMS (ESI) m/z calcd for C54H70O11 [M+Na]+ 

917.48103, found 917.48202, Δ ppm 1.075. 

 

(R)-6-(((2R,3R,5R,6S)-5-(((R)-6-(((2R,3R,5R,6S)-3,5-dihydroxy-6-

methyltetrahydro-2H-pyran-2-yl)oxy)heptanoyl)oxy)-3-hydroxy-

6-methyltetrahydro-2H-pyran-2-yl)oxy)heptanoic acid (dasc#1). 

To a suspension of palladium on activated carbon (10 wt%, 11 mg, 1 

μmol) in methanol (2 mL), SI-11 (10.5 mg, 12 μmol) in methanol (1 mL) was added under 

argon. After 5 min, argon was purged by flushing hydrogen through the reaction flask. The 

resulting mixture was stirred for 2 hours at room temperature. Subsequently, hydrogen was 

purged by flushing argon. After removing the catalyst particles from the solution by filtration, 

the filtrate was concentrated in vacuo. Flash column chromatography on silica using a gradient 

of 0-20% methanol in dichloromethane afforded dasc#1 (5.4 mg, 91%) as a clear oil.  

1H NMR (600 MHz, methanol-d4): δ (ppm) 4.86 (ddd, J = 11.3, 9.6, 4.7 Hz, 1H), 4.64 (br s, 

1H), 3.84 (dq, J = 9.6, 6.3 Hz, 1H), 3.82-3.76 (m, 2H), 3.73-3.70 (m, 2H), 3.61 (dq, J = 9.5, 6.3 

Hz, 1H), 3.52 (ddd, J = 11.4, 9.5, 4.5 Hz, 1H), 2.34 (t, J = 7.4 Hz, 2H), 2.30 (t, J = 7.4 Hz, 2H), 

2.04 (dt, J = 13.0, 4.0 Hz, 1H), 1.95 (dt, J = 13.2, 3.9 Hz, 1H), 1.83 (ddd, J = 13.0, 11.3, 3.1 Hz, 

1H), 1.76 (ddd, J = 13.1, 11.4, 3.1 Hz, 1H), 1.69-1.37 (m, 12H), 1.22 (d, J = 6.3 Hz, 3H), 1.138 
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(d, J = 6.3 Hz, 3H), 1.135 (d, J = 6.0 Hz, 3H), 1.12 (d, J = 6.0 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 177.1, 174.6, 97.8, 97.6, 72.8, 72.3, 71.4, 71.3, 70.1, 69.6, 68.44, 68.40, 

38.09, 38.07, 36.1, 35.3, 35.2, 33.1, 26.5, 26.4, 26.2, 26.1, 19.39, 19,37, 18.24, 18.19.  

 

1.5 Synthesis of mbas#3 

(2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-2-(((R,E)-9-

ethoxy-9-oxonon-7-en-2-yl)oxy)-6-methyltetrahydro-2H-

pyran-3-yl benzoate (22). 

To a stirred solution of SI-1 (132 mg, 0.28 mmol) in dry 

dichloromethane (4 mL), trichloroacetonitrile (56 μL, 0.56 mmol) and 1,8-diazabicycloundec-7-

ene (5 μL, 33 μmol) were added at room temperature. After 90 min, the reaction was 

concentrated in vacuo to evaporate most solvent. Flash column chromatography on silica using a 

gradient of 15-20% ethyl acetate in hexanes afforded 17 (176.7 mg, 99%) as clear oil. A stirred 

solution of 17 and 20 (67.5 mg, 0.34 mmol) in dry dichloromethane (4 mL) was cooled to 0 °C 

in an ice bath, trimethylsilyl trifluoromethanesulfonate (10 μL, 56 μmol) was added, and the 

solution was allowed to warm to room temperature. After one hour, the reaction was quenched 

with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and concentrated in 

vacuo. Flash column chromatography on silica using a gradient of 0-20% ethyl acetate in 

hexanes afforded 22 (185.4mg, 98%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.75 -7.71 (m, 2H), 7.69-7.64 (m, 4H), 7.57-7.53 

(m, 1H), 7.40-7.27 (m, 8H), 7.00 (dt, J = 15.5, 7.0 Hz, 1H), 5.85 (dt, J = 15.5, 1.5 Hz, 1H), 4.88-

4.86 (m, 1H), 4.74 (br s, 1H), 4.19 (q, J = 7.1 Hz, 2H), 3.87 (dq, J = 9.2, 6.2 Hz, 1H), 3.81-3.75 

(m, 1H), 3.66 (ddd, J = 11.3, 9.2, 4.3 Hz, 1H), 2.26 (dq, J = 7.0, 1.5 Hz, 2H), 2.03 (ddd, J = 

https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene
https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene
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13.9, 11.3, 3.0 Hz, 1H), 1.87 (dt, J = 13.9, 3.7 Hz, 1H), 1.67-1.38 (m, 6H), 1.29 (t, J = 7.1 Hz, 

3H), 1.26 (d, J = 6.2 Hz, 1H), 1.13 (d, J = 6.1 Hz, 3H), 1.06 (s, 9H). 13C NMR (151 MHz, 

chloroform-d): δ (ppm) 166.9, 165.5, 149.3, 136.1, 136.0, 134.3, 133.4, 133.1, 130.1, 129.9, 

129.8, 128.3, 127.8, 127.7, 121.6, 93.7, 72.3, 72.0, 70.5, 70.0, 60.3, 37.1, 33.5, 32.4, 28.2, 27.2, 

25.6, 19.5, 19.3, 18.6. HRMS (ESI) m/z calcd for C40H52O7Si [M+Na]+ 695.33745, found 

695.33826, Δ ppm 1.163. 

 

(R,E)-8-(((2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-3-

hydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)non-2-enoic 

acid (SI-12). 

To a solution of 22 (171 mg, 0.25 mmol) in 1,4-dioxane (10 

mL), lithium hydroxide monohydrate (64 mg, 1.5 mmol) in H2O (2 mL) was added, and the 

resulting mixture was stirred at 60 °C for 12 hours. Glacial acetic acid (2 mL) was added, and the 

reaction was concentrated in vacuo. Flash column chromatography on silica using a gradient of 

20-50% ethyl acetate in hexanes afforded SI-12 (118.6 mg, 88%) as a clear oil.  

1H NMR (600 MHz, chloroform-d ): δ (ppm) 7.70-7.64 (m, 4H), 7.45-7.34 (m, 6H), 7.10 (dt, J 

= 15.7, 7.0 Hz, 1H), 5.85 (dt, J = 15.7, 1.4 Hz), 4.59 (br s, 1H), 3.80-3.73 (m, 2H), 3.68-3.61 (m, 

2H), 2.28 (dq, J = 7.0, 1.4 Hz, 2H), 1.84 (ddd, J = 13.4, 10.9, 2.9 Hz, 1H), 1.78 (dt, J = 13.4, 

4.2Hz, 1H), 1.65-1.38 (m, 6H), 1.16 (d, J = 6.3 Hz, 3H), 1.10 (d, J = 6.3 Hz, 3H), 1.05 (s, 9H).
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13C NMR (151 MHz, chloroform-d): δ (ppm) 170.7, 151.5, 136.1, 134.6, 133.8, 129.9, 129.8, 

127.8, 127.6, 121.0, 96.3, 71.6, 70.2, 70.0, 69.3, 50.8, 37.1, 35.8, 32.5, 28.1, 27.2, 25.5, 19.5, 

19.1, 18.3. HRMS (ESI) m/z calcd for C31H44O6Si [M-H]- 539.28344, found 539.28407, Δ ppm 

1.170. 

 

4-methoxybenzyl (R,E)-8-(((2R,3R,5R,6S)-5-hydroxy-3-((4-methoxybenzyl)oxy)-6-

methyltetrahydro-2H-pyran-2-yl)oxy)non-2-enoate (25). 

To a stirred solution of SI-12 (40 mg, 74 μmol) in dry 

dichloromethane (2 mL), 4-methoxybenzyl-2,2,2-

trichloroacetimidate (184 μL, 0.888 mol) was added and the 

resulting mixture was cooled to 0 °C. One drop of boron trifluoride diethyl etherate was added to 

the reaction, which was slowly warmed to room temperature and stirred overnight. The reaction 

was quenched with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and 

concentrated in vacuo. Flash column chromatography on silica using a gradient of 0-20% ethyl 

acetate in hexanes afforded SI-13 together with reagent not separated from product (67.1 mg) as 

a clear oil.  

 

The obtained product was dissolved in tetrahydrofuran (2 mL), 

and tetrabutylammonium fluoride solution (1M in THF, 0.34 mL, 

0.34 mmol) was added. After stirring 72 hours, the reaction was 

concentrated in vacuo. Flash column chromatography on silica using a gradient of 0-50% ethyl 

acetate in hexanes afforded 25 (10.1 mg, 43.4% BRSM over 2 steps) as a clear oil. 
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1H NMR (600 MHz, methanol-d4): δ (ppm) 7.31-7.25 (m, 4H), 6.98 (dt, J = 15.5, 7.1 Hz, 1H), 

6.91-6.88 (m, 4H), 5.86 (dt, J = 15.5, 1.4 Hz, 1H), 5.08 (s, 2H), 4.69 (br s, 1H), 4.52 (d, J = 11.7 

Hz, 1H), 4.47 (d, J = 11.7 Hz, 1H), 3.782 (s, 3H), 3.778 (s, 3H), 3.77-3.72 (m, 1H), 3.60 (dq, J = 

9.4, 6.3 Hz, 1H), 3.50-3.48 (m, 1H), 3.46 (ddd, J = 11.4, 9.4, 4.5 Hz, 1H), 2.23 (dt, J = 6.7, 1.4 

Hz, 2H), 2.06 (dt, J = 13.2, 3.7 Hz, 1H), 1.56-1.35 (m, 6H), 1.19 (d, J = 6.3 Hz, 3H), 1.05 (d, J 

= 6.1 Hz, 3H). 13C NMR (151 MHz, methanol-d4): δ (ppm) 168.1, 161.2, 160.9, 153.2, 151.2, 

131.6, 131.1, 130.6, 129.6, 122.2, 114.9, 114.8, 95.5, 77.0, 72.5, 71.9, 71.2, 68.6, 66.9, 55.7, 

38.0, 33.5, 33.1, 29.0, 27.0, 26.4, 19.4, 18.1. HRMS (ESI) m/z calcd for C31H42O8 [M+Na]+ 

565.27719, found 565.27778, Δ ppm 1.045. 

 

4-methoxybenzyl (R,E)-8-(((2R,3R,5R,6S)-3-((4-

methoxybenzyl)oxy)-6-methyl-5-(((E)-2-methylbut-2-

enoyl)oxy)tetrahydro-2H-pyran-2-yl)oxy)non-2-enoate (SI-14). 

To a stirred solution of 25 (4.0 mg, 7.4 μmol) in dry 

dichloromethane (100 μL), tiglic acid (2.95 mg, 29.5 μmol), N,N'-dicyclohexylcarbodiimide 

(6.09 mg, 29.5 μmol), and 4-dimethylaminopyridine (2 mg, 3 μmol) were added at room 

temperature. After stirring overnight, the reaction was diluted with dichloromethane, quenched 

with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and concentrated in 

vacuo. Flash column chromatography on silica using a gradient of 0-30% ethyl acetate in 

hexanes afforded SI-14 (3.5 mg, 76%) as a clear oil.   

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.32-7.27 (m, 4H), 6.99 (dt, J = 15.7, 6.9 Hz, 1H), 

6.91-6.81 (m, 5H), 5.84 (dt, J = 15.7, 1.5 Hz, 1H), 5.10 (s, 2H), 4.87 (ddd, J = 11.1, 9.7, 4.4 Hz, 

1H), 4.76 (br s, 1H), 4.63 (d, J = 11.8 Hz, 1H), 4.47 (d, J = 11.8 Hz, 1H), 3.85 (dq, J = 9.7, 6.3 



 

56 

 

Hz, 1H), 3.81 (s, 3H), 3.79 (s, 3H), 3.79-3.73 (m, 1H), 2.31 (dt, J = 13.3, 3.8 Hz, 1H), 2.20 (dq, 

J = 7.2, 1.5 Hz, 2H), 1.83 (s, 3H), 1.79 (d, J = 7.1 Hz, 3H), 1.73 (ddd, J = 13.3, 11.8, 2.9 Hz, 

1H), 1.60-1.35 (m, 6H), 1.17 (d, J = 6.3 Hz, 3H), 1.07 (d, J = 6.1 Hz, 3H). HRMS (ESI) m/z 

calcd for C36H48O9 [M+Na]+ 647.31905, found 647.31943, Δ ppm 0.581. 

 

(R,E)-8-(((2R,3R,5R,6S)-3-hydroxy-6-methyl-5-(((E)-2-

methylbut-2-enoyl)oxy)tetrahydro-2H-pyran-2-yl)oxy)non-2-

enoic acid (mbas#3). 

To a stirred solution of SI-14 (3.5 mg, 5.6 μmol) in dry 

dichloromethane (1 mL), trifluoroacetic acid (50 μL) was added at 

room temperature. After stirring 30 min, the reaction was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-100% ethyl acetate in hexanes afforded mbas#3 

(1.7 mg, 79%) as a clear oil. Spectroscopic data were identical to those reported previously [4]. 
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3. NMR spectra

 



 

59 

 



 

60 

 

 



 

61 

 

 



 

62 

 

 



 

63 

 

 



 

64 

 

 



 

65 

 

 



 

66 

 

 



 

67 

 

 



 

68 

 

 



 

69 

 

 



 

70 

 

 



 

71 

 

 



 

72 

 

 



 

73 

 

 



 

74 

 

 



 

75 

 

 



 

76 

 

 



 

77 

 

 



 

78 

 

 



 

79 

 

 



 

80 

 

 



 

81 

 

*This is a mixture of 27 and SI-4 
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CHAPTER 2 

 

APPLICATION OF THIOL-CATALYZED RADICAL-CHAIN REDOX 

REARRANGEMENT OF CYCLIC BENZYLIDENE ACETALS IN ASCAROSIDES 

SYNTHESIS  

 

 

ABSTRACT 

In 2017 we reported an improved synthesis of ascarosides that allowed regioselective 

modifications. Here we describe a greatly improved synthesis of modular ascarosides via thiol-

catalyzed radical-chain redox rearrangement of cyclic benzylidene acetals, using 2,3-O-

benzylidene rhamnopyranoside as the substrate. This radical rearrangement-based sequence 

requires only 3 steps instead of 7 for the previous best route. The new method is particularly well 

suited for large scale preparation. 
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Recent investigations of chemical signaling in the model organism a C. elegans and other 

nematodes led to the identification of a family of small-molecule metabolites, the ascarosides,1,2. 

Based on glycosides of the dideoxy sugar L-ascarylose (occasionally L-paratose), these 

compounds are further decorated with additional moieties derived from amino acid, nucleoside, 

carbohydrate, and fatty acid metabolism (Figure 1)1,3. Ascarosides function as signaling 

molecules that regulate many aspects of nematode life history, including development4–7, 

lifespan8,9, morphology10, social communication4,5,11–15, as well as interactions with other 

species16–18.  

 

Figure 1. Architecture of modular ascarosides. There are four major building blocks: head group, 

carbohydrate, lipid side chain and terminus. 

 

      In addition, it has been discovered that ascarosides not only play an important role in 

controlling the life functions of nematodes, but also have the capability to regulate the immune 

systems of plants. Manosalva et al reported that one of the ascarosides, ascr#18, can activate 

immune responses and increase resistance in multiple plants, including Arabidopsis, tomato, 

potato and barley16. Root treatment with ascr#18 at 1 µM reduced growth of virulent P. syringae 

as well as enhanced resistance to virulent TCV (Turnip Crinkle Virus) (Figure 2). These results 
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indicate that plants recognize ascarosides as a conserved molecular signature of nematodes and 

the use of ascarosides to activate plant immune responses has potential utility to improve 

economic and environmental sustainability of agriculture.  

 

Figure 2. a) ascr#18 enhanced resistance to Turnip crinkle Virus (TCV). Similar results were 

obtained in soybean against Soybean Mosaic Virus. b) TCV-inoculated (local) leaves 

photographed at 6 d.p.i. (days post inoculation). c) TCV-infected plants photographed at 6 d.p.i. 

 

      Given the importance of ascarosides as tools to study chemical signaling in model organisms 

and potential applications as pesticides, a facile and efficient synthetic approach would be highly 

desirable. Previous syntheses of ascaroside- and paratoside-based NDMMs employed 2,4-di-O-

benzoylascarylose 1 as a key intermediate, which was obtained in six labor-intensive steps from 

L-rhamnose (Figure 3A)7,21–23. A somewhat improved version of this route was reported by 

Knölker et al24. However, intermediate 1 does not permit regioselective modification for the 

specific introduction other substituents at the 2'- and 4'-positions, and thus is ill-suited for the 

selective synthesis of 2'- or 4'-substituted NDMMs. In 2017, we reported a versatile synthetic 

approach via hydrogenolysis of a cyclic sulfate derived from methyl-α-L-rhamnopyranoside, 

allowing for regioselective modifications through cyclic sulfate intermediate 2 (Figure 3B)25. 
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However, this second-generation synthesis was still relatively lengthy (7 steps to 3) and the 

synthesis involved use of expensive reagents such as excess TBDPSCl and RuCl3·H2O. For 

large-scale production, these conditions would not be ideal due to the high cost. Therefore, 

inspired by the work of Smits and co-workers26, we considered a strategy based on thiol-

catalyzed radical-chain redox rearrangement of cyclic benzylidene acetals (Figure 3C).  

 

Figure 3. A) Approach to ascarosides synthesis before 2017. B) Second generation synthesis of 

ascarosides allowing regioselective modifications reported in 2017. C) Third generation 

synthesis, this work. 

 

      The use of benzylidene acetals for the preparation of benzoate esters was first reported 

several decades ago. Early in 1962, Huyser and Garcia have reported that some simple 

benzylidene acetals underwent an intermolecular redox rearrangement to give alkyl benzoate 

when heated with di-tert-butyl peroxide (DTBP) at 135 ºC for 18 hours27. Subsequently, other 

groupw started to use this type of reaction in carbohydrate synthesis. In 2001, Smits et al 
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reported TDT-catalyzed rearrangement of 6 that took place quantitatively to give a 6.7:1 mixture 

of the benzoate 7 and 828 (Scheme 1a). In some cases, even higher regioselectivity was observed. 

Essentially complete conversion of 9 to the secondary alkyl benzoate 10 was observed in the 

presence of TDT or TBST, and only a trace amount of the isomeric tertiary benzoate 11 was 

detected by GLC analysis (10:11 = 99:1) (Scheme 1b)28. However, the regioselectivity of all of 

the above redox rearrangement reactions was determined by the nature of the newly formed 

radical center. In most cases, the thermodynamic driving force will favor radical center 

formation in the order of tertiary > secondary > primary. When both newly formed radical 

centers had similar stability, the regioselectivity usually tended to be close to 1:1. For example, 

isomeric mixture of 12 and 13 gave a ratio of 49:51 of 14 to 15, when heated in the presence of 

DTBP and 2% TIPST (Scheme 1c)26. In terms of the substrate type, so far, the redox 

rearrangement reactions have been applied to a variety of carbohydrates by way of 1,2-, 3,4-, and 

4,6-O-benzylidene pyranoses. 

Scheme 1. Previous examples of thiol-catalyzed redox rearrangement of cyclic benzylidene. 

 

      In this work, we report the first thiol-catalyzed redox rearrangement applied on 2,3-O-

benzylidene rhamnopyranoside. Good regioselectivity was observed even though no obvious 

stability difference between newly formed radicals could be discerned (Scheme 2). For the 4’ 
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protecting group R, best results were observed when R was TBDMS or Bz, although the reaction 

also proceeded when the hydroxyl group remained unprotected, although conversion rates were 

slightly lower. 

Scheme 2. Synthesis of ascarosides intermediate  

 

      In a typical procedure, commercially available methyl L-rhamnopyranoside was treated with 

benzaldehyde dimethyl acetal to afford 16, followed by TBDMS or Bz protection. The cyclic 

benzylidene acetal 17/18 was heated in the presence of catalytic amount of DTBP and thiol at 

130 ºC to afford separable regioisomer pairs 19/21 and 20/22 with very similar ratio (19:21 = 

20:22 = 3:1) (Scheme 2). With both 19/21 and 20/22 generated through secondary alkyl radicals, 

we did not expect a strong preference towards either isomer due to differences in the stability of 

the corresponding radicals. Although the 3:1 ratio obtained here is acceptable, further 

optimization of the regioselectivity and thus yield of 19/20 would be desirable. For this purpose, 

three different strategies were attempted. More specifically, changes have been made in reaction 

conditions, cyclic acetal types and ways of generating radicals. 
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A. Reaction conditions 

In this section, a series of reaction conditions were screened using 18 as the substrate. There are 

four factors we considered that could affect the regioselectivity here, which are types of thiol, 

concentrations of initiator (DTBP), thiol and base (collidine). All the data presented in Table 1-4 

were based on NMR spectroscopic analysis of crude reaction mixtures after consumption of all 

starting material (18), as determined by TLC. The general reaction time was 2 hours. 

1. Thiol types 

In this radical-chain redox rearrangement reaction, the role of the thiol is to act as a protic 

polarity-reversal catalyst to promote the abstraction of the acetal hydrogen atom by a 

nucleophilic alkyl radical. The basis of polarity-reversal catalysis (PRC) is to replace a single-

step abstraction, that is slow because of unfavorable polar effects, with a two-step process in 

which the radicals and substrates are polarity matched29. As shown in Scheme 3, radicals 23 and 

24 are both nucleophilic. The direct transfer of a hydrogen atom between these two nucleophilic 

carbon-centered radicals is relatively inefficient because it suffers from adverse polar effects. 

However, because the thiyl radical is electrophilic, both abstractions benefit from favorable 

charge transfer in the respective transition states. On the contrary, the absence of a thiol catalyst 

would lead to very poor conversion rate28,30.  

      Here the formation of radical 24 was indirectly proved by the characterization of a by-

product of this reaction. As we can see from the TLC plate of the reaction, below the two spots 

representing 20 and 22, there is another brownish spot (Figure 4a). This compound was purified 

and characterized using dqf-COSY (Figure S1, S2), which was proved to be 26 (Figure 4b). 

When the reaction was carried out in air, radical 24 reacted with O2 in the air to form peroxide 

25, which led to the formation of 26 when thiol was present (Figure 4c). Therefore, using air-
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free conditions (running argon during the reaction) could help to suppress the formation of 26 

and increase the isolated yield of 20. 

 

Scheme 3. Thiol-catalyzed radical redox rearrangement mechanism  

 

 

 

Figure 4. a) TLC of completed redox rearrangement reaction. b) Structure of by-product 26 

formed when reaction was conducted in air. c) Proposed mechanism of the formation of 26. 
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      Although bulky thiols such as (tert-dodecanethiol) TDT, (tri-tert-butoxysilanethiol) TBST 

and (triisopropylsilanethiol) TIPST were used exclusively in literature for this type of reaction, 

we found that small linear thiols could do the work here too, which actually gave slightly better 

regioselectivity (Table 1). The results indicated that smaller linear thiols have advantages over 

bulky thiols in terms of both prices and selectivity. Pentanethiol was used for future reactions 

because of the slightly higher ratio of 20 to 22.  

Table 1. Impact of thiol types 

Initiator Thiols Base Ratio (20:22) 

DTBP (30 mol%) 

Propanethiol (10 mol%) 

Collidine 

(10 mol%) 

2.92:1 

Pentanethiol (10 mol%) 3.03:1 

Octanethiol (10 mol%) 2.98:1 

TDT (10 mol%) 2.89:1 

TIPST (10 mol%) 2.69:1 

 

2. DTBP concentrations 

Compared to other potential initiators, such as 2,2-bis(tert-butylperoxy)butane (BBPB), di-tert-

butyl peroxide (DTBP) has much longer half-life (ca. 1 h for BBPB and ca. 10 h for DTBP at 

125 ºC). Therefore, a large excess of DTBP was usually used to compensate for its longer half-

life. In literature examples, the concentrations of initiator DTBP varied over a wide range, from 2 

portions of 5 mol%28 to 50 mol%26,30,31. Although DTBP is relatively volatile and thus any 

excess can be removed at the end of the reaction, we decided to investigate whether such large 

amounts are required to complete this reaction in a reasonable time frame, and if there are any 

effects on the regioselectivity. For these purposes, a series of DTBP concentrations were tested. 

These results indicated that, in contrast to previous reports, a one-time addition of as little as 5 

mol% of DTBP was enough to trigger and complete the reaction within 2 hours. However, the 
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initiator concentrations did not affect the regioselectivity of ring opening (Table 2). We 

proceeded with 5 mol% of DTBP for future reactions. 

Table 2. Impact of initiator concentrations 

Initiator Thiols Base Ratio (20:22) 

DTBP Pentanethiol Collidine  

5 mol% 

10 mol% 10 mol% 

3.08:1 

10 mol% 3.05:1 

15 mol% 3.05:1 

20 mol% 3.08:1 

30 mol% 3.03:1 

 

3. Thiol concentrations 

Based on our finding that thiol selection can affect the ratio of product isomers, we further 

investigated the influence of thiol concentrations. We found that, to this question, published 

literature did not give a definite answer; previous reports suggested that an increase of thiol 

amount could lead to either better or worse regioselectivity. According to Dang et al31, the higher 

the thiol concentrations, the worse the regioselectivity although 5 mol % was required for a 

complete conversion rate (>98%) (Scheme 4a). Interestingly, Dang et al have also reported a 

different trend, where reduction of thiol concentrations led to worse regioselectivity26. When a 

single addition of DTBP (50 mol%) and 5 mol% of TIPST was used, a mixture of isomeric 

benzoates 34 and 35 in the ratio 68:32 was obtained. Reducing the amount of thiol to 2 mol% 

caused the benzoate ratio to shift towards the 2-deoxy isomer, such that 34:35 became 52:48 

(Scheme 4b).  

      To figure out the impact of thiol concentrations on the specific substrates we are interested 

in, a series of different pentanethiol amounts was used, whereby the initiator type/concentration 

(5 mol% DTBP) and base concentration (10 mol% collidine) were fixed. As shown in Table 3, as 
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low as 5 mol% of pentanethiol was enough to drive the reaction to completion, although 10 

mol% gave slightly better regioselectivity. However, further increase of the thiol concentrations 

would lead to lower ratios of 20:22. We proceeded with 10 mol% of pentanethiol for future 

reactions due to the slightly better regioselectivity observed. 

Scheme 4. Influence of thiol concentrations on regioselectivity of thiol-catalyzed radical redox 

rearrangement reactions. a) Increase of thiol concentrations led to worse regioselectivity b) 

Decrease of thiol concentrations led to worse regioselectivity. 

 
Entry TIPST (mol%) Conversion (%) (28+29):(30+31) 

1 1 70 40.0 

2 2 78 32.3 

3 3 85 13.3 

4 5 ≥98 9.0 

5 10 96 4.0 

6 15 97 3.2 

7 20 97 2.6 

8 40 95 1.6 

 
 

Table 3. Impact of thiol concentrations 

Initiator Thiols Base Ratio (20:22) 

DTBP Pentanethiol Collidine  

5 mol% 

5 mol% 

10 mol% 

2.93:1 

10 mol% 3.08:1 

20 mol% 2.85:1 

30 mol% 2.68:1 
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4. Base concentrations 

In most previous work, 2,4,6-trimethylpyridine (collidine) was used in one of the reaction 

conditions. It was used either to increase the conversion rate31, or to remove adventitious acid 

formed during reaction conditions32. However, after screening different concentrations of 

collidine, it was found that the presence of base had no strong influence on the reaction, no 

matter conversion rate or regioselectivity. Therefore, collidine was excluded from reaction 

condition of future reactions. 

Table 4. Impact of base concentrations 

Initiator Thiols Base Ratio 

DTBP Pentanethiol Collidine  

20 mol% 10 mol% 

0 mol% 2.95:1 

5 mol% 2.99:1 

10 mol% 3.08:1 

20 mol% 3.04:1 

 

 

B. Cyclic acetal types 

Based on screening of the four parameters as discussed above, we chose 5 mol% DTBP and 10 

mol% pentanethiol in dry octane at 130 ºC as preferred reaction conditions. However, we did not 

achieve big improvement in terms of regioselectivity. To pursue a better ratio of 20 to 22, we 

decided to try doing the same reactions using other cyclic benzylidene derivatives, hoping that 

the additions of electron-donating and -withdrawing groups could affect the preference of ring 

opening. Considering commercial availability of suitable aldehyde and dimethyl acetals that 

could be used for protection, the following cyclic benzylidene derivatives were chosen as target 

substrates for the redox rearrangement reaction (Scheme 5a). However, preparation of 36, 38, 

39, 40 was not as easy as preparation of 18, the original benzylidene acetal substrate we used. 

Firstly, the formation of cyclic benzylidene became extremely difficult with the additional 
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substitutes on the phenyl ring. If following standard acetal protection procedure, only <20% of 

product could be isolated after stirring days with TsOH and heating in dry DMF. The yield could 

be improved to 60% by running the reactions on rotovap directly, with vacuum set to be 15 Torr, 

using a 50 ºC water bath. Unfortunately, the following protection step not only failed to put 

TBDMS onto the 4’ hydroxyl groups, but also deprotected the previously formed cyclic 

benzylidene acetal. This happened to all the substrates listed in Scheme 5a. By switching the 4’ 

R group to Bz instead, both 37 and 41 were successfully made following standard procedures 

(Scheme 5b).  

Scheme 5. a) Selected benzylidene derivatives to synthesize. b) Syntheses of 37 and 41. 

 

      After both 37 and 41 were synthesized, they were used as starting materials for the redox 

rearrangement reaction under the best condition (5 mol% DTBP, 10 mol% pentanethiol in dry 

octane at 130 ºC) we discussed above. Disappointingly, TLC and NMR spectroscopic analysis of 

the reaction crudes revealed unreacted starting materials and no formation of corresponding 
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products. These failures could be potentially explained by electronic effect. The additional p-

methoxy group (41) and phenyl ring (37) both acted as electron donating groups (EDG), thus 

further stabilized the initial tertiary benzylic radical. This stabilization strongly decreases the 

reactivity of the resulting benzylic radical, which ended up staying unreacted in the reaction.  

 

C. Different methods of generating radicals 

      We then turned our focus to reaction temperature. Hernández-Torres et al. have reported that 

the regioselective ring opening of pyranosidic 4,6-p-methoxybenzylidene acetals with 

BH3/Bu2BOTf in THF could be tuned by adjusting the reaction temperature and reagent 

concentrations33. Inspired by their observations, we suspected that lowering the temperature 

might also influence the regioselectivity in the way we prefer. There are two ways to lower the 

reaction temperature. The easier one was to simply switch the initiator from DTBP to one that 

required lower activation temperature, such as AIBN, lauroyl peroxide, or benzoyl peroxide, 

which only require 70, 60 and 78 ºC to achieve a decomposition rate (kd) comparable to that of 

DTBP (Table 5)34. However, Dang et al. have tried using di-tert-butyl hyponitrile (TBHN) as 

initiator in hexane (bath temp. 70 ºC), but no obvious difference in regioselectivity has been 

reported31. It is possible that both 130 ºC and 70 ºC were high enough to overcome any relevant 

energy barriers. To achieve a significant difference in regioselectivity, a bigger temperature 

difference may be required.  
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Table 5. Decomposition Rates of Common Thermal Initiators 

Initiator Solvent T (°C) kd (s-1) 

DTBP Benzene 80 

100 

130 

7.8 * 10-8 

8.8 * 10-7 

3.0 * 10-5 

AIBN 50 

70 

100 

2.2 * 10-6 

3.2 * 10-5 

1.5 * 10-3 

Lauroyl peroxide 40 

60 

85 

4.9 * 10-7 

9.2 * 10-6 

3.8 * 10-4 

Benzoyl peroxide 60 

78 

100 

2.0 * 10-6 

2.3 * 10-5 

5.0 * 10-4 

 

      We then considered alternative approaches that may allow lowering the reaction temperature; 

specifically, by changing the way of generating the initial radicals. Instead of traditional radical 

reactions that require thermal energy for initiation, photo-redox reactions may provide an 

alternative means for radical production. Photochemical reactions can enable radical generation 

at room temperature, a significant drop in thermal energy that could help improve 

regioselectivity. Based on this idea, we tried two different photoredox catalysts: decatungstate 

(TBADT) and 9-fluorenone. 

 

1) Using decatungstate (TBADT) 

Polyoxometalates (POMs, transition metal oxygen–anion clusters) are a large and rapidly 

growing class of inorganic compounds with significant applications in a range of areas. Such 

materials have been studied in detail over the past decades with some of them possessing 

interesting applications in catalysis35. Among them, the decatungstate anion (W10O32
4-) is one of 

the most promising examples, due to its high photocatalytic activity (Figure 5)36.  
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Figure 5. Structure of the decatungstate anion (W10O32
4-). 

 

      We are particularly interested in the C-H activation function of TBADT that can enable 

direct hydrogen atom transfer (HAT). This approach is based on the capability of the excited 

state of a photocatalyst (PC*) to abstract a hydrogen atom directly from a substrate. It is 

generally accepted that illumination of W10O32
4- leads to the formation of a charge transfer 

excited state (W10O32
4-*) that decays in ca. 30 ps to a longer-lived transient designated as wO37. 

This transient species does not react with O2, but exclusively with organic substrates (XH) to 

give the radical X• and the one-electron reduced form of decatungstate (Equation 1)36. 

 

      Therefore, we attempted to use TBADT to abstract the benzylidene proton directly and 

generate radical 23 at room temperature. To test this idea, 18 was dissolved in dry MeCN and 2 

mol% of TBADT was added. In case that thiol may still play a role for this reaction, two sets of 

reactions were set up, one with thiol and the other one without (Scheme 6). After stirring under 

UV for 4 hours in oxygen free atmosphere, no product was observed from either set of reactions, 

although the decatungstate was successfully excited, as evident from the dark blue color of the 

reaction.  
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Scheme 6. HAT using TBADT 

 

      One possible reason for the failure of this reaction was the huge steric hindrance around the 

benzylidene hydrogen that we are interested in. So far, for most of the reported examples where 

TBADT successfully abstracted a proton at excited state, the substrates were simple aldehydes or 

terminal tertiary  protons38. It is likely that the hydrogen atom surrounded by the cyclic 

benzylidene, TBDMS, and sugar ring was not accessible to the large decatungstate anion, 

preventing any reaction. 

 

2) Using 9-fluorenone 

Another powerful photocatalyst is 9-fluorenone. 9-fluorenone acts as a metal-free and additive-

free photocatalyst for the selective fluorination of alkyl C–H bonds under visible light39. With 

this photocatalyst, a plethora of substrates with sp3 alkyl C-H has been converted to the 

corresponding monofluorinated compounds by irradiation with light, which can be simply 

generated by a household compact fluorescent lamp (CFL)40. Based on these applications, we 

hypothesized that radical 23 could be generated from 18, which would be converted to product 

20 following the proposed mechanism as shown in Scheme 7. Unfortunately, in multiple 

attempts no reaction was observed and only starting material was recovered.  
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Scheme 7. Proposed mechanism of 9-Fluorenone catalyzed rearrangement  

 

 

      In summary we have developed a new approach to synthesize protected ascarylose in 3 steps 

from commercially available methyl α-L-rhamnopyranoside. The key reaction in this sequence 

uses 2,3-O-benzylidene rhamnopyranoside as the substrate and involves a redox rearrangement 

initiated by DTBP and catalyzed by almost any type of thiol. This approach is superior to 

previous ones because it not only significantly reduced the number of steps (from 7 to 3), but 

also allows subsequent regioselective modifications of the ascarylose. However, the 

regioselectivity of this redox rearrangement is only about 3:1 in favor of the desired product, and 

changing reaction conditions, cyclic acetal types, or ways of generating radicals did not result in 

significant improvement. A more thorough investigation of the reaction mechanism would be an 

important first step toward a better understanding of the factors affecting regioselectivity.  
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1.1 Synthesis of 19, 20, 21, 22 

(3aR,4R,6S,7S,7aR)-4-methoxy-6-methyl-2-phenyltetrahydro-4H-

[1,3]dioxolo[4,5-c]pyran-7-ol (16) 

To a solution of methyl α-L-rhamnopyranoside (3 g, 16.84 mmol) in dry N,N-

dimethylformamide (50 mL), benzaldehyde dimethyl acetal (7.6 mL, 50.5 

mmol) and p-toluenesulfonic acid (320 mg, 1.68 mmol) were added, and the mixture was 

allowed to stir at 45 ºC under reduced pressure (15 torr). After 3 hours, the reaction was 

concentrated in vacuo.  Flash column chromatography on silica using a gradient of 0-60% ethyl 

acetate in hexanes afforded 16 together with impurities and solvent (5.4 g) as a clear oil.  

exo: 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.53-7.50 (m, 1H), 7.44-7.42 (m, 1H), 7.40-

7.35 (m, 3H), 6.13 (s, 1H), 4.91 (s, 1H), 4.38 (dd, J = 7.4, 5.5 Hz, 1H), 4.10 (d, J = 5.5 Hz, 1H), 

3.71 (dq, J = 9.4, 6.3 Hz, 1H), 3.52 (dd, J = 9.4, 7.4 Hz, 1H), 3.38 (s, 3H), 1.34 (d, J = 6.3 Hz, 

3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 138.7, 129.7, 128.63, 126.9, 104.3, 98.2, 

79.8, 77.8, 74.5, 66.2, 55.2, 17.8.  

endo: 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.53-7.50 (m, 1H), 7.44-7.42 (m, 1H), 7.40-

7.35 (m, 3H), 5.90 (s, 1H), 4.98 (s, 1H), 4.24-4.19 (m, 2H), 3.70 (dq, J = 9.5, 6.3 Hz, 1H), 3.43 

(dd, J = 9.5, 6.6 Hz, 1H), 3.41 (s, 3H), 1.28 (d, J = 6.3 Hz, 3H). 13C NMR (151 MHz, 

chloroform-d): δ (ppm) 137.1, 129.4, 128.59, 126.3, 103.1, 98.1, 78.3, 75.5, 72.0, 65.5, 55.2, 

17.6.  
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(3aR,4R,6S,7S,7aR)-4-methoxy-6-methyl-2-phenyltetrahydro-4H-

[1,3]dioxolo[4,5-c]pyran-7-yl benzoate (17) 

To a stirred solution of 16 (75 mg, 0.28 mmol) in pyridine (1 mL), benzoyl 

chloride (98 µl, 0.845 mmol) was added. After stirring overnight at room temperature, the 

reaction was concentrated in vacuo. Flash column chromatography on silica using a gradient of 

0-35% ethyl acetate in hexanes afforded 17 (88.6 mg, 85%) as a clear oil.   

tert-butyl(((3aR,4R,6S,7S,7aS)-4-methoxy-6-methyl-2-

phenyltetrahydro-4H-[1,3]dioxolo[4,5-c]pyran-7-

yl)oxy)dimethylsilane (18) 

To a stirred solution of 16 (4.48 g, 16.84 mmol) in dry N,N-

dimethylformamide (40 mL), tert-butyldimethylsilyl chloride (7.6 g, 50.52 mmol) and imidazole 

(3.4 g, 50.52 mmol) were added. After stirring overnight at room temperature, the reaction was 

concentrated in vacuo. Flash column chromatography on silica using a gradient of 0-35% ethyl 

acetate in hexanes afforded 18 (3.8 g, 60% ~ 2 steps) as a clear oil.   

exo: 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.53-7.50 (m, 1H), 7.46-7.43 (m, 1H), 7.41-

7.34 (m, 3H), 6.11 (s, 1H), 4.91 (s, 1H), 4.32 (dd, J = 7.3, 5.4 Hz, 1H), 4.07 (d, J = 5.4 Hz, 1H), 

3.66 (dq, J = 9.6, 6.3 Hz, 1H), 3.50 (dd, J = 9.6, 7.3 Hz, 1H), 3.37 (s, 3H), 1.30 (d, J = 6.3 Hz, 

3H), 0.91 (s, 9H), 0.18 (s, 3H), 0.13 (s, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 

139.1, 129.3, 128.6, 126.2, 102.6, 98.2, 80.6, 75.8, 72.9, 65.8, 55.1, 26.1, 18.02, 17.95, -3.9, -4.7.  

endo: 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.53-7.50 (m, 1H), 7.46-7.43 (m, 1H), 7.41-

7.34 (m, 3H), 5.91 (s, 1H), 5.01 (s, 1H), 4.19 (d, J = 6.3 Hz, 1H), 4.13 (t, J = 6.3 Hz, 1H), 3.64 
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(dq, J = 9.8, 6.3 Hz, 1H), 3.40 (s, 3H), 3.36 (dd, J = 9.8, 6.6 Hz, 1H), 1.24 (d, J = 6.3 Hz, 3H), 

0.84 (s, 9H), -0.03 (s, 3H), -0.13 (s, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 137.6, 

129.4, 128.5, 126.9, 104.0, 98.1, 79.0, 78.7, 76.4, 66.0, 55.0, 26.0, 18.3, 18.2, -4.1, -5.1.  

 

(2R,3R,5R,6S)-2-methoxy-6-methyltetrahydro-2H-pyran-3,5-diyl dibenzoate 

(19) and   

(2S,3S,4S,6R)-6-methoxy-2-methyltetrahydro-2H-pyran-3,4-diyl dibenzoate 

(21) 

To a stirred solution of 17 (88.6 mg, 0.24 mmol) in dry octane (40 mL), di-

tert-butyl peroxide (DTBP) (2.2 µl, 0.012 mmol), triisopropylsilanethiol (TIPST) (2.6 µl, 0.012 

mmol) and 2,4,6-Trimethylpyridine (3.2 µl, 0.024 mmol) were added under Ar. After stirring for 

2 hours at 130 ºC, the reaction was concentrated in vacuo. Flash column chromatography on 

silica using a gradient of 0-20% ethyl acetate in hexanes afforded 19 (47.6 mg, 54%) and 21 

(15.8 mg, 18%) as clear oil (19:21=3:1, overall yield: 72%).  

19: 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.13-8.10 (m, 2H), 8.05-8.02 (m, 2H), 7.62-

7.56 (m, 2H), 7.50-7.44 (m, 4H), 5.23-5.16 (m, 2H), 4.74 (br s, 1H), 4.07 (dq, J = 9.8, 6.3 Hz, 

1H), 3.48 (s, 3H), 2.42 (dt, J = 13.5, 3.1 Hz, 1H), 2.20 (ddd, J = 13.5, 11.4, 3.1 Hz), 1.32 (d, J = 

6.3 Hz, 3H).  

21: 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.00-7.96 (m, 2H), 7.94-7.91 (m, 2H), 7.53-

7.45 (m, 2H), 7.40-7.33 (m, 4H), 5.63 (m, 1H), 5.23 (t, J = 9.6 Hz, 1H), 4.87 (br s, 1H), 4.08 (m, 

1H), 3.41 (s, 3H), 2.49 (dd, J = 13.0, 5.2 Hz, 1H), 1.96 (ddd, J = 13.0, 11.4, 3.4 Hz), 1.29 (d, J = 

6.3 Hz, 3H).  
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(2R,3R,5R,6S)-5-((tert-butyldimethylsilyl)oxy)-2-methoxy-6-

methyltetrahydro-2H-pyran-3-yl benzoate (20) 

(2S,3S,4S,6R)-3-((tert-butyldimethylsilyl)oxy)-6-methoxy-2-

methyltetrahydro-2H-pyran-4-yl benzoate (22) 

To a stirred solution of 18 (171 mg, 0.45 mmol) in dry octane (40 mL), 

di-tert-butyl peroxide (DTBP) (16.5 µl, 0.09 mmol) and pentanethiol (5.5 µl, 0.045 mmol) were 

added under Ar. After stirring for 2 hours at 130 ºC, the reaction was concentrated in vacuo. 

Flash column chromatography on silica using a gradient of 0-20% ethyl acetate in hexanes 

afforded 20 (113 mg, 66%) and 22 (36 mg, 21%) as clear oil (20:22=3.1:1, overall yield: 87%).  

20: 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.06-8.02 (m, 2H), 7.60-7.55 (m, 1H), 7.48-

7.44 (m, 2H), 5.13 (m, 1H), 4.64 (br s, 1H), 3.72-3.64 (m, 2H), 3.41 (s, 3H), 2.10 (dt, J = 13.9, 

3.2 Hz, 1H), 2.01 (ddd, J = 13.9, 10.7, 3.1 Hz), 1.27 (d, J = 5.8 Hz, 3H), 0.88 (s, 9H), 0.07 (s, 

3H), 0.05 (s, 3H). 

22: 1H NMR (600 MHz, chloroform-d): δ (ppm) δ (ppm) 8.05-8.01 (m, 2H), 7.57-7.53 (m, 1H), 

7.46-7.41 (m, 2H), 5.38 (ddd, J = 14.0, 8.7, 5.3 Hz, 1H), 4.75 (d, J = 3.4 Hz, 1H), 3.78 (dq, J = 

9.0, 6.2 Hz, 1H), 3.51 (t, J = 9.0 Hz, 1H), 3.35 (s, 3H), 2.30 (ddd, J = 12.9, 5.3, 1.2 Hz, 1H), 

1.76 (ddd, J = 15.2, 11.4, 3.8 Hz), 1.31 (d, J = 6.3 Hz, 3H), 0.78 (s, 9H), 0.09 (s, 3H), -0.11 (s, 

3H). 
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2. NMR SPECTRA 
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Figure S1. 1H NMR of 26 
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Figure S2. dqf-COSY of 26 
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Figure S3. Impact of Thiol Type 
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Figure S4. Impact of Initiator Concentrations 
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Figure S5. Impact of Thiol Concentrations 
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Figure S6. Impact of Base Concentrations 
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CHAPTER 3 

 

DESIGN AND SYNTHESES OF TRIFUNCTIONAL PROBES OF NEMATODE 

PHEROMONES FOR RECEPTOR IDENTIFICATION 

 

 

ABSTRACT 

Signaling pathways involving specific receptor(s) of cognate ligands are necessary for 

communication, leading to an animal’s increased chance at survival. Nematode communication 

occurs via a class of conserved-structure pheromones, termed ascarosides. Ascarosides are 

sensed by a subset of the ~1200 G protein-coupled receptors in the Caenorhabditis elegans 

genome. Identifying interactions between diverse ligands and receptors is difficult, given the 

vast array of compounds sensed by olfactory receptors. Given the complexity of pheromone 

perception events, traditional approaches such as reverse genetic screens are insufficient in 

identifying receptors. Here, we describe the design, syntheses, and bioactivity of several 

different probes for a small-molecule pheromone, ascaroside #8 (ascr#8), which mediates sex-

specific attraction. Structure-activity relationships guided the incorporation of alkyne- and 

diazirine-moieties for photoaffinity labeling, and revealed that addition of functionality at two 

different loci in the sidechain of ascr#8 was well tolerated, while modifications to the 

ascarylose moiety resulted in loss of biological activity. Our study reports the synthesis of a tri-

functional ascr#8 probe that retains full biological activity and provides guidelines for future 

probe design of ascaroside-based pheromones. 
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INTRODUCTION 

The nematode Caenorhabditis elegans is an important model for studying how the nervous 

system translates environmental cues to enact appropriate behavioral responses, ensuring 

survival of the organism. C. elegans and many other nematode species communicate with 

conspecifics via ascarosides, a class of small-molecule pheromones based on the 3,6-

dideoxysugar, L-ascarylose, linked to fatty acid-like side chains (Figure 1). The ascaroside core 

can be optionally decorated with additional building blocks from diverse primary metabolic 

pathways, e.g. likely folate-derived p-amino benzoic acid in ascr#81 or the neurotransmitter 

octopamine in osas#92. Ascarosides are involved in almost every aspect of the life history of 

nematodes, including developmental changes3-6, as well as behaviors such as dispersal7, 

aggregation8,9, and mating10,11. Ascarosides are typically sensed as cocktails of compounds in 

the environment12, often functioning in synergy1,7,11, with changes in composition altering 

activity1. 

 

Figure 1. Diverse structures of pheromones within the ascaroside family. C. elegans 

specific ascarosides contain an L-ascarylose sugar and a fatty acid side chain. ascr#8, and #81 

(5, 10) are the only ascarosides to contain the para-aminobenzoate. An ω-carbon is present on 

all ascarosides shown, with the exception of the oscr-family member, ascr#5 (4). The C. nigoni 

specific ascaroside, 9OH-ascr#3 (7) contains a hydroxylated ω-carbon. 
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      On their own, some ascarosides are able to elicit potent responses, such as dispersal of 

starved animals by octopamine-succinylated ascaroside #9 (osas#9) (8)2, or mate attraction 

through the secretion of ascr#10 (6) by male C. elegans13,14. Notably, even small changes in the 

structure of individual ascarosides can result in dramatic differences in biological responses. 

Ascarosides (ascr#2, #3, and #4) (1, 2, 3) have been shown to function synergistically to attract 

males11. We have previously shown that ascr#8 (5) is a potent male attractant1,10, even in the 

absence of other ascarosides. The p-aminobenzoate attached to the unsaturated 7-carbon side 

chain is a relatively unique moiety in the rapidly expanding family of ascaroside molecules14,15. 

Given the unique aspects of ascr#8’s structure, and its role as a mating pheromone, 

identification of proper receptors is crucial in furthering our understanding as to how molecules 

are utilized in C. elegans signaling. 

      Identification of ascaroside receptors has not kept pace with the discovery of new 

ascarosides and activities, and it appears that multiple G protein-coupled receptors (GPCRs) are 

required for proper sensation of these molecules by sensory neurons16,17. The expansion of 

GPCRs in the C. elegans genome (<1000)18 makes identification of ligand receptors 

increasingly difficult. In order to identify specific receptors, previous studies have employed 

reverse genetics screens16,19, as well as quantitative trace locus analyses20-22. A targeted method 

involves biochemical identification through use of photoaffinity-labeled ascaroside probes17. 

This biochemical approach has the advantage to directly demonstrate binding of a biologically 

active ascaroside to its cognate receptor. 

      Here, we present syntheses of four ascr#8 probe designs, two of which retain biological 

activity. The inactive probes provide useful insight into structure-activity relationships and may 

help guide future probe design. 
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RESULTS AND DISCUSSION 

Previous studies showed that ascr#8 elicits an attractive response in young adult male C. 

elegans over a vehicle control. We confirmed attraction to ascr#8 (5) using a spot retention 

assay, in which the dwell time of worms in areas treated either with vehicle control or the 

chemical of interest is scored (Figure 3A)1,10,11.  

 

Figure 2. Development of ascr#8 probes using photo-active crosslinkers. (A) Photoreactive 

groups which offer various advantages in probe development. The least bulky, diazirine, was 

chosen for use in the ascr#8 probe. (B) Native ascr#8 (5) and the four developed probes (11-

14).  Probe A (11) contains an alkyne attached to the ω-carbon. Probe B (12) and probe C (13) 

contain diazirine groups added to the 4’ and 2’ carbons of the ascarylose sugar, respectively. 

Probe D (14) contains a 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine, replacing the 

terminal carboxylic acid.  
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Figure 3. Response of C. elegans males to ascr#8 and biological and synthetic derivatives. 

(A) Schematic of the Spot Retention Assay.  Males are placed on each “X”, and scored for time 

spend in each of the smallest circles. (B) Dwell times of C. elegans males in both vehicle 

controls (-) and ascr#8/related compounds (+). Addition of the terminal alkyne to the ω-carbon 

of the side chain (probe A 13) does not affect the ability of males to respond attractively to the 

ascaroside. However, addition of a diazirine moiety to either the 4’ or 2’ carbon the ascarylose 

ring (probe B 11, probe C 12) ablates the attractive quality of the ascaroside. The presence of L-

glutamic acid (ascr#81 10) or 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine (probe D 

14) on the carboxy terminus of the p-aminobenzoate group do not affect the ability of males to 

be attracted. Two-tailed paired t-test or Wilcoxon matched-pairs rank sign test of ascaroside 

dwell time vs vehicle dwell time. (C) Logbase2 transformed fold-changes of the ascaroside 

versus vehicle dwell times. Both ascarylose-diazirine derivatives (probe B 11, probe C 12) 

show no increase in dwell time over the vehicle, while the remaining compounds are not 

significantly different than native ascr#8 (5). Kruskal-Wallis followed by a Dunn’s multiple 

comparison test, comparing all probes to ascr#8. Data presented as mean ± SEM. * p < 0.05, ** 

p < 0.01, *** p < 0.001, **** p < 0.0001.  

 

 

      For photoaffinity labeling, the installation of two types of groups into ascr#8 is required, 

namely a photoreactive group and a bioorthogonal reactive group for affinity purification. 

Since large photoreactive groups may interfere with binding between the ligand and its 

receptor23, we focused on diazirine derivatives, which have additional advantages including 

short lifetime following UV irradiation and subsequent high reactivity24-28 (Figure 2A). As a 

click chemistry handle for affinity purification, we chose an alkyne, since azides may become 
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subject to metabolic reduction29-31. To assess whether additional functional groups affect the 

biological activity of ascr#8, chemical modifications were introduced one at a time, followed 

by testing the bioactivity of the resulting ascr#8 derivatives.  

      In the initial probe designs, we planned to integrate the click-chemistry moiety as part of 

the fatty acid side-chain (13). Replacing the ω-methyl group in the side chain with a terminal 

alkyne seemed most straightforward and least likely to perturb receptor binding. For 

introduction of the diazirine moiety, we envisioned replacing one of the two hydroxyl groups of 

the ascarylose, as we felt such modification may cause only minimal changes to the overall size 

and shape of ascr#8 (5) (Figure 2B). For the synthesis of the alkyne-integrating side chain 

(Scheme 1), metathesis of 4-pentenoic acid (15) with ethyl acrylate produced intermediate 16, 

which was converted into the TMS-protected alkyne 17. Following reduction of the ketone, 

TBDMS protection of the resulting alcohol and hydrolysis of the ester, the acid 20 was coupled 

to ethyl p-aminobenzoate, followed by TBDMS deprotection. The alkyne-containing side chain 

22 was then coupled to protected ascarylose using established procedures, furnishing probe A 

(11). Probe A was found to elicit levels of attraction comparable to native ascr#8 (Figure 

3B,C), indicating the integration of an alkyne moiety in place of the ω-methyl in the side chain 

does not significantly perturb activity of ascr#8, and may represent a useful entry for the design 

of other ascaroside receptor probes. 
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Scheme 1. Synthesis of Probe A (11). Reagents and conditions: (i) ethyl acrylate, Grubb's 

second generation catalyst, DCM, 25 °C, 10 h, 75%; (ii) oxalyl chloride, cat DMF, DCM, 0 °C, 

20 min; (iii) bis(trimethylsilyl)acetylene, AlCl3, DCM, 0 °C, 3 h, 26% ~2 steps; (iv) freshly 

prepared Terashima reagent (see Experimental Section), -78 °C, 98%, ee 80%; (v) TBDMSCl, 

imidazole, DMF, 25 °C, 2.5 h, 94%; (vi) LiOH•H2O, dioxane, H2O, 60 °C, 12 h, 50%; (vii) 

oxalyl chloride, cat DMF, DCM, 0 °C, 20 min; (viii) benzocaine, DIEA, DCM, 0 °C, 1 h, 87% 

~2 steps; (ix) HF in H2O, MeCN, 25 °C, 1 h, 85%; (x) CCl3CN, DBU, DCM, 25 °C, 2 h; (xi) 

36, TMSOTf, DCM, 0 °C, 1 h, 50% ~2 steps; (xii) TBAF, THF, 25 °C, 12 h, 93%; (xiii) 

LiOH•H2O, dioxane, H2O, 60 °C, 12 h, 62%. 

 

      Next, we developed syntheses for introduction of the diazirine at the 2’ and 4’ carbons of 

ascarylose. Starting from key intermediate (25)32, a diazirine moiety was installed in position 4 

in 10 steps, furnishing probe B (12, Scheme 2). Success of the synthesis required late-stage 

introduction of benzoyl protection in position 2, since the 2-O-benzoyl-protected derivative of 

ketone 27 had tendency to eliminate after PCC oxidation and the resulting product could not 

survive under the conditions required to install the diazirine. The 2-O-benzoyl moiety is 

required for stereochemical control of the subsequent glycosylation step via neighboring group 

participation (NGP). Conversion of the benzyl ether (Bn) to benzoyl ester (Bz) after installment 

of the diazirine group in 28 was achieved through ruthenium (III) chloride-catalyzed oxidation 

(Scheme 2). Following a different synthetic strategy, we inserted the diazirine at the 2’ carbon 

of the ascarylose, furnishing probe C (13, Scheme 3). In the probe C synthesis, we opted to 
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first establish the glycosidic linkage, followed by benzoyl deprotection, oxidation, and 

introduction of the diazirine moiety. Desilylation of 35 furnished probe C. 

 

Scheme 2. Synthesis of Probe B (12). Reagents and conditions: (i) TBAF, THF, 25 °C, 8 h, 

95%; (ii) PCC, 4 Å molecular sieves, DCM, 25 °C, 4 h, 74%; (iii) 7N NH3 in MeOH, pTsOH, 

MeOH, 0 °C, 3 h; (iv) NH2OSO3H, 0 °C → rt, 16 h; (v) NEt3, I2 in MeOH titration, 25 °C, 39% 

~3 steps; (vi) RuCl3•H2O, NaIO4, DCM:MeCN:H2O=1:1:1, 25 °C, 5 h, 72%; (vii) BBr3, DCM, 

- 78 °C, 30 min, 71% BRSM; (viii) CCl3CN, DBU, DCM, 25 °C, 2 h; (ix) N-(6’R-hydroxy-

2’E-heptenoyl)-4-aminobenzoic acid ethyl ester (prepared following previous reported 

method11), TMSOTf, DCM, 0 °C, 2 h, 57% ~2 steps; (x) LiOH•H2O, dioxane, H2O, 60 °C, 3 h, 

79%.  

 

 

Scheme 3. Synthesis of Probe C (13). Reagents and conditions: (i) CCl3CN, DBU, DCM, 25 

°C, 2 h; (ii) N-(6’R-hydroxy-2’E-heptenoyl)-4-aminobenzoic acid ethyl ester (prepared 

following previous reported method11), TMSOTf, DCM, 0 °C, 2 h, 15% ~2 steps; (iii) 

LiOH•H2O, dioxane, H2O, 60 °C, 12 h, 42%; (iv) Dess-Martin eriodinane, DCM, 25 °C, 12 h, 

51%; (v) 7N NH3 in MeOH, pTsOH, MeOH, 0 °C, 3 h; (vi) NH2OSO3H, 0 °C → rt, 16 h; (vii) 

NEt3, I2 in MeOH titration, 25 °C; (viii) TBAF, THF, 25 °C, 8 h, 13% ~4 steps. 

 

      Testing probes B and C in the spot retention assay, we found that both probes had no 

activity (Figure 3B, C). In fact, males spent less time in the probe B-treated spot compared to 

control, although the difference did not reach significance (paired t-test, t = 0.8611, p = 
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0.4378). Loss of biological activity with probe B (12) and probe C (13) suggests that both 2’ 

and 4’ hydroxyl groups of ascarylose participate in essential interactions during receptor 

binding. These data support previous studies that demonstrate the importance of these hydroxyl 

groups in determining the identity of individual ascarosides7,11,33. 

      These results led us to reevaluate our design strategy, based on a biological evaluation of 

naturally occurring ascr#8 derivatives. Recent expansion of the known family of ascarosides 

has uncovered two derivatives of ascr#8, named ascr#81 and ascr#8215. In these ascr#8 

derivatives, L-glutamic acid or L-glutamyl-L-glutamic acid is attached to the to the p-

aminobenzoate, via amide linkages. We asked whether these alterations of the carboxy 

terminus affect biological activity and tested a synthetic sample of ascr#81 (10) in the spot 

retention assay. We found that ascr#81 is at least as active as ascr#8 (5) in this assay (Figure 

3B, C). In fact, dwell times elicited by ascr#81 were higher than those measured for ascr#8, 

though the difference did not reach statistical significance (Figure 3C). 

      This result suggested that modification of ascr#8 at the carboxy terminus may be well 

tolerated. Therefore, we revised our probe design to incorporate both the diazirine and alkyne 

handle into a single moiety linked via an amide to the p-aminobenzoic acid in ascr#8 (probe D, 

Scheme 4). Commercially available 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine was 

incorporated at the terminal carboxylic acid, analogous to the previously described synthesis of 

ascr#81 (10)15. Interestingly, bioassays demonstrated that probe D retained biological activity 

matching that of unmodified ascr#8, implicating the carboxy terminus as a potential target for 

future probe design. 
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Scheme 4. Synthesis of Probe D (14). Reagents and conditions: (i) LiOH•H2O, dioxane, H2O, 

60 °C, 12 h, 72%; (ii) 2-(3-(But-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine, EDC•HCl, DMAP, 

DCM/DMF, 25 °C, 8 h, 53%; (iii) HF in H2O, MeCN, 25 °C, 1 h, 92%; (iv) CCl3CN, DBU, 

DCM, 25 °C, 2 h; (v) 42, TMSOTf, DCM, 0 °C, 1 h, 8% ~2 steps; (vi) TBAF, THF, 25 °C, 12 

h, 77%; (vii) LiOH•H2O, dioxane, H2O, 60 °C, 12 h, 60%. 

 

 

CONCLUSION 

Together, these results suggest multiple avenues for testing and development of ascaroside 

receptor probes. The presence of the hydroxyl groups on the ascarylose sugar appears to be 

essential for maintaining ascaroside activity (Figure 2B, 12, 13)3,15. Introduction of an alkyne 

moiety at the (ω)-position of the side chain is well tolerated in the case of ascr#8. Except for 

ascr#5, all ascarosides for which biological activity has been demonstrated in C. elegans 

feature an (ω)-methyl group in the side chain, suggesting that alkyne introduction at this 

position could be used for probing receptor interactions of biosynthesis of diverse ascarosides 

in C. elegans. However, in other nematode species, modification of the (ω)-methyl may be less 

well tolerated; for example, in Caenorhabditis nigoni, hydroxylation of the (ω)-side chain 

carbon was found to abolish the attraction of C. nigoni males to ascr#3 (2)34.  

      In the case of ascr#8, use of commercially available 2-(3-(but-3-yn-1-yl)-3H-diazirin-3-

yl)ethan-1-amine, as in probe D (14), allows for inclusion of both the photo-reactive group and 

bioorthogonal reactive group with relative ease. However, activity of many ascarosides requires 

the presence of an unmodified carboxy terminus, and therefore this approach may have greater 



 

169 
 

limitations compared to the (ω)-alkyne route, though a suitable location for the diazirine moiety 

in the (ω)-alkyne has not been found. For the identification of the receptor of ascr#8, our efforts 

are directed at crosslinking probe D with several receptor candidates in heterologous expression 

systems.  

 

EXPERIMENTAL SECTION 

Spot Retention Assay 

Bioassays were performed as previously described1,10,11. In short, 50-60 larval stage 4 (L4) 

male him-5(e1490) C. elegans were isolated from hermaphrodites and transferred to an NGM 

plate seeded with OP50 E. coli, and left at 20 °C for 5 hours to overnight. Worms were then 

assayed as young adults. Immediately before the assay, 0.6 µL of a vehicle control and 1 µM 

ascr#8 (5) (or its derivatives, 11, 12, 13, 10, 14) were placed in the two scoring regions. The 

ascarosides tested were prepared in Milli-Q-purified ultrapure H2O, which was also used as a 

vehicle control. Five animals were placed on the two pre-marked spots (Figure 3A), 

equidistant from each cue, before the plate was transferred to a microscope with an attached 

camera. The plate was then monitored for 20 minutes. The duration of each visit to either cue 

was scored (if greater than 10 seconds). For each plate, the average dwell time in each scoring 

region was calculated. This was performed for at least five plates for each compound tested. 

Plates in which the mean dwell time of either condition was two standard deviations greater 

than that condition’s average were deemed outliers and removed from the data. The CB4088 

[him-5(e1490)] strain of C. elegans used was provided by the CGC, which is funded by NIH 

Office of Research Infrastructure Programs (P40 OD010440). 
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Statistical Analyses 

Each data set was analyzed for a normal Gaussian distribution using a Shapiro-Wilk normality 

test. The mean dwell time of each ascaroside (5, 11, 12, 13, 10, 14) was compared to the mean 

dwell time in respective vehicle controls via either a two-tailed paired t-test or two-tailed 

Wilcoxon matched-pairs signed rank test, depending on the results of the Shapiro-Wilk test. 

Comparison between the level of attraction was calculated by transforming the raw dwell time 

using a Base 2 Exponentiation. In this transformation, 2n was calculated using the dwell time 

value for each condition as n. This transformed and 0 data points into 1, so that only non-zero 

data was present, allowing for the calculation of the fold-change. The fold-change was 

calculated as the ratio of the transformed ascaroside value divided by the transformed vehicle 

value for each plate. The Logbase2 was then calculated for the transformed data. The full 

transformation can be visualized in Equation 1. This transformation was performed in order to 

normalize the data, as varying baseline dwell times made it difficult to directly compare across 

conditions.  

𝑇𝑟𝑎𝑛𝑠𝑓𝑜𝑟𝑚𝑒𝑑 𝐹𝑜𝑙𝑑 𝐶ℎ𝑎𝑛𝑔𝑒 =  log2(
2𝑎𝑠𝑐𝑎𝑟𝑜𝑠𝑖𝑑𝑒 𝑑𝑤𝑒𝑙𝑙 𝑡𝑖𝑚𝑒

2𝑣𝑒ℎ𝑖𝑐𝑙𝑒 𝑑𝑤𝑒𝑙 𝑡𝑖𝑚𝑒 )    (1) 

 

Following this transformation, however, the data sets for native ascr#8 (5) and probe D (14) 

were still not normally distributed according to a Shapiro-Wilk normality test. As such, a 

Kruskal-Wallis test was performed, followed by a Dunn’s multiple comparisons test. Each 

probe or ascr#8 derivative was compared to ascr#8 (5). An α-value of 0.05 was used in all 

statistical tests. 
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General Synthetic Procedures 

Unless otherwise stated, all oxygen- or moisture-sensitive reactions were carried out under 

argon atmosphere in flame-dried glassware. Solutions and solvents sensitive to moisture and 

oxygen were transferred via standard syringe and cannula techniques. All commercial reagents 

were purchased as reagent grade and, unless otherwise stated, used without any further 

purification. Tetrahydrofuran, dichloromethane, and dimethylformamide were dried over 4Å 

molecular sieves prior to use; N,N-diisopropylethylamine was distilled from calcium hydride 

under argon. Thin-layer chromatography (TLC) was performed using J.T.Baker Silica Gel IB2-

F. Flash chromatography was performed using Teledyne Isco CombiFlash systems and 

Teledyne Isco RediSep Rf silica columns. Nuclear Magnetic Resonance (NMR) spectra were 

recorded on Varian INOVA 600 (600 MHz) or Varian INOVA 400 (400 MHz) spectrometers. 

1H NMR chemical shifts are reported in ppm (δ) relative to residual solvent peaks (7.26 ppm 

for CDCl3, 3.31 ppm for CD3OD). NMR-spectroscopic data are reported as follows: chemical 

shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad), 

coupling constants (Hz), and integration. 13C NMR chemical shifts are reported in ppm (δ) 

relative to CHCl3 (δ 77.2) in CDCl3, CH3OH (δ 49.0) in CD3OD.  

 

Synthesis of Probe A 

(E)-6-ethoxy-6-oxohex-4-enoic acid (16). To a solution of 4-pentenoic acid (500 mg, 4.99 

mmol) dissolved in dry dichloromethane (20 mL), Grubbs catalyst 2nd generation (94 mg, 0.15 

mmol) and ethyl acrylate (1.6 ml, 14.98 mmol) were added at room temperature. The reaction 

mixture was allowed to stir 20 h and was concentrated in vacuo. Flash column chromatography 
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on silica using a gradient of 0-30 % ethyl acetate in hexanes afforded 16 (744 mg, 75%) as a 

clear oil. Spectroscopic data were identical to those reported previously35. 

 

Ethyl (E)-6-oxo-8-(trimethylsilyl)oct-2-en-7-ynoate (17). Oxalyl chloride (0.32 ml, 3.75 

mmol) was added to a solution of 16 (372 mg, 1.88 mmol) in dry dichloromethane (10 mL) at 0 

°C. One drop of dimethylformamide (0.05 ml) was added, and the solution was stirred for 20 

min at 0 °C. The solution was then concentrated in vacuo and redissolved in dry 

dichloromethane (10 ml). After cooling to 0 °C, bis(trimethylsilyl)ethyne (0.47 ml, 2.07 mmol) 

followed by aluminium chloride (300 mg, 2.25 mmol) were added. The solution was stirred at 0 

°C for 30 min and another 2 hours at room temperature. The reaction was then poured into cold 

1M HCl, extracted with dichloromethane, dried over Na2SO4, and concentrated in vacuo. Flash 

column chromatography on silica using a gradient of 0-25% ethyl acetate in hexanes afforded 

17 (123 mg, 26%) as a clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 6.91 (dt, J = 

15.6, 6.9 Hz, 1H), 5.84 (d, J = 15.6 Hz, 1H), 4.17 (q, J = 7.1 Hz, 2H), 2.74 (t, J = 7.1 Hz, 2H), 

2.54 (q, J = 7.0 Hz, 2H), 1.27 (t, J = 7.1 Hz, 3H), 0.24 (s, 9H). 

 

Ethyl (S,E)-6-hydroxy-8-(trimethylsilyl)oct-2-en-7-ynoate (18). To a solution of Lithium 

aluminium hydride (36 mg, 0.95 mmol) in diethyl ether (2 ml), (1R,2S)-(−)-N-methylephedrine 

(170.5 mg, 0.95 mmol) in diethyl ether (4 ml) was added slowly. After stirring at reflux for an 

hour, n-ethylaniline (0.24 ml, 1.9 mmol) was added dropwise. After another hour of stirring, 

the resulting Terashima reagent was cooled to room temperature, and was added dropwise to a 

solution of 17 (120 mg, 0.48 mmol) in diethyl ether (5 ml) at -78 °C. After 30 min, the reaction 

was quenched with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and 
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concentrated in vacuo. Flash column chromatography on silica using isocratic dichloromethane 

afforded 18 (117.8 mg, 98%) as a clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 6.97 

(dt, J = 15.6, 6.9 Hz, 1H), 5.85 (d, J = 15.6 Hz, 1H), 4.42-4.35 (m, 1H), 4.18 (q, J = 7.1 Hz, 

2H), 2.42-2.34 (m, 2H), 1.88-1.81 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H), 0.17 (s, 9H). 

 

Ethyl (S,E)-6-((tert-butyldimethylsilyl)oxy)-8-(trimethylsilyl)oct-2-en-7-ynoate (19). To a 

solution of 18 (52.6 mg, 0.21 mmol) dissolved in dry dimethylformamide (3 mL), imidazole 

(42.2 g, 0.62 mmol) and tert-butyldimethylsilyl chloride (93.5 mg, 0.62 mmol) were added at 

room temperature. The reaction mixture was allowed to stir 3 h and was concentrated in vacuo. 

Flash column chromatography on silica using isocratic dichloromethane afforded 19 (72 mg, 

94%) as a clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 6.98 (dt, J = 15.6, 6.9 Hz, 

1H), 5.83 (d, J = 15.6 Hz, 1H), 4.36 (t, J = 6.2 Hz, 1H), 4.18 (q, J = 7.1 Hz, 2H), 2.39-2.30 (m, 

2H), 1.84-1.76 (m, 2H), 1.28 (t, J = 7.1 Hz, 3H), 0.89 (s, 9H), 0.15 (s, 9H), 0.13 (s, 3H), 0.10 

(s, 3H). 

 

(S,E)-6-((tert-butyldimethylsilyl)oxy)oct-2-en-7-ynoic acid (20). To a solution of 19 (72 mg, 

0.20 mmol) in 1,4-dioxane (3 mL), lithium hydroxide monohydrate (24.6 mg, 0.59 mmol) in 

H2O (0.5 mL) was added and the resulting mixture was stirred at 60 °C overnight. Glacial 

acetic acid (1 mL) was added, and the reaction was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-10% methanol in dichloromethane afforded 20 

(26 mg, 50%) as a clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.10 (dt, J = 15.6, 

6.9 Hz, 1H), 5.85 (d, J = 15.6 Hz, 1H), 4.39 (dt, J = 6.1, 2.0 Hz, 1H), 2.45-2.37 (m, 2H), 1.87-

1.80 (m, 2H), 0.90 (s, 9H), 0.14 (s, 3H), 0.11 (s, 3H). 
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Ethyl (S,E)-4-(6-((tert-butyldimethylsilyl)oxy)oct-2-en-7-ynamido)benzoate (21). Oxalyl 

chloride (16.4 μl, 0.19 mmol) was added to a solution of 20 (25.7 mg, 96 μmol) in dry 

dichloromethane (1 mL) at 0 °C. One drop of dimethylformamide (0.05 ml) was added, and the 

solution was stirred for 20 min at 0 °C. The solution was then concentrated in vacuo and 

redissolved in dry dichloromethane (1 ml). After cooling to 0 °C, benzocaine (47.4 mg, 0.29 

mmol) followed by N,N-diisopropylethylamine (50 μl, 0.29 mmol) were added. The solution 

was stirred at 0 °C for 30 min and concentrated in vacuo.  Flash column chromatography on 

silica using a gradient of 0-30% ethyl acetate in hexanes afforded 21 (34.5 mg, 87%) as a clear 

oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.01 (d, J = 8.4 Hz, 2H), 7.65 (d, J = 8.4 Hz, 

2H), 7.51-7.42 (m, 1H), 7.04 (dt, J = 15.2, 6.9 Hz, 1H), 5.85 (d, J = 15.2 Hz, 1H), 4.41 (br t, J 

= 6.1 Hz, 1H), 4.35 (q, J = 7.2 Hz, 2H), 2.46-2.37 (m, 3H), 1.88-1.81 (m, 2H), 1.38 (t, J = 7.2 

Hz, 3H), 0.90 (s, 9H), 0.14 (s, 3H), 0.11 (s, 3H). 

 

Ethyl (S,E)-4-(6-hydroxyoct-2-en-7-ynamido)benzoate (22). To a stirred solution of 21 (34 

mg, 0.08 mmol) in acetonitrile (2 ml), 2 drops of 40% HF/H2O was added at room temperature. 

After stirring for 1.5 hours, the solution was neutralized with sat. NaHCO3, extracted with 

dichloromethane, dried over Na2SO4, and concentrated in vacuo. Flash column chromatography 

on silica using a gradient of 20-70% ethyl acetate in hexanes afforded 22 (20.9 mg, 85%) as a 

clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.01 (d, J = 8.6 Hz, 2H), 7.66 (d, J = 

8.6 Hz, 2H), 7.02 (dt, J = 15.3, 6.9 Hz, 1H), 6.00 (d, J = 15.3 Hz, 1H), 4.42 (dt, J = 6.4, 1.8 

Hz, 1H), 4.36 (q, J = 7.1 Hz, 2H), 2.50 (d, J = 1.8 Hz, 1H), 2.44 (q, J = 7.4 Hz, 2H), 1.92-1.86 
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(m, 2H), 1.38 (t, J = 7.2 Hz, 3H). 13C NMR (151 MHz, methanol-d4): δ (ppm) 166.4, 164.1, 

146.2, 142.3, 131.0, 126.1, 124.5, 119.2, 84.3, 73.8, 61.6, 61.1, 35.9, 27.8, 14.5. 

 

Ethyl 4-((S,E)-6-(((2R,3R,5R,6S)-3-(benzoyloxy)-5-((tert-butyldiphenylsilyl)oxy)-6-

methyltetrahydro-2H-pyran-2-yl)oxy)oct-2-en-7-ynamido)benzoate (25). To a stirred 

solution of 23 (6.3 mg, 12.8 μmol) in dry dichloromethane (1 mL), trichloroacetonitrile (2.6 μL, 

25.7 μmol) and 1,8-diazabicycloundec-7-ene (0.19 μL, 1.3 μmol) were added at room 

temperature. After 90 min, the reaction was concentrated in vacuo to evaporate most solvent. 

Flash column chromatography on silica using a gradient of 0-20% ethyl acetate in hexanes 

afforded 24 as a clear oil. A stirred solution of 24 and 22 (4.8 mg, 16 μmol) was cooled to 0 °C 

in an ice bath, trimethylsilyl trifluoromethanesulfonate (0.7 μL, 3.6 μmol) was added, and the 

solution was allowed to warm to room temperature. After an hour, the reaction was quenched 

with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and concentrated in 

vacuo. Flash column chromatography on silica using a gradient of 0-40% ethyl acetate in 

hexanes afforded 25 (5.0 mg, 50% ~ 2 steps) as a clear oil. 1H NMR (600 MHz, chloroform-

d): δ (ppm) 8.02 (d, J = 8.5 Hz, 2H), 7.75 (d, J = 7.8 Hz, 2H), 7.67-7.62 (m, 6H), 7.56 (t, J = 

7.5 Hz, 1H), 7.41-7.29 (m, 8H), 7.10 (dt, J = 15.3, 6.9 Hz, 1H), 6.04 (d, J = 15.3 Hz, 1H), 5.02 

(br s, 1H), 5.00-4.97 (m, 1H),  4.46 (dt, J = 6.3, 1.8 Hz, 1H), 4.37 (q, J = 7.1 Hz, 2H), 3.74 (dq, 

J = 9.4, 6.3 Hz, 1H), 3.67 (ddd, J = 10.9, 9.4, 4.3 Hz, 1H), 2.55-2.50 (m, 2H), 2.45 (d, J = 1.8 

Hz, 1H), 2.03-1.97 (m, 3H), 1.92 (dt, J = 13.9, 3.9 Hz, 1H), 1.39 (t, J = 7.2 Hz, 3H), 1.27 (d, J 

= 6.3 Hz, 3H), 1.05 (s, 9H). 13C NMR (151 MHz, methanol-d4): δ (ppm) 166.3, 165.4, 164.0, 

146.3, 142.3, 136.04, 135.96, 134.1, 133.3, 133.2, 131.0, 130.0, 129.94, 129.92, 129.89, 128.4, 
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127.8, 127.7, 126.1, 124.5, 119.1, 93.7, 81.0, 75.4, 71.1, 70.5, 70.2, 64.5, 61.5, 33.8, 33.5, 27.9, 

27.2, 19.5, 18.6, 14.5. 

 

Ethyl 4-((S,E)-6-(((2R,3R,5R,6S)-3-(benzoyloxy)-5-hydroxy-6-methyltetrahydro-2H-

pyran-2-yl)oxy)oct-2-en-7-ynamido)benzoate (26). To a stirred solution of 25 (5 mg, 6.5 

μmol) in tetrahydrofuran (0.5 mL), tetrabutylammonium fluoride solution (1M in THF, 32 μL, 

32 μmol) was added. After stirring overnight, the reaction was concentrated in vacuo. Flash 

column chromatography on silica using a gradient of 10-50% ethyl acetate in hexanes afforded 

26 (3.2 mg, 93%) as a clear oil. 1H NMR (600 MHz, methanol-d4): δ (ppm) 8.04 (d, J = 8.1 

Hz, 2H), 7.98 (d, J = 8.7 Hz, 2H), 7.75 (d, J = 8.7 Hz, 2H), 7.63 (t, J = 7.5 Hz, 1H), 7.50 (t, J 

= 7.5 Hz, 2H), 7.02 (dt, J = 15.3, 6.9 Hz, 1H), 6.21 (d, J = 15.3 Hz, 1H), 5.12 (br s, 1H), 5.12-

5.10 (m, 1H),  4.50 (dt, J = 6.3, 2.0 Hz, 1H), 4.35 (q, J = 7.1 Hz, 2H), 3.66-3.54 (m, 2H), 2.97 

(d, J = 2.0 Hz, 1H), 2.56-2.50 (m, 2H), 2.20 (dt, J = 13.8, 3.9 Hz, 1H), 2.04-1.95 (m, 3H), 1.38 

(t, J = 7.1 Hz, 3H), 1.28 (d, J = 6.3 Hz, 3H). 

 

4-((S,E)-6-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)oct-2-

en-7-ynamido)benzoic acid (11, probe A). To a solution of 26 (3.2 mg, 6 μmol) in 1,4-

dioxane (0.5 mL), lithium hydroxide monohydrate (1.5 mg, 36 μmol) in H2O (0.1 mL) was 

added and the resulting mixture was stirred at 60 °C overnight. Glacial acetic acid (0.2 mL) was 

added, and the reaction was concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 0-10% methanol in dichloromethane afforded 11 (1.5 mg, 62%) as a clear 

oil. Please see Table S1 for spectroscopic data of probe A. 
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Synthesis of Probe B 

(2S,3R,5R,6R)-5-(benzyloxy)-6-methoxy-2-methyltetrahydro-2H-pyran-3-ol (28). To a 

stirred solution of 27 (2 g, 4.08 mmol) in tetrahydrofuran (30 mL), tetrabutylammonium 

fluoride solution (1M in THF, 16.3 mL, 16.3 mmol) was added. After stirring overnight, the 

reaction was concentrated in vacuo. Flash column chromatography on silica using a gradient of 

10-50% ethyl acetate in hexanes afforded 28 (980 mg, 95%) as a clear oil. 1H NMR (600 MHz, 

chloroform-d): δ (ppm) 7.44-7.25 (m, 5H), 4.59 (br s, 1H), 4.57 (s, 2H), 3.66-3.52 (m, 3H), 

3.35 (s, 3H), 2.13 (dt, J = 13.5, 3.5 Hz, 1H), 1.71 (ddd, J = 13.5, 11.0, 3.1 Hz, 1H), 1.29 (d, J = 

6.1 Hz, 3H). 

(2S,5R,6R)-5-(benzyloxy)-6-methoxy-2-methyldihydro-2H-pyran-3(4H)-one (29). 

Pyridinium chlorochromate (4.9 g, 22.8 mmol) was suspended in methylene chloride (50 ml) 

and to the reaction mixture, 4Å molecular sieves powder was added. After stirring for 30 min, 

28 (1.6 g, 6.5 mmol in 20 ml of DCM) was added at room temperature. After 4 hours the 

reaction was filtered with silica gel and concentrated in vacuo. Flash column chromatography 

on silica using a gradient of 0-30% ethyl acetate in hexanes afforded 29 (1.2 g, 74%) as a clear 

oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.37-7.27 (m, 5H), 4.81 (d, J = 2.4 Hz, 1H), 

4.59 (s, 2H), 4.14 (q, J = 6.8 Hz, 1H), 3.85 (ddd, J = 5.8, 4.6, 2.7 Hz, 1H), 3.48 (s, 3H), 2.75 

(dd, J = 15.6, 4.3 Hz, 1H), 2.67 (dd, J = 15.6, 5.8 Hz, 1H), 1.34 (d, J = 6.8 Hz, 3H). 13C NMR 

(151 MHz, chloroform-d): δ (ppm) 208.0, 137.7, 128.6, 128.1, 127.9, 100.0, 76.5, 71.5, 71.3, 

55.6, 40.5, 15.2. 

 

(4S,6R,7R)-7-(benzyloxy)-6-methoxy-4-methyl-5-oxa-1,2-diazaspiro[2.5]oct-1-ene (30). To 

a stirred solution of 29 (1.2 g, 4.79 mmol) in methanol (2 mL), 7N NH3 (5.6 ml) and pTsOH 
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(154.6 mg, 0.81 mmol) were added under Ar. After stirring for 3 hours, a solution of 

hydroxylamine-O-sulfonic acid (830 mg, 7.33 mmol) in methanol (1 ml) was added and the 

mixture was stirred for 16 hours. Excess ammonia was removed by blowing Ar through the 

reaction for an hour and the suspension was filtered and redissolved in methanol, cooling to 0 

°C. Triethylamine (1 ml, 7.19 mmol) was added to the reaction and after 5 min stirring, a 

solution of iodine in methanol was added dropwise until color maintained. The reaction was 

washed with 20 ml 1M HCl, 20 ml 10% Na2S2SO3, 20 ml sat. NaCl, extracted with ethyl 

acetate, dried over Na2SO4, and concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 0-20% ethyl acetate in hexanes afforded 30 (492 mg, 39% ~ 3 steps) as a 

clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 7.39-7.27 (m, 5H), 4.76 (br s, 1H), 4.59 

(s, 2H), 4.61 (d, J = 12.4 Hz, 1H), 4.55 (d, J = 12.4 Hz, 1H), 4.23 (q, J = 6.7 Hz, 1H), 3.60-

3.57 (m, 1H), 3.42 (s, 3H), 2.19 (dd, J = 14.8, 3.4 Hz, 1H), 0.86 (dd, J = 14.8, 3.7 Hz, 1H), 

0.56 (d, J = 6.7 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 138.1, 128.6, 127.91, 

127.89, 99.6, 74.2, 71.1, 64.6, 55.2, 29.5, 27.6, 16.5. 

 

(4S,6R,7R)-6-methoxy-4-methyl-5-oxa-1,2-diazaspiro[2.5]oct-1-en-7-yl benzoate (31). To a 

vigorously stirred solution of 30 (200 mg, 0.76 mmol) in dichloromethane (15 mL), acetonitrile 

(15 mL), ruthenium (III) chloride hydrate (23.72 mg, 0.11 mmol) in 15 mL water was added 

followed by the addition of sodium periodate (2.77 g, 12.95 mmol). After stirring for 5 hours, 

the reaction was diluted with water and extracted with three 4-mL portions of dichloromethane. 

The combined organic extracts were dried over Na2SO4 and concentrated in vacuo. Flash 

column chromatography on silica using a gradient of 0-15% ethyl acetate in hexane afforded 31 

(151 mg, 72%) as a clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.24-8.20 (m, 2H), 
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7.62-7.59 (m, 1H), 7.52-7.48 (m, 2H), 5.15-5.13 (m, 1H), 4.87 (br s, 1H), 4.42 (q, J = 6.7 Hz, 

1H), 3.49 (s, 3H), 2.64 (dd, J = 15.3, 3.3 Hz, 1H), 0.81 (dd, J = 15.3, 2.9 Hz, 1H), 0.56 (d, J = 

6.7 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 165.9, 133.5, 130.2, 128.7, 98.1, 

70.0, 64.6, 55.5, 30.0, 27.3, 16.8. 

 

(4S,6R,7R)-6-hydroxy-4-methyl-5-oxa-1,2-diazaspiro[2.5]oct-1-en-7-yl benzoate (32). To a 

solution of 31 (136 mg, 0.49 mmol) in dichloromethane (3 mL) cooled to -78 °C in a dry 

ice/acetone bath, boron tribromide solution (1 M in dichloromethane, 0.6 mL, 0.6 mmol) was 

added dropwise under argon. After 5 min, the reaction was quenched with sat. NaHCO3, 

extracted with ethyl acetate, dried over Na2SO4, and concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-20% ethyl acetate in hexanes afforded 32, 

containing 2 by products (61.3 mg, 48%, 71% BRSM) as a white powder. 1H NMR (600 MHz, 

chloroform-d): δ (ppm) 8.22-8.19 (m, 2H), 7.61-7.57 (m, 1H), 7.50-7.46 (m, 2H), 5.39 (br s, 

1H), 5.18-5.15 (m, 1H), 4.64 (q, J = 6.7 Hz, 1H), 2.69 (dd, J = 15.3, 3.3 Hz, 1H), 0.84 (dd, J = 

15.3, 2.9 Hz, 1H), 0.54 (d, J = 6.7 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 

166.0, 133.6, 130.2, 128.7, 91.5, 70.4, 64.8, 29.4, 27.2, 16.8. 

 

Ethyl 4-((R,E)-6-(((4S,6R,7R)-7-(benzoyloxy)-4-methyl-5-oxa-1,2-diazaspiro[2.5]oct-1-en-

6-yl)oxy)hept-2-enamido)benzoate (34). To a stirred solution of 32 (33 mg, 0.13 mmol) in dry 

dichloromethane (3 mL), trichloroacetonitrile (25.2 μL, 0.25 mmol) and 1,8-

diazabicycloundec-7-ene (0.5 μL, 3 μmol) were added at room temperature. After 90 min, the 

reaction was concentrated in vacuo to evaporate most solvent. Flash column chromatography 

on silica using a gradient of 15-25% ethyl acetate in hexanes afforded 33 (43.5 mg, 85%) as a 
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clear oil. A stirred solution of 33 and N-(6’R-hydroxy-2’E-heptenoyl)-4-aminobenzoic acid 

ethyl ester (55 mg, 0.19 mmol, prepared following previous reported method1) was cooled to 0 

°C in an ice bath, trimethylsilyl trifluoromethanesulfonate (4.6 μL, 25 μmol) was added, and 

the solution was allowed to warm to room temperature. After an hour, the reaction was 

quenched with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and 

concentrated in vacuo. Flash column chromatography on silica using a gradient of 0-15% ethyl 

acetate in hexanes afforded 34 (38.1 mg, 57% ~ 2 steps) as a clear oil. 1H NMR (600 MHz, 

chloroform-d): δ (ppm) 8.24-8.20 (m, 2H), 8.04-8.00 (m, 2H), 7.67-7.63 (m, 2H), 7.63-7.59 

(m, 1H), 7.52-7.48 (m, 2H), 7.08 (dt, J = 15.2, 6.8 Hz, 1H), 6.00 (d, J = 15.2 Hz, 1H), 5.12 (br 

s, 1H), 5.10-5.08 (m, 1H), 4.46 (q, J = 6.8 Hz, 1H), 4.36 (q, J = 7.2 Hz, 2H), 3.96-3.90 (m, 

1H), 2.65 (dd, J = 15.2, 3.3 Hz, 1H), 1.87-1.79 (m, 1H), 1.76-1.69 (m, 1H), 1.39 (t, J = 7.1 Hz, 

3H), 1.24 (d, J = 6.1 Hz, 3H), 0.84 (dd, J = 15.2, 2.9 Hz, 1H), 0.55 (d, J = 6.8 Hz, 3H).  

4-((R,E)-6-(((4S,6R,7R)-7-hydroxy-4-methyl-5-oxa-1,2-diazaspiro[2.5]oct-1-en-6-

yl)oxy)hept-2-enamido)benzoic acid (12, probe B). To a solution of 34 (35 mg, 0.07 mmol) 

in 1,4-dioxane (2 mL), lithium hydroxide monohydrate (16.4 mg, 0.39 mmol) in H2O (0.3 mL) 

was added and the resulting mixture was stirred at 60 °C for 4 hours. Glacial acetic acid (1 mL) 

was added, and the reaction was concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 10-60% ethyl acetate in hexanes afforded 12 (20.6 mg, 79%) as a clear oil. 

Please see Table S2 for spectroscopic data of probe B. 

 

Synthesis of Probe C 

4-((R,E)-6-(((2R,3R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-3-hydroxy-6-methyltetrahydro-

2H-pyran-2-yl)oxy)hept-2-enamido)benzoic acid (37). To a stirred solution of 23 (375 mg, 
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0.76 mmol) in dry dichloromethane (10 mL), trichloroacetonitrile (0.15 mL, 1.53 mmol) and 

1,8-diazabicycloundec-7-ene (11 μL, 0.08 mmol) were added at room temperature. After 90 

min, the reaction was concentrated in vacuo to evaporate most solvent. Flash column 

chromatography on silica using a gradient of 0-20% ethyl acetate in hexanes afforded 35 as a 

clear oil. A stirred solution of 35 and N-(6’R-hydroxy-2’E-heptenoyl)-4-aminobenzoic acid 

ethyl ester (267 mg, 0.92 mmol, prepared following previous reported method 1) was cooled to 

0 °C in an ice bath, trimethylsilyl trifluoromethanesulfonate (28 μL, 0.15 mmol) was added, 

and the solution was allowed to warm to room temperature. After an hour, the reaction was 

quenched with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and 

concentrated in vacuo. The crude product was used for next step without further purification. 

To a solution of crude 36 in 1,4-dioxane (5 mL), lithium hydroxide monohydrate (58 mg, 1.39 

mmol) in H2O (1 mL) was added and the resulting mixture was stirred at 60 °C for 4 hours. 

Glacial acetic acid (1 mL) was added, and the reaction was concentrated in vacuo. Flash 

column chromatography on silica using a gradient of 20-80% ethyl acetate in hexanes afforded 

37 (61.8 mg, 13% ~ 2 steps) as a clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.08-

8.00 (m, 2H), 7.71-7.61 (m, 6H), 7.43-7.32 (m, 6H), 7.08 (dt, J = 15.2, 6.8 Hz, 1H), 6.01 (d, J 

= 15.2 Hz, 1H), 4.61 (br s, 1H), 3.88-3.61 (m, 4H), 2.48-2.29 (m, 2H), 1.90-1.58 (m, 4H), 1.16 

(d, J = 6.2 Hz, 3H), 1.13 (d, J = 6.2 Hz, 3H), 1.06 (s, 9H). 

 

4-((R,E)-6-(((2R,5R,6S)-5-((tert-butyldiphenylsilyl)oxy)-6-methyl-3-oxotetrahydro-2H-

pyran-2-yl)oxy)hept-2-enamido)benzoic acid (38). To a stirred solution of 37 (59 mg, 0.09 

mmol) in dry dichloromethane (1 mL), Dess–Martin periodinane (60 mg, 0.14 mmol) was 

added at room temperature. After stirring overnight, the reaction was quenched with sat. 
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Na2S2SO3, extracted with dichloromethane, dried over Na2SO4, and concentrated in vacuo. 

Flash column chromatography on silica using a gradient of 0-60% ethyl acetate in hexanes 

afforded 38 (30 mg, 51%) as a clear oil. 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.08-

8.05 (m, 2H), 7.70-7.61 (m, 6H), 7.45-7.36 (m, 6H), 7.08 (dt, J = 15.2, 6.8 Hz, 1H), 6.02 (d, J 

= 15.2 Hz, 1H), 4.57 (br s, 1H), 4.10 (dq, J = 9.0, 6.2 Hz, 1H), 3.90-3.81 (m, 1H), 3.62 (ddd, J 

= 10.6, 9.0, 5.0 Hz, 1H), 2.73 (dd, J = 14.2, 10.6 Hz, 1H), 2.52 (dd, J = 14.2, 5.0 Hz, 1H), 

2.47-2.28 (m, 2H), 1.84-1.62 (m, 2H), 1.21 (d, J = 6.3 Hz, 3H), 1.15 (d, J = 6.2 Hz, 3H), 1.06 

(s, 9H).4-((R,E)-6-(((4R,6S,7R)-7-hydroxy-6-methyl-5-oxa-1,2-diazaspiro[2.5]oct-1-en-4-

yl)oxy)hept-2-enamido)benzoic acid (13, probe C). To a stirred solution of 38 (30 mg, 0.05 

mmol) in methanol (1 mL), 7N NH3 (56 μl) was added under Ar. After stirring for 4 hours, a 

solution of hydroxylamine-O-sulfonic acid (8.1 mg, 0.07 mmol) in methanol (0.1 ml) was 

added and the mixture was stirred for 16 hours. Excess ammonia was removed by blowing Ar 

through the reaction for an hour and the suspension was filtered and redissolved in methanol, 

cooling to 0 °C. Triethylamine (10 μl, 0.07 mmol) was added to the reaction and after 5 min 

stirring, a solution of iodine in methanol was added dropwise until color maintained. The 

reaction was washed with 20 ml 1M HCl, 20 ml 10% Na2S2SO3, 20 ml sat. NaCl, extracted 

with ethyl acetate, dried over Na2SO4, and concentrated in vacuo. The crude product was used 

for next step without further purification. To a stirred solution of crude 39 in tetrahydrofuran 

(0.5 mL), tetrabutylammonium fluoride solution (1M in THF, 39 μL, 0.04 mmol) was added. 

After stirring for 12 hours, the reaction was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 10-50% ethyl acetate in hexanes afforded 13 (2.6 

mg, 13% ~ 4 steps) as a clear oil. Please see Table S3 for spectroscopic data of probe C. 
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Synthesis of Probe D 

(R,E)-4-(6-((tert-butyldimethylsilyl)oxy)hept-2-enamido)benzoic acid (41). To a solution of 

40 (37.2 mg, 0.09 mmol, prepared following previous reported method) in 1,4-dioxane (1 mL), 

lithium hydroxide monohydrate (11.5 mg, 0.28 mmol) in H2O (0.5 mL) was added and the 

resulting mixture was stirred at 60 °C overnight. Glacial acetic acid (0.2 mL) was added, and 

the reaction was concentrated in vacuo. Flash column chromatography on silica using a 

gradient of 0-20% ethyl acetate in hexane afforded 41 (24 mg, 69%) as a clear oil. 1H NMR 

(600 MHz, methanol-d4): δ (ppm) 7.97 (d, J = 8.7 Hz, 2H), 7.73 (d, J = 8.7 Hz, 2H), 6.98 (dt, 

J = 15.3, 6.9 Hz, 1H), 6.13 (d, J = 15.3 Hz, 1H), 3.94-3.86 (m, 1H), 2.40-2.23 (m, 2H), 1.62-

1.57 (m, 2H), 1.16 (d, J = 6.1 Hz, 3H), 0.08 (s, 6H). 13C NMR (151 MHz, methanol-d4): δ 

(ppm) 169.6, 166.8, 147.9, 144.4, 131.7, 127.1, 124.9, 120.2, 69.2, 39.3, 29.5, 26.4, 24.2, 18.9, 

-4.2, -4.6. 

 

(R,E)-N-(2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethyl)-4-(6-((tert-

butyldimethylsilyl)oxy)hept-2-enamido)benzamide (42). To a stirred solution of 41 (24 mg, 

0.06 mmol) in dry dichloromethane (1 mL), 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (EDC•HCl) (36.6 mg, 0.19 mmol) and 4-dimethylaminopyridine (23.3 mg, 0.19 

mmol) were added at room temperature. The resulting mixture was stirred for 30 min, and 2-(3-

(but-3-yn-1-yl)-3H-diazirin-3-yl)ethan-1-amine (17.4 mg, 0.13 mmol) in dry dichloromethane 

(0.5 mL) was added. After 2 hours, the reaction was washed with sat. NaHCO3, extracted with 

ethyl acetate, dried over Na2SO4, and concentrated in vacuo. Flash column chromatography on 

silica using a gradient of 0-50% ethyl acetate in hexanes afforded 42 (16.7 mg, 53%) as a clear 

oil. 
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1H NMR (600 MHz, methanol-d4): δ (ppm) 7.80 (d, J = 8.7 Hz, 2H), 7.73 (d, J = 8.7 Hz, 2H), 

6.98 (dt, J = 15.3, 6.9 Hz, 1H), 6.13 (d, J = 15.3 Hz, 1H), 3.94-3.86 (m, 1H), 3.28 (t, J = 7.2 

Hz, 2H), 2.40-2.24 (m, 3H), 2.04 (dt, J = 7.5, 2.5 Hz, 2H), 1.73 (t, J = 7.2 Hz, 2H), 1.67 (t, J = 

7.5 Hz, 2H), 1.63-1.58 (m, 2H), 1.17 (d, J = 6.1 Hz, 3H), 0.91 (s, 9H), 0.08 (s, 6H). 13C NMR 

(151 MHz, methanol-d4): δ (ppm) 169.6, 166.8, 147.8, 143.3, 130.7, 129.2, 124.9, 120.4, 83.6, 

70.4, 69.2, 39.3, 36.0, 33.5, 33.3, 29.5, 27.9, 26.4, 24.2, 18.9, 13.9, -4.1, -4.5. 

 

(R,E)-N-(2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethyl)-4-(6-hydroxyhept-2-

enamido)benzamide (43). To a stirred solution of 42 (16.7 mg, 34 μmol) in acetonitrile (0.5 

ml), 2 drops of 40% HF/H2O was added at room temperature. After stirring for 1.5 hours, the 

solution was neutralized with sat. NaHCO3, extracted with dichloromethane, dried over 

Na2SO4, and concentrated in vacuo. Flash column chromatography on silica using a gradient of 

0-10% methanol in dichloromethane afforded 43 (11.8 mg, 92%) as a clear oil. 1H NMR (600 

MHz, methanol-d4): δ (ppm) 7.80 (d, J = 8.8 Hz, 2H), 7.72 (d, J = 8.7 Hz, 2H), 6.98 (dt, J = 

15.3, 6.9 Hz, 1H), 6.13 (d, J = 15.3 Hz, 1H), 3.80-3.73 (m, 1H), 3.28 (t, J = 7.2 Hz, 2H), 2.44-

2.28 (m, 2H), 2.27 (t, J = 2.7 Hz, 1H), 2.04 (dt, J = 7.6, 2.7 Hz, 2H), 1.73 (t, J = 7.2 Hz, 2H), 

1.67 (t, J = 7.5 Hz, 2H), 1.64-1.58 (m, 2H), 1.19 (d, J = 6.2 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 169.6, 166.8, 147.6, 143.2, 130.7, 129.2, 125.0, 120.4, 83.6, 70.4, 67.8, 

38.6, 36.0, 33.5, 33.3, 29.5, 28.0, 23.5, 13.9. 

 

(2R,3R,5R,6S)-2-(((R,E)-7-((4-((2-(3-(but-3-yn-1-yl)-3H-diazirin-3-

yl)ethyl)carbamoyl)phenyl)amino)-7-oxohept-5-en-2-yl)oxy)-5-hydroxy-6-

methyltetrahydro-2H-pyran-3-yl benzoate (46). To a stirred solution of 23 (13.8 mg, 28 
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μmol) in dry dichloromethane (0.5 mL) and N,N-dimethylformamide (0.5 mL), 

trichloroacetonitrile (5.6 μL, 56 μmol) and 1,8-diazabicycloundec-7-ene (0.4 μL, 2.8 μmol) 

were added at room temperature. After 90 min, the reaction was concentrated in vacuo to 

evaporate most solvent. Flash column chromatography on silica using a gradient of 0-20% 

ethyl acetate in hexanes afforded 24 as a clear oil. A stirred solution of 24 and 44 (11.8 mg, 31 

μmol) was cooled to 0 °C in an ice bath, trimethylsilyl trifluoromethanesulfonate (1 μL, 5.6 

μmol) was added, and the solution was allowed to warm to room temperature. After an hour, 

the reaction was quenched with sat. NaHCO3, extracted with dichloromethane, dried over 

Na2SO4, and concentrated in vacuo. Flash column chromatography on silica using a gradient of 

0-40% ethyl acetate in hexanes afforded 45 (2 mg, 8% ~ 2 steps) with impurities and some 

N,N-dimethylformamide. To a stirred solution of impure 45 in tetrahydrofuran (0.2 mL), 

tetrabutylammonium fluoride solution (1M in THF, 8.4 μL, 8.4 μmol) was added. After stirring 

for 12 hours, the reaction was concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 30-70% ethyl acetate in hexanes afforded 46 (1 mg, 77%) as a clear oil. The 

crude product was used for next step without further purification.  

 

N-(2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethyl)-4-((R,E)-6-(((2R,3R,5R,6S)-3,5-dihydroxy-

6-methyltetrahydro-2H-pyran-2-yl)oxy)hept-2-enamido)benzamide (14, probe D). To a 

solution of 46 (1 mg, 1.6 μmol) in 1,4-dioxane (0.2 mL), lithium hydroxide monohydrate (0.2 

mg, 4.9 μmol) in H2O (50 μL) was added and the resulting mixture was stirred at 60 °C 

overnight. Glacial acetic acid (50 μL) was added, and the reaction was concentrated in vacuo. 

HPLC provideds a pure sample of 14 (0.5 mg, 4% ~ 3 steps) as a clear oil. Please see Table S4 

for spectroscopic data of probe D. 
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1. SPECTROSCOPIC DATA FOR PROBES DEVELOPED 

 

Table S1. Spectroscopic data for probe A 

Position δ 1H [ppm] δ 13C [ppm] 1H-1H-coupling constants [Hz] HMBC correlations 

1 4.93 97.1  C-2, C-3, C-5, C-6’ 

2 3.79 69.0 J 2,3a =3.0 C-4 

3a 1.77 35.7 J 3a,3b = 13.5, J 3a,4 =11.1 C-4, C-5 

3b 1.99 35.7 J 3b,4 =4.3 C-1, C-2, C-4, C-5 

4 3.54 67.8 J 4,5 = 9.5 C-3, C-5, C-6 

5 3.51 71.2 J 5,6 = 6.0 C-1, C-3, C-4, C-6 

6 1.22 17.8  C-1, C-4, C-5 

1′  166.2   

2′ 6.18 125.3 J 2’,3’ = 15.3 C-1’, C-4’ 

3′ 6.98 146.2 J 3’,4’ = 6.9 C-1', C-2’, C-4’, C-5’ 

4′ 2.49 28.7  C-2’, C-3', C-5’, C-6’ 

5′ 1.96 35.0 J 5’,6’ = 6.3 C-3’, C-4’, C-6’, C-7’ 

6′ 4.45 64.7 J 6’,8’ = 1.8 C-1, C-4’, C-5’, C-7’, C-8’ 

7′  82.3   

8′ 2.93 75.7  C-6’, C-7’ 

1′′  170.9   

2′′  143.2   

3′′ 7.96 131.3 J 3’’,4’’ = 8.4 C-1’’, C-2’’, C-4’’,  

4′′ 7.69 119.9  C-2’’, C-5’’ 

5′′  129.3   
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Table S2. Spectroscopic data for probe B 

Position δ 1H [ppm] δ 13C [ppm] 1H-1H-coupling constants [Hz] HMBC correlations 

1 4.88 98.2 J 1,2 = 2.0   C-2, C-3, C-5, C-6’ 

2 3.75 69.2         J 2,3a = 3.3, J 2,3b = 3.5                 C-4 

3a 2.31 33.2 J 3a,3b = 14.7 C-1, C-2, C-4 

3b 0.68   C-1, C-2, C-4, C-5 

4  28.3   

5 4.31 66.1 J 5,6 = 6.8 C-1, C-6 

6 0.48 16.6  C-4, C-5 

1′  166.7   

2′ 6.17 125.0 J 2’,3’ = 15.2 C-1', C-4’ 

3′ 7.02 147.6 J 3’,4’ = 6.8 C-1', C-2’ (weak), C-4’, C-5’ 

4′ 2.43 29.5  C-2’, C-3', C-5’, C-6’ 

5′ 1.76 36.9  C-3’, C-4’, C-6’, C-7’ 

6′ 3.91 72.4 J 6’,7’ = 6.1 C-1, C-4’, C-5’ 

7′ 1.22 19.2  C-5’, C-6’ 

1′′  170.1   

2′′  144.0   

3′′ 7.97 131.7 J 3’’,4’’ = 8.6 C-1’’, C-2’’, C-4’’, 

4′′ 7.72 120.2  C-2’’, C-5’’ 

5′′  127.9   
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Table S3. Spectroscopic data for probe C 

Position δ 1H [ppm] δ 13C [ppm] 1H-1H-coupling constants [Hz] HMBC correlations 

1 3.57 97.5  C-2, C-3, C-5, C-6’ 

2  28.9   

3a 2.10 35.1 J 3a,3b = 13.8, J 3a,4 =11.1 C-2, C-4 

3b 0.81 35.1 J 3b,4 =5.3 C-1, C-2, C-4 

4 3.51 70.7 J 4,5 = 9.3 C-5, C-6 

5 3.80 70.4 J 5,6 = 6.3 C-1, C-3, C-4 

6 1.29 17.6  C-5 

1′  166.5   

2′ 6.18 125.0 J 2’,3’ = 15.3 C-1', C-4’ 

3′ 7.02 147.2 J 3’,4’ = 6.9 C-1', C-2’ (weak), C-4’, C-5’ 

4′ 2.44 29.1  C-2’, C-3', C-5’, C-6’ 

5′ 1.74 36.5  C-3’, C-4’, C-6’, C-7’ 

6′ 3.76 71.7 J 6’,7’ = 6.1 C-1, C-4’, C-5’ 

7′ 1.05 18.9  C-5’, C-6’ 

1′′  169.8   

2′′  143.9   

3′′ 7.97 131.4 J 3’’,4’’ = 8.8 C-1’’, C-2’’, C-4’’,  

4′′ 7.72 120.0  C-2’’ (weak), C-5’’ 

5′′  127.6   
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Table S4. Spectroscopic data for probe D 

Position δ 1H [ppm] δ 13C [ppm] 1H-1H-coupling constants [Hz] HMBC correlations 

1 4.68 97.1  C-2, C-3, C-5, C-6’ 

2 3.74 69.6 J 2,3a =3.0, J 2,3b =3.8 C-4 

3a 1.79 35.7 J 3a,3b = 13.1, J 3a,4 =11.3 C-4, C-5 

3b 1.97  J 3b,4 =4.5 C-1, C-2, C-4, C-5 

4 3.54 68.0 J 4,5 = 9.5 C-5, C-6 

5 3.63 71.0 J 5,6 = 6.3 C-1, C-3, C-4, C-6 

6 1.22 17.8  C-4, C-5 

1′  166.6   

2′ 6.16 124.9 J 2’,3’ = 15.4 C-1', C-4’ 

3′ 7.00 147.3 J 3’,4’ = 6.9 C-1', C-2’, C-4’, C-5’ 

4′ 2.41 29.1  C-2’, C-3', C-5’, C-6’ 

5′ 1.72 36.7  C-3’, C-4’, C-6’, C-7’ 

6′ 3.85 71.4 J 6’,7’ = 6.1 C-1, C-4’, C-5’ 

7′ 1.18 18.9  C-5’, C-6’ 

1′′  169.4   

2′′  143.0   

3′′ 7.80 128.9 J 3’’,4’’ = 8.7 C-1’’, C-2’’, C-4’’  

4′′ 7.72 120.2  C-2’’, C-3’’, C-5’’ 

5′′  130.5   

1′′′ 3.29 35.7 J 1’’’,2’’’ = 7.2 C-1’’, C-2’’’, C-3’’’ 

2′′′ 1.74 33.3  C-1’’’, C-3’’’, C-4’’’ 

3′′′  27.7   

4′′′ 1.67 33.0 J 4’’’,5’’’ = 7.4 C-2’’’, C-3’’’, C-5’’’, C-6’’’ 

5′′′ 2.05 13.5  C-3’’’, C-4’’’, C-6’’’, C-7’’’ 

6′′′  83.2   

7′′′ 2.26 69.9 J 5’’’,7’’’ = 2.7  



 

197 
 

2. NMR SPECTRA 
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DUAL ISOTOPE-LABELED ASCAROSIDES LEAD TO THE DISCOVERY OF NEW 
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ABSTRACT 

Organisms receive and recognize various signals in the environment to make wise decisions. As 

the most numerically abundant animals on earth, nematodes use ascaroside as the major 

signaling small molecules, which have been proved to play an important role in communication 

between individuals, both within and across species.3,4 However, the metabolic pathways of 

ascarosides in difference species are still poorly understood. Here we report the first syntheses of 

a series of dual isotope-labeled ascarosides and their applications in the investigation of new 

metabolites, which could provide insights into potential metabolic pathways. Dual isotope-

labeled ascarosides with inversion at the ꞷ-methyl revealed the impact of stereochemistry in 

metabolism. 

 

INTRODUCTION 

Over the past years, a family of specialized metabolites, ascarosides, has been identified from the 

model organism C. elegans and other nematodes.1,2 Structurally, ascarosides contain a core as 

3,6-dideoxysugar L-ascarylose and L-paratose, which is further decorated with head group, lipid 

side chain and terminus deriving from amino acid, nucleoside, carbohydrate, and fatty acid 

metabolism (Figure 1).1 This family of molecules act as small-molecule signals that impact C. 

elegans development and behavior, including male attraction, aggregation, hermaphrodite 

repulsion and olfactory plasticity.5–8 Interestingly, it was found that ascarosides not only play an 

important role in nematodes, but also can regulate the immune systems in other species.9 

Manosalva et al reported that ascarosides #18 (ascr#18) can activate immune responses and 

increase resistance in multiple plants, including Arabidopsis, tomato, potato and barley.10 

However, the metabolic pathways of this important family of small molecules remain as 
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mystery, especially in nematode-interacting organisms. In 2017 we reported an improved 

synthesis of ascarosides, unfortunately, even with the more efficient synthetic approach, it is still 

very difficult to investigate the metabolic pathways due to untracebility.11 

 

Figure 1. Architecture of modular ascarosides. Ascarosides are glycosides of the 3,6-

dideoxysugar L-ascarylose (red). The ascarylose core is attached with lipid side chain at the 

1’position, which could differ in length, saturation, and oxidation (blue). In addition to the side 

chain, ascarosides can be further decorated with a head group at the 2’ or 4’positions (green), or a 

terminus at the end of the lipid side chain (black). 

 

Here, we present the design and syntheses of a series of dual isotope-labeled ascarosides, 

leading to the discovery of new metabolites. Using products obtained unexpectedly during the 

synthesis, we found that inversion of ω-methyl on the lipid side chain did not affect β-oxidation 

but abolished 4’ modifications on the ascarylose. 

 

RESULTS AND DISCUSSION 

We aim to design and develop a series of dual isotope-labeled ascarosides that would enable the 

identification of ascaroside-derived metabolites by using comparative mass spectrometry-based 
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metabolomics strategies (Figure 2). By feeding the live cultures of C.elegans with control 

(ethanol), normal ascarosides and dual isotope-labeled ascarosides, one would be able to identify 

the differential features representing ascaroside-derived metabolites by analyzing the excretome 

using high performance liquid chromatography-high resolution mass spectrometry (HPLC-

HRMS). For a certain feature found in supernatant fed with normal ascarosides (blue), discovery 

of a peak with a mass difference of +2.006 eluting at the same time in dual isotope-labeled 

ascarosides fed supernatant (green) would be strong evidence to prove this feature represents an 

ascarosides-derived metabolite.  

 

Figures 2. Workflow of identifying ascaroside-derived metabolites. (a) Supernatants of live 

cultures fed with ethanol (black), natural ascarosides (blue) and dual labeled-ascarosides (green) 

were analyzed by HPLC-HRMS. (b) Example extracted ion chromatogram of a differential 

feature representing a potential ascaroside-derived metabolite (blue), confirmed by the 13C2-ascr 

peak featuring a mass difference of +2.006 with same retention time (green). 

 

      This strategy is especially useful in discovering new ascaroside-metabolites. Over the past 10 

years, hundreds of ascarosides bearing modifications on sugar and fatty acid C-terminus were 

discovered, among which osas#9, icas#3, mbas#3, hbas#3 and ascr#8 partially representing the 

important discoveries (Figure 3).12 These ascarosides play an important role in regulation of 
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worm behaviors. For example, ascaroside osas#9 (1) from C. elegans L1 larvae serves as a 

dispersal signal, 4-aminobenzoic acid derivative ascr#8 (5) acts as strong male-

specific attractant, whereas ascarosides including a tryptophan-derived indole-3-carboxy moiety 

(icas#3, 2) function as aggregation signals at femtomolar concentrations.1,6,13,14 Considering the 

possible variabilities in ascaroside modifications, it is reasonable to believe that there still exist 

many new metabolites with unknown functions. However, it is likely that these metabolites exist 

in low abundance, making them hard to detect.  

 

Figures 3. Example ascarosides with 4’ modifications or terminus modifications. The 

ascaroside osas#9 from C. elegans L1 larvae serves as a dispersal signal, 4-aminobenzoic acid 

derivative ascr#8 acts as strong male-specific attractant, whereas ascarosides including a 

tryptophan-derived indole-3-carboxy moiety (icas#3) function as aggregation signals at 

femtomolar concentrations.1 

 

      To identify potential new metabolites, a well-designed dual isotope-labeled ascaroside would 

be the key to this strategy. There are three major factors to consider when designing isotopically 

labeled ascarosides, namely isotope type, number of isotopes and isotope location (Figure 4a). 

For isotope type, both deuterium and carbon-13 could function as the labels in ascarosides. 

However, to avoid the retention time perturbation due to deuterium isotope effect, carbon-13 was 

chosen over deuterium.15,16 For isotope quantity, two carbon-13 were implanted in the molecule 

instead of one for better differentiation from natural abundance. For isotope location, there are 
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three potential choices. Synthetically, the easiest way to implement two 13C would be using 13C-

labeled ethyl acrylate for metathesis during the side chain synthesis (Figure 4b top), where two 

13C could be easily introduced to the carbonyl and the sp2 carbon at α position. However, there is 

high risk associated with synthetic convenience. It is known that ascaroside lipid side chains 

originate from peroxisomal β-oxidation, a 4-step process that shortens long-chain fatty acids 

(LCFA) and very long-chain fatty acids (VLCFA, chain length > C24) by two carbon units 

(Figure 4c).17,18 Considering β-oxidation is a highly conserved fat metabolism pathway involved 

in the biosynthesis of diverse signaling molecules in animals and plants, such design is very 

likely to result in lost track of ascarosides-derived metabolites at a very early stage.12,19 Ideally, 

one should place the isotopes in the ascarylose framework (Figure 4b middle), which is less 

likely to be metabolized. However, synthetically it is very difficult and inconvenient. A complete 

redesign of the ascarylose synthesis would be required. In a compromise between synthetic 

feasibility and isotope durability, we decided to locate the two 13C on the ω-carbon and the 

methyl group connecting to it (Figure 4b bottom). In this way, the two isotopes would be able 

to remain in the ascarosides until the end of β-oxidation, and every metabolite during this process 

could be detected using previously described strategy. 
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Figure 4. Design of dual isotope-labeled ascarosides. (a) Factors to consider for the design of 
13C-ascrcarosides. (b) Three possible locations of the two C13 labels in ascarosides: synthetically 

easiest, theoretically safest and a compromise design (this work). (c) Peroxisomal β-oxidation is 

a process that truncates a carbon chain by two carbons in a series of four steps. ACOX-1, an 

acyl-CoA oxidase, introduces a site of α,β-unsaturation. MAOC-1, a peroxisomal 2-enoyl-CoA 

hydratase, hydrates the double bond. DHS-28, a dehydrogenase, oxidizes the hydroxyl group to 

form a b-ketoacyl-CoA ester. DAF22, a thiolase, truncates the lipid chain to release acetyl-CoA 

and a shortened ascaroside precursor. 

 

      Commercially available acetyl chloride-13C2 (6) was treated with O,N-

dimethylhydroxylamine hydrochloride to afford the Weinreb amide 7, followed by Grignard 

reaction using freshly prepared 3-butenyl magnesium bromide to afford ketone 8. Reaction 

between acid chlorides and Grignard reagents generally goes all the way to alcohol instead of 

stopping at ketone. However, after derivatization to the corresponding Weinreb Amide, over-

addition can be avoided owing to the stabilization of tetrahedral intermediate by the chelation 

from methoxy group.20,21 To reduce the ketone enantioselectively, fresh Terashima reagent was 
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prepared from lithium aluminum hydride, modified with one equivalent of (+)-N-

methylephedrine and two equivalents of N-ethylaniline. The resulting alcohol 9 was 

subsequently attached to pre-made 2,4-di-O-benzoylascarylose 10 through glycosylation, 

followed by cross metathesis with ethyl acrylate. Finally, both benzoyl groups and ethyl ester 

were removed during base catalyzed hydrolysis. 

Scheme 1. Synthesis of 13C2-ascr#7.   

 

      It is worth mentioning that sometimes unsatisfying selectivity was not necessarily a bad 

result; it could lead to unexpected but useful products, significantly increasing the synthetic 

efficiency. From compound 8 to 9, reduction was not as selective as expected and poor 

enantiomeric excess (14% ee) was observed after glycosylation through proton NMR. However, 

we were able to separate the two diastereomers completely with HPLC and obtained pure 13C2-

ascr#7 with inversed ω-methyl (14) in addition to 13C2-ascr#7 (15). To the best of our 

knowledge, no one has studied the impact of stereochemistry on ascarosides functionalities and 

metabolism. Considering that small structural perturbation of ascarosides, such as chain length 
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and carbon bond saturation, may lead to significant change in bioactivity, the impact of inversion 

at ω-methyl could be very interesting to investigate.5,22,23  

      13C2-ascr#18 could be made in three steps from intermediate 12. Interestingly, another step 

“went crazy” during the synthesis. Due to chain walking during metathesis, products of varying-

chain length were obtained including desired ascr#18. Previously such problem did not happen 

because of the conjugation of the carbonyl and the alkene. As a result, we were able to make the 

isotopically labeled ascr#10 (14, 15), ascr#16 (16, 17), ascr#18 (18, 19) and ascr#20 (20, 21) in 

one pot (Scheme 2). Due to the previously mentioned poor ee% during ketone reduction, each 

compound had two diastereomers and we therefore obtained 8 compounds in total. 

Scheme 2. Syntheses of 13C2-ascr#10, 16, 18, 20. 

 

      Through MS/MS networking, we found that these ascarosides were decorated with 

phosphorylation, amino acid derivatives, such as cadaverine, and glucosides (Figure 5 & Table 
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S1). The structures of both 22 and 23 were confirmed through co-injection of the synthetic 

samples and isolated natural products (Not done yet). Interestingly, through feeding experiments, 

the isotope labels also got incorporated into 4’ modified ascarosides bearing indole carboxy 

group and niacin group, suggesting that 4’ modified ascarosides are very likely to originate from 

corresponding non-decorated ascarosides.  

 

Figure 5. (a) number of new compounds detected by feeding ascr #7, ascr #10 and ascr #18, 

confirmed by 13C2 labels using untargeted comparative metabolomics. EIC of detected 

ascarosides examples with modifications including (b) phosphorylation, (c) amino acid, (d) 

glucoside and (e)niacin, all of which were undetectable under normal culture conditions (black). 

By feeding ascr # 10 (blue) and 13C2-ascr#10 (green), such compounds were detectable and 

confirmed to be ascarosides derived. important MS/MS fragments were shown on the structure. 

 

      To investigate the impact of stereochemistry on metabolism, both 13C2-ascr#10 (14) and 13C2-

ascr#10 (15) with inversed ω-methyl were fed to wild type C. elegans. Interestingly, we found 

that inversion of the ω-methyl did not affect chain shortening happened during β-oxidation, but 

almost completely abolished 4’ modifications, suggesting the substrate specificity of the 

biosynthesis enzyme (Figure 7).  

      Now that we had three ascarosides: ascr #7, ascr #10 and ascr #18, 13C labeled and not 

labeled. We could track how worms metabolize these ascarosides. Through feeding them to the 
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worms and using the double 13C label as a marker in comparative metabolomics, we found 24 

compounds through untargeted analysis, including ascarosides that were decorated with indole-

carboxy group, which confirmed the existence of icas. We also found new decorations, including 

2’ phosphorylation, 4’ niacin incorporation (ncas), which was previously found by Le et. al., and 

C terminus amino acid and glucosides modification (Figure 5 & Table S1). In ascr #7, using 

untargeted comparative metabolomics, metabolites found from feeding ascr #7 were decorated 

with para-amino benzoic acid (paba), indole glucose phosphate (iglu #2) and paba glutamate, all 

of which were previously reported. Similarly, using untargeted comparative metabolomics, ascr 

#10 was found with phosphorylation, cadaverine, which came from lysine decarboxylation, 

attached and ascr #18 was found with phosphorylation and valine attached. Of all the structure 

described above, 22 and 23 were confirmed through co-injection of the synthetic samples and 

isolated natural products (Not done yet). Also, the fact that isotope labels also got incorporated 

into icas and ncas suggested that these 4’ modified ascarosides were very likely to originate from 

corresponding non-decorated ascarosides. Interestingly, 13C labels did not get incorporated into 

other 4’ modified ascarosides including osas #10, hbas #10 and mbas #10, suggesting the 

biosynthesis of these ascarosides was different from icas and ncas. 



 

254 
 

M
o

d
if

ic
a

ti
o

n
  

P
e

r
c

e
n

ta
g

e

P
h

e
A

la
V

a
l

L
e
u Il

e
G

lu
G

ln

A
s
n

S
e
r

D
C

 L
y
s

P
A

B
A

IC
A

S

N
C

A
S

P
h

o
s
p

h
a
te

Ig
lu

#
2

0 .0 0

0 .0 5

0 .1 0

0 .2

0 .4 A S C R  # 7

A S C R  #  1 0

A S C R  # 1 8

 

Figure 6. Profiles of percentage conversion of ascr #7 (black), ascr #10 (blue) and ascr #18 

(green) to amino acid, paba and iglu #2 conjugated, 4’ indole carboxylated, 4’ nicotinylated and 

2’ phosphorylated. 

 

      Knowing that ascarosides were decorated with amino acid, paba and iglu #2, we searched for 

these incorporations in a targeted way and profiled the conversion percentage of fed ascarosides 

(Figure 6). Based on the profile, all three ascarosides showed conjugation to lysine. However, 

among the three ascarosides, ascr #7 showed no phosphorylation or other amino acid 

incorporation, but it showed highest amount of niacin and iglu #2 decoration. Likewise, ascr #18 

showed conjugation to many amino acids, including Valine, glutamine and glutamic acid, and 

high phosphorylation level, but no iglu #2 or paba incorporation. Similarly, for ascr #10, it 

showed some level of amino acids and niacin incorporation, high levels of phosphorylation and 

indole carboxy incorporation, but no iglu #2 or paba incorporation. These differences suggest 

that although similar in structure, ascarosides metabolism was tightly regulated that even nuance 

in structure would result in differential metabolism pathyways. 
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      Now that we knew some 4’ ascarosides originated from corresponding non-decorated 

ascarosides, we then investigate the impact of stereochemistry. To do that, both 13C2-ascr#10 

(14) and 13C2-ascr#10 (15) with inversed ω-methyl were fed to wild type C. elegans, and 

supernatants were collected and analyzed through LCMS. Interestingly, we found isotope 

incorporation to ascr #1, but no isotope incorporation into icas #10 with 13C2-ascr#10 (15) with 

inversed ω-methyl, suggesting that inversion of the ω-methyl did not affect chain shortening 

happened during β-oxidation, but completely abolished 4’ modifications, which meant that the 

responsible biosynthesis enzyme had strict substrate specificity that a tiny change on the fatty 

acid side chain resulted in complete abolishment 4’ modification (Figure 7). Again, suggesting 

that the metabolism of ascarosides in C. elegans was tightly controlled that tiny difference would 

change their metabolism pathways. 

 

Figure 7. (a) Worms were fed with ethanol control (black), 13C2-ascr#10 with (R)-ω-methyl 

(green) and 13C2-ascr#10 with (S)-ω-methyl (pink). (b) All ascr#10, including naturally produced 

(black), 13C2-ascr#10 with (R)-ω-methyl (green) and 13C2-ascr#10 with (S)-ω-methyl (pink) were 

chain shortened to the corresponding ascr#1, (c) but only ascr#10 with (R)-ω-methyl, no matter 
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naturally produced (black) or dual isotope-labeled (green), could be further decorated on 4’ 

position. 

 

CONCLUSION 

In summary, we reported a synthetic strategy that enabled the preparation of dual isotope 

labeled-ascarosides, which could be used to identify ascaroside-derived metabolites through 

comparative mass spectrometry-based metabolomics. This strategy enabled the discovery of 

many new metabolites, including phosphorylated and amino acid derived ascarosides. 

Unsatisfying enantioselectivity of carbonyl reduction resulted in two sets of diastereomers of 

dual isotope-labeled ascarosides and chain walking during metathesis led to products with 4 

different chain lengths. Feeding experiments using 13C2-ascr#10 with (R)-ω-methyl and 13C2-

ascr#10 with (S)-ω-methyl revealed that inversion at the ω-methyl did not interfere β-oxidation 

and chain shorting could happen normally. However, this change of stereochemistry almost 

completely abolished 4’ modifications on the central sugar ascarylose. We believe dual isotope-

labeled ascarosides would be an important approach for the discovery of unknown metabolites 

and metabolic pathways. 
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1. Experimental 

1.1 General procedures 

Unless otherwise stated, all oxygen and moisture-sensitive reactions were carried out under 

argon atmosphere in flame-dried glassware. Solutions and solvents sensitive to moisture and 

oxygen were transferred via standard syringe and cannula techniques. All commercial reagents 

were purchased as reagent grade and, unless otherwise stated, used without any further 

purification. Tetrahydrofuran, dichloromethane, and dimethylformamide were dried over 4Å 

molecular sieves prior to use; N,N-diisopropylethylamine was distilled from calcium hydride 

under argon. Thin-layer chromatography (TLC) was performed using J. T. Baker Silica Gel IB2-

F. Flash chromatography was performed using Teledyne Isco CombiFlash systems and Teledyne 

Isco RediSep Rf silica columns.  Nuclear Magnetic Resonance (NMR) spectra were recorded on 

Varian INOVA 600 (600 MHz) or Varian INOVA 400 (400 MHz) spectrometers in Cornell 

University’s NMR facility. 1H NMR chemical shifts are reported in ppm (δ) relative to residual 

solvent peaks (7.26 ppm for CDCl3, 3.31 ppm for CD3OD). NMR-spectroscopic data are 

reported as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

m = multiplet, br = broad), coupling constants (Hz), and integration. 13C NMR chemical shifts 

are reported in ppm (δ) relative to CHCl3 (δ 77.2) in CDCl3, CH3OH (δ 49.0) in CD3OD.  
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1.2 Synthesis of 13C2-ascr#7 

N-methoxyacetamide-13C2 (2) 

Triethylamine (3.5 mL, 25.11 mmol) was slowly added to a well stirred 

slurry of O,N-dimethylhydroxylamine hydrochloride (1.22 g, 12.5 mmol) 

in dry CH2Cl2 (30 mL) under argon at 0 °C. Acetyl chloride-13C2 (1g, 12.43 mmol) was added 

dropwise and the mixture was stirred for 3 hours while slowly warming up to room temperature. 

The reaction was quenched with sat. NH4Cl, extracted with CH2Cl2, dried over Na2SO4, and 

concentrated in vacuo. Flash column chromatography on silica using isocratic CH2Cl2 afforded 2 

(1.3 g, 12.37 mmol, 99.5%) as a clear oil.  

1H NMR (600 MHz, MeOH-d4): δ (ppm) 3.72 (s, 3H), 3.17 (br s, 3H), 2.11 (dd, J = 129.6, 6.1 

Hz, 3H). 13C NMR (151 MHz, MeOH- d4): δ (ppm) 173.9 (d, J = 53.0 Hz), 61.7, 30.2 (dd, J = 

41.9, 14.0 Hz), 19.6 (d, J = 53.0 Hz). HRMS (ESI) m/z calcd for C13C2H7NO2 [M+Na]+ 

128.05926, found 128.05923, Δ ppm -0.229. 

 

Hex-5-en-2-one-1,2-13C2 (3) 

But-3-enyl magnesium bromide was generated from 4-bromo-1-butene 

(2.7 ml, 25.1 mmol) and magnesium (1.04 mg, 43.5 mmol) in diethyl 

ether (60 mL) and then was added dropwise to a solution of 2 (1.3 g, 12.37 mmol) in diethyl 

ether (30 ml) at -20 °C. The reaction was kept at 0 °C for 4 h and then cooled to -10 °C before 

pouring into cold sat. NH4Cl solution with vigorous stirring.  The mixture was extracted with 

CH2Cl2, dried over Na2SO4, and concentrated in vacuo. Flash column chromatography on silica 

using isocratic CH2Cl2 afforded 3 (1.2 g, 11.98 mmol, 96.9%) as a clear oil.  
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1H NMR (600 MHz, chloroform-d): δ (ppm) 5.80 (ddt, J = 17.1, 10.3, 6.5 Hz, 1H), 5.05-5.01 

(m, 1H), 4.99-4.97 (m, 1H), 2.53 (dt, J = 7.4, 5.4 Hz, 2H), 2.35-2.30 (m, 2H), 2.15 (dd, J = 

127.1, 5.8 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 208.3 (d, J = 40.2 Hz), 137.2, 

115.4, 42.9 (dd, J = 39.1, 14.6 Hz), 30.1 (d, J = 40.2 Hz), 28.0.  

 

 (R)-hex-5-en-2-ol-1,2-13C2 (4) 

Terashima reagent was generated from LiAlH4 (162.8 mg, 4.29 mmol), 

(+)-N-methylephedrine (765 mg, 4.27 mmol) and N-ethylaniline (1.1 

ml, 8.54 mmol) in diethyl ether (10 mL) by refluxing and then was added dropwise to a solution 

of 3 (256 mg, 2.56 mmol) in diethyl ether (5 ml) at -78 °C. The reaction was kept at - 78 °C for 1 

h before quenching with cold sat. NaHCO3 solution.  The mixture was extracted with CH2Cl2 

three times and the combined organic phase was concentrated in vacuo. Flash column 

chromatography on silica using isocratic CH2Cl2 afforded 4 (206.8 mg, 2.02 mmol, 79%) as a 

clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 5.84 (ddt, J = 17.0, 10.1, 6.6 Hz, 1H), 5.07-5.03 

(m, 1H), 4.99-4.96 (m, 1H), 3.83 (m, 1H), 2.22-2.09 (m, 2H), 1.61-1.49 (m, 2H), 1.20 (ddd, J = 

125.4 6.1, 4.4 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 138.7, 115.0, 67.9 (d, J = 

38.2 Hz), 38.5 (d, J = 38.0 Hz), 30.4, 23.7 (d, J = 38.2 Hz).  

 

 (2R,3R,5R,6S)-2-((hex-5-en-2-yl-1,2-13C2)oxy)-6-

methyltetrahydro-2H-pyran-3,5-diyl dibenzoate (7) 

To a stirred solution of 5 (128.8 mg, 0.36 mmol) in dry 

dichloromethane (3 mL), trichloroacetonitrile (74 μL, 0.74 
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mmol) and 1,8-diazabicycloundec-7-ene (7 μL, 47 μmol) were added at room temperature. After 

90 min, the reaction was concentrated in vacuo to evaporate most solvent. Flash column 

chromatography on silica using a gradient of 15-25% ethyl acetate in hexanes afforded 6 (168 

mg, 93%) as a clear oil. A stirred solution of 6 and 4 (42 mg, 0.41 mmol) was cooled to 0 °C in 

an ice bath, trimethylsilyl trifluoromethanesulfonate (13 μL, 72 μmol) was added, and the 

solution was allowed to warm to room temperature. After an hour, the reaction was quenched 

with sat. NaHCO3, extracted with dichloromethane, dried over Na2SO4, and concentrated in 

vacuo. Flash column chromatography on silica using a gradient of 0-15% ethyl acetate in 

hexanes afforded 7 (103 mg, 65%) as a clear oil.  

Mixer of R&S diastereomers: 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.13-8.10 (m, 

2H), 8.06-8.03 (m, 2H), 7.61-7.56 (m, 2H), 7.49-7.44 (m, 4H), 5.88 (R) & 5.83 (S) (ddt, J = 

16.9, 10.2, 6.7 Hz, 1H), 5.22-4.90 (m, 4H), 4.20-4.13 (m, 1H), 3.88 (R) & 3.82 (S) (m, 1H), 

2.45-2.38 (m, 1H), 2.30-2.11 (m, 3H), 1.80-1.51 (m, 2H), 1.31 (S) & 1.21 (R) (ddd, J = 126.0, 

6.2, 4.2 Hz, 3H), 1.28 (d, J = 6.3 Hz, 3H). HRMS (ESI) m/z calcd for C24
13C2H30O6 [M+Na]+ 

463.20017, found 463.19963, Δ ppm -1.165. 

 

(2R,3R,5R,6S)-2-(((E)-7-ethoxy-7-oxohept-5-en-2-yl-

1,2-13C2)oxy)-6-methyltetrahydro-2H-pyran-3,5-diyl 

dibenzoate (8) 

Grubbs 2nd catalyst (2.7 mg, 4.3 μmol) was added to 

the mixture of 7 (50mg, 0.11 mmol) and ethyl acrylate (37 μl, 0.35 mmol) in dry DCM (2 mL). 

The reaction was stirred at r.t for 4 h and was concentrated in vacuo. Flash column 

https://en.wikipedia.org/wiki/1,8-Diazabicycloundec-7-ene
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chromatography on silica using a gradient of 0-20 % ethyl acetate in hexanes afforded 9 (49.1 

mg, 84.4%) as a clear oil.  

Mixer of R&S diastereomers: 1H NMR (600 MHz, chloroform-d): δ (ppm) 8.13-8.09 (m, 

2H), 8.07-8.03 (m, 2H), 7.61-7.56 (m, 2H), 7.49-7.44 (m, 4H), 7.03 (R) & 6.98 (S) (dt, J = 15.5, 

6.8 Hz, 1H), 5.92-5.86 (m, 1H), 5.21-5.13 (m, 2H), 4.96 (R, d, J = 3.2 Hz) & 4.91 (S, d, J = 3.9 

Hz, 1H), 4.21-4.05 (m, 3H), 3.89 (R) & 3.82 (S) (m, 1H), 2.45-2.26 (m, 3H), 2.24-2.16 (m, 1H), 

1.84-1.62 (m, 2H), 1.32 (S) & 1.23 (R) (ddd, J = 126.1, 6.1, 4.2 Hz, 3H), 1.30-1.26 (m, 6H). 

HRMS (ESI) m/z calcd for C27
13C2H34O8 [M+Na]+ 535.22130, found 535.22073, Δ ppm -1.063. 

 

(R,E)-6-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)hept-2-

enoic-6,7-13C2 acid (9) and (S,E)-6-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-

pyran-2-yl)oxy)hept-2-enoic-6,7-13C2 acid (10) 

 

 

 

 

 

To a solution of 8 (43.6 mg, 0.085 mmol) in 1,4-dioxane (2 mL), lithium hydroxide monohydrate 

(30 mg, 0.71 mmol) in H2O (0.5 mL) was added and the resulting mixture was stirred at 60 °C 

for 3 hours. Glacial acetic acid (0.5 mL) was added, and the reaction was concentrated in vacuo. 

Flash column chromatography on silica using a gradient of 0-25% methanol in dichloromethane 

afforded 9 and 10 (22.4 mg, 95%) as a clear oil.  
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(9): 1H NMR (600 MHz, methanol-d4): δ (ppm) 6.96 (dt, J = 15.6, 6.9 Hz, 1H), 5.84 (d, J = 

15.6 Hz, 1H), 4.66 (d, J = 3.3 Hz, 1H), 3.82 (m, 1H), 3.74-3.71 (m, 1H), 3.61 (dq, J = 9.4, 6.3 

Hz, 1H), 3.52 (ddd, J = 11.4, 9.4, 4.5 Hz, 1H), 2.43-2.27 (m, 2H), 1.96 (dt, J = 13.2, 4.5 Hz, 

1H), 1.78 (ddd, J = 13.2, 11.4, 3.1 Hz, 1H), 1.73-1.61 (m, 2H), 1.22 (d, J = 6.3 Hz, 3H), 1.16 

(ddd, J = 125.7, 6.0, 4.5 Hz, 3H). 13C NMR (151 MHz, methanol-d4): δ (ppm) 170.6, 150.2, 

123.2, 97.4, 71.6 (d, J = 38.8 Hz), 71.3, 69.9, 68.3, 36.8 (d, J = 39.6 Hz), 36.0, 29.4, 19.1 (d, J = 

39.1 Hz), 18.1.  

(10): 1H NMR (600 MHz, methanol-d4): δ (ppm) 6.92 (dt, J = 15.6, 7.0 Hz, 1H), 5.84 (d, J = 

15.6 Hz, 1H), 4.59 (d, J = 4.0 Hz, 1H), 3.79-3.76 (m, 1H), 3.76 (m, 1H), 3.66 (dq, J = 9.5, 6.4 

Hz, 1H), 3.51 (ddd, J = 11.4, 9.5, 4.6 Hz, 1H), 2.33-2.23 (m, 2H), 1.94 (dt, J = 13.1, 3.8 Hz, 

1H), 1.77 (ddd, J = 13.1, 11.4, 3.1 Hz, 1H), 1.71-1.56 (m, 2H), 1.25 (ddd, J = 125.9, 6.3, 4.6 Hz, 

3H), 1.21 (d, J = 6.4 Hz, 3H). 13C NMR (151 MHz, methanol-d4): δ (ppm) 171.0, 149.9, 123.5, 

100.6, 75.4 (d, J = 39.6 Hz), 71.1, 69.6, 68.4, 36.1 (d, J = 39.2 Hz), 35.9, 29.1, 21.7 (d, J = 39.6 

Hz), 18.0. HRMS (ESI) m/z calcd for C11
13C2H22O6 [M-H]- 275.14107, found 275.14090, Δ 

ppm -0.622.  

 

1.3 Syntheses of 13C2-ascr#10, ascr#16, ascr#18 and ascr#20 

(2R,3R,5R,6S)-2-((n-ethoxy-n-oxononan-2-yl-1,2-13C2)oxy)-6-methyltetrahydro-2H-pyran-

3,5-diyl dibenzoate (11&12:n=9; 13&14: n=10; 

15&16: n=11; 17&18: n= 12) 

Grubbs 2nd catalyst (2.1 mg, 3.4 μmol) was added 

to the mixture of 7 (50mg, 0.11 mmol) and ethyl 

6-heptenoate (60 μl, 0.34 mmol) in dry DCM (1 
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mL). The reaction was stirred at r.t for 24 h and was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-20 % ethyl acetate in hexanes afforded a mixer of 

SI-1 – SI-8 (41.2 mg) as a clear oil.  

To a suspension of palladium on activated carbon (10 

wt%, 15 mg, 14 μmol) in ethyl acetate (1 mL), mixer 

of SI-1 – SI-8 (41.2 mg) in methanol (1 mL) was 

added under argon. After 5 min, argon was purged by 

flushing hydrogen through the reaction flask. The 

resulting mixture was stirred for 60 min at room temperature, and hydrogen was purged by 

flushing argon. After removing the catalyst particles from the solution by filtration, the reaction 

was concentrated in vacuo and the crude was used for later without further purification (40.5 

mg). 

 

n-(((2R,3R,5R,6S)-3,5-dihydroxy-6-methyltetrahydro-2H-pyran-2-yl)oxy)nonanoic-n,n+1-

13C2 acid (19&20: n=8; 21&22: n=9; 23&24: n=10; 25&26: n=12) 

 To a solution of 11-18 (40.5 mg) in 1,4-dioxane (2 mL), lithium hydroxide monohydrate (23.5 

mg, 0.56 mmol) in H2O (0.5 mL) was added and the resulting mixture was stirred at 60 °C for 12 

hours. Glacial acetic acid (0.5 mL) was added, and the reaction was concentrated in vacuo. Flash 
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column chromatography on silica using a gradient of 0-25% methanol in dichloromethane 

afforded a mixer of 19-26 (22.1 mg) as a clear oil. Further separation with HPLC afforded 19 

(1.2 mg, 3.9 μmol), 20 (0.7 mg, 2.3 μmol), 21 (3.7 mg, 11.5 μmol), 22 (2.3 mg, 7.2 μmol), 23 

(4.2 mg, 12.6 μmol), 24 (3.2 mg, 9.6 μmol), 25 (1.0 mg, 2.9 μmol) and 26 (0.6 mg, 1.7 μmol), in 

total 47.3% over 3 steps. 

 

 (19): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.64 (d, J = 3.5 Hz, 1H), 3.77 (m, 1H), 3.73-

3.70 (m, 1H), 3.63 (dq, J = 9.6 Hz, 6.3 Hz, 1H), 3.51 (ddd, J = 11.4, 9.6, 4.6 Hz, 1H), 2.25 (t, J = 

7.5 Hz, 2H), 1.94 (dt, J = 13.2, 4.6 Hz, 1H), 1.77 (ddd, J = 13.2, 11.4, 3.0 Hz, 1H), 1.65-1.28 (m, 

10H), 1.21 (d, J = 6.3 Hz, 3H), 1.12 (ddd, J = 125.8, 5.9, 4.2 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 180.0, 97.5, 72.5 (d, J = 39.6 Hz), 71.2, 70.0, 68.4, 38.4 (d, J = 39.6 

Hz), 36.8, 36.0, 30.52, 30.49, 30.46, 26.8, 19.3 (d, J = 39.2 Hz), 18.1. 

(20): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.60 (d, J = 3.8 Hz, 1H), 3.72 (m, 1H), 3.76-

3.73 (m, 1H), 3.65 (dq, J = 9.4 Hz, 6.3 Hz, 1H), 3.51 (ddd, J = 11.5, 9.7, 4.7 Hz, 1H), 2.23 (t, J = 

7.5 Hz, 2H), 1.94 (dt, J = 13.2, 4.7 Hz, 1H), 1.77 (ddd, J = 13.2, 11.5, 3.1 Hz, 1H), 1.64-1.30 (m, 

10H), 1.210 (d, J = 6.3 Hz, 3H), 1.205 (ddd, J = 125.8, 6.1, 4.4 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 180.0, 100.3, 75.7 (d, J = 39.6 Hz), 71.0, 69.7, 68.4, 37.5 (d, J = 38.7 

Hz), 35.9, 30.59, 30.56, 30.5, 26.9, 26.3, 21.7 (d, J = 39.6 Hz), 18.0. 

HRMS (ESI) m/z calcd for C13
13C2H28O6 [M-H]- 305.18802, found 305.18795, Δ ppm -0.234. 

 

(21): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.64 (d, J = 3.6 Hz, 1H), 3.77 (m, 1H), 3.72-

3.70 (m, 1H), 3.63 (dq, J = 9.5 Hz, 6.3 Hz, 1H), 3.52 (ddd, J = 11.4, 9.5, 4.7 Hz, 1H), 2.27 (t, J = 

7.5 Hz, 2H), 1.95 (dt, J = 13.2, 4.7 Hz, 1H), 1.77 (ddd, J = 13.2, 11.4, 3.1 Hz, 1H), 1.67-1.27 (m, 
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12H), 1.21 (d, J = 6.3 Hz, 3H), 1.12 (ddd, J = 125.8, 6.2, 4.2 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 179.0, 97.6, 72.5 (d, J = 38.9 Hz), 71.2, 70.0, 68.4, 38.4 (d, J = 39.7 

Hz), 36.0, 35.7, 30.6 (d, J = 3.9 Hz), 30.4, 30.3, 26.8, 26.4, 19.3 (d, J = 39.2 Hz), 18.1. 

 (22): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.60 (d, J = 3.8 Hz, 1H), 3.72 (m, 1H), 3.76-

3.73 (m, 1H), 3.65 (dq, J = 9.4 Hz, 6.3 Hz, 1H), 3.51 (ddd, J = 11.5, 9.7, 4.7 Hz, 1H), 2.25 (t, J = 

7.5 Hz, 2H), 1.94 (dt, J = 13.2, 4.7 Hz, 1H), 1.77 (ddd, J = 13.2, 11.5, 3.1 Hz, 1H), 1.64-1.27 (m, 

12H), 1.210 (d, J = 6.3 Hz, 3H), 1.205 (ddd, J = 125.8, 6.1, 4.4 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 179.3, 100.2, 75.6 (d, J = 39.6 Hz), 71.0, 69.7, 68.4, 37.5 (d, J = 38.5 

Hz), 36.2, 35.9, 30.7 (d, J = 3.9 Hz), 30.4, 30.3, 26.6, 26.4, 21.7 (d, J = 39.7 Hz), 18.0. 

HRMS (ESI) m/z calcd for C14
13C2H30O6 [M-H]- 319.20367, found 319.20352, Δ ppm -0.475. 

 

(23): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.64 (d, J = 3.8 Hz, 1H), 3.77 (m, 1H), 3.72-

3.70 (m, 1H), 3.63 (dq, J = 9.5 Hz, 6.3 Hz, 1H), 3.52 (ddd, J = 11.4, 9.5, 4.7 Hz, 1H), 2.27 (t, J = 

7.5 Hz, 2H), 1.95 (dt, J = 13.2, 4.7 Hz, 1H), 1.77 (ddd, J = 13.2, 11.4, 3.1 Hz, 1H), 1.64-1.27 (m, 

14H), 1.21 (d, J = 6.3 Hz, 3H), 1.12 (ddd, J = 125.8, 6.2, 4.2 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 178.5, 97.6, 72.5 (d, J = 39.1 Hz), 71.2, 70.0, 68.3, 38.4 (d, J = 39.8 

Hz), 36.0, 35.6, 30.7 (d, J = 3.9 Hz), 30.6, 30.5, 30.3, 26.9, 26.4, 19.4 (d, J = 39.1 Hz), 18.1. 

 

(24): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.60 (d, J = 4.1 Hz, 1H), 3.72 (m, 1H), 3.76-

3.73 (m, 1H), 3.65 (dq, J = 9.4 Hz, 6.3 Hz, 1H), 3.51 (ddd, J = 11.5, 9.7, 4.7 Hz, 1H), 2.26 (t, J = 

7.5 Hz, 2H), 1.94 (dt, J = 13.2, 4.7 Hz, 1H), 1.77 (ddd, J = 13.2, 11.5, 3.1 Hz, 1H), 1.64-1.27 (m, 

14H), 1.210 (d, J = 6.3 Hz, 3H), 1.205 (ddd, J = 125.8, 6.1, 4.4 Hz, 3H). 13C NMR (151 MHz, 

methanol-d4): δ (ppm) 179.0, 100.2, 75.6 (d, J = 39.8 Hz), 71.0, 69.7 (d, J = 3.5 Hz), 68.4, 37.5 
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(d, J = 38.7 Hz), 35.9, 30.8 (d, J = 4.0 Hz), 30.6, 30.41, 30.35, 26.5, 26.4, 21.7 (d, J = 39.7 Hz), 

18.0. 

HRMS (ESI) m/z calcd for C15
13C2H32O6 [M-H]- 333.21932, found 333.21930, Δ ppm -0.065. 

 (25): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.64 (d, J = 3.8 Hz, 1H), 3.77 (m, 1H), 3.72-

3.70 (m, 1H), 3.63 (dq, J = 9.5 Hz, 6.3 Hz, 1H), 3.52 (ddd, J = 11.4, 9.5, 4.7 Hz, 1H), 2.25 (t, J = 

7.5 Hz, 2H), 1.95 (dt, J = 13.2, 4.7 Hz, 1H), 1.77 (ddd, J = 13.2, 11.4, 3.1 Hz, 1H), 1.63-1.26 (m, 

16H), 1.21 (d, J = 6.3 Hz, 3H), 1.12 (ddd, J = 125.8, 6.2, 4.2 Hz, 3H).  

(26): 1H NMR (600 MHz, methanol-d4): δ (ppm) 4.60 (d, J = 4.1 Hz, 1H), 3.72 (m, 1H), 3.76-

3.73 (m, 1H), 3.65 (dq, J = 9.4 Hz, 6.3 Hz, 1H), 3.51 (ddd, J = 11.5, 9.7, 4.7 Hz, 1H), 2.23 (t, J = 

7.5 Hz, 2H), 1.94 (dt, J = 13.2, 4.7 Hz, 1H), 1.77 (ddd, J = 13.2, 11.5, 3.1 Hz, 1H), 1.64-1.27 (m, 

16H), 1.210 (d, J = 6.3 Hz, 3H), 1.205 (ddd, J = 125.8, 6.1, 4.4 Hz, 3H). 

HRMS (ESI) m/z calcd for C16
13C2H34O6 [M-H]- 347.23497, found 347.23476, Δ ppm -0.609. 
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2. NMR Spectra 
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CHAPTER 5 

SYNTHESIS OF NOVEL ASCAROSIDE DERIVATIVES FROM FATTY ACID 

METABOLISM 

 

 

Abstract 

In this chapter, applications of the synthetic strategies developed in chapter 1 and 2 to the 

syntheses of several ascaroside derivatives and related metabolites are described. Specifically, 

this chapter reports the syntheses of the β-oxidation-dependent ascarosides ascr#81, nuclas#31, 

nuclas#32, iglas#1 and osas#91. The synthesis of these ascarosides confirmed structures 

originally proposed on the basis of mass spectrometry.  
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5.1 Peroxisomal β-oxidation and ascarosides 

Peroxisomal β-oxidation (pβo) is one of the major fatty acid degradation pathways in eukaryotes, 

generating heat, NADH, and acetyl- or propionyl CoA. However, it has become apparent that 

lipid metabolism in the peroxisomes plays a central role in diverse signaling processes in 

animals1,2 and plants.3,4 In nematodes, pβo is involved in the biosynthesis of the ascarosides, a 

nematode-specific family of small molecule signals that are involved in almost every aspect of 

worm behavior and development5 as well as in interactions of worms with other organisms 

(Figure 1).6–8 Simple ascarosides consist of the dideoxysugar ascarylose and a fatty acid-like 

side chain of varying length. Additional moieties derived from other conserved primary 

metabolic pathways, e.g. amino acid, neurotransmitter, or nucleoside metabolism, may be 

attached to positions 2 and 4 of ascarylose and carboxy terminus of the fatty acid (Figure 1). 

This strategy of modular assembly creates a combinatorial library of chemical messages, not 

unlike human language, where words are constructed from different combinations of letters or 

phonemes. To date, more than 30 different ascarosides have been identified in wildtype C. 

elegans.5 In addition, structurally and functionally diverse ascarosides have been identified from 

the satellite model organism Pristionchus pacificus 9,10 and other nematode species.11,12 

      In ascaroside biosynthesis, iterative shortening of the fatty acid side chain via pβo generates 

ascarosides with short 3–11 carbon side chains from long-chain (side chains of up to ~30 

carbons13) lipid-like precursors (Figure 1).14–16 The thiolase DAF-22 catalyzes the final step in 

the four-step β-oxidation cycle and is thus required for the biosynthesis of all shortchain 

ascarosides.15,17 Therefore, daf-22 worms or metabolite extracts are often used as negative 

controls in assays that investigate the biological functions of ascarosides.18–20 As a consequence 

of impaired pβo, long-chain ascarosides and their ethanolamide derivatives accumulate in daf-22 
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mutant worms as shunt metabolites.13,15,21 Prior work further reported downregulation of 

endocannabinoid-like N-acylethanolamines in pβo–defective mutants.21 

 

Figure 1. Characterization of the daf-22-dependent portion of the C. elegans and P. pacificus 

metabolomes. a) Model for the biosynthesis of ascarosides. Iterative 4-step β-oxidation of long-

chain ascarosides produces short-chain precursors of modular ascarosides that further 

functionalized at the carboxy terminus or at positions 2′ and/or 4′. daf-22 loss-of-function results 

in build-up of shunt metabolites, including long chain ascarosides and their ethanolamide 

derivatives. 

 

      Via comparative mass spectrometric analysis of pβo mutant daf-22 and wildtype, we showed 

that pβo in C. elegans and the satellite model P. pacificus contributes to life stage-specific 

biosynthesis of several hundred previously unknown metabolites. Specifically, we detected 245 

new unique molecules that were absent or downregulated in Cel-daf-22 mutants, among which 

over 80 new ascarosides were detected, ranging from small modifications of known structures 

(Figure 2a) to compound families with new or unexpected structural features. It is important to 
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note that most structural assignments were based on molecular formulae and mass spectrometric 

fragmentation patterns inferred from high-resolution MS/MS data. Because of the very large 

number of new compounds, full NMR spectroscopic characterization or total synthesis of all 

compounds was not feasible. Among the newly detected ascarosides, we selected several 

compounds representing new structural types that could be accessed in a straight forward manner 

via total synthesis, including ascr#81, nuclas#31, nuclas#32, iglas#1 and osas#91 (Figure 2a). 

Their syntheses are described in the following sections.  

 

Figure 2. a) Examples of new ascaroside derivatives closely related to previously described 

compounds from C. elegans (ascr#9, ascr#8, ascr#1) and P. pacificus (npar#1, pasa#9). Known 

structures are in black, predicted new modifications are shown in red. The structure of ascr#81 

was confirmed by total synthesis. b) Structures of ascarosylated ribonucleosides. Nuclas#31–36 
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occur as interconverting mixtures of the 2-O- and 3-O-ascarosylated isomers. c) Ascarosylated 

gluconucleosides uglas#1 and puglas#1, the highly abundant pugl#1, and the plant cytokinin 

zeatin. c) Anthranilic acid and indole derivative anglas#1 and iglas#1. Also shown are the 

previously described angl#1 and iglu#1,22 which are not daf-22- dependent. 

 

 

5.2 Synthesis of ascr#81 

Structurally, ascr#81 consists of three building blocks, ascr#7, p-aminobenzoic acid (PABA), 

and glutamate. Correspondingly, there are at least two different synthetic approaches to ascr#81. 

For the first approach, the entire side chain (PABA-glutamate) was prepared before attachment 

to ascarylose (Scheme 1a). However, during the second acyl chloride reaction to attach PABA-

glutamate, the TBDMS group was lost  and as a result, the exposed hydroxyl group was oxidized 

(Scheme 1b). This problem could be avoided by using a more stable protection group than 

TBDMS, such as TBDPS. However, we did not choose to proceed with this approach because it 

turned out to be too step-intensive. The side chain alone would require 7 steps and thus we 

pursued an alternative strategy.  

Scheme 1. a) Retrosynthetic analysis of ascr#81 following approach 1. b) Detailed synthetic 

approach of ascr#81. 

 

      For the second approach, the PABA-glutamate side chain (SI-4) was prepared in four steps 

from ethyl 4-(dibenzylamino)benzoate (Scheme 2a, b)and then connected to the C-terminus of 
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protected ascr#7, which was prepared as previously published23. Two deprotection steps 

completed the synthesis of ascr#81 (Scheme 2c). As mentioned in Chapter 3, ascr#81 exhibited 

the same level of activity as ascr#8, indicating the modification at the side chain terminus likely 

may not strongly perturb its binding to the receptor.  

 

Scheme 2. a) Retrosynthetic analysis of ascr#81 following approach 2. b) Synthesis of “PABA 

glutamate” (SI-4). c) Final synthetic approach of ascr#81. 

 

 

5.3 Synthesis of nuclas#31 and nuclas#32 

Among daf-22 dependent metabolites in C. elegans growth medium, we detected several families 

of ascarosylated nucleoside derivatives, including O-ascarosyl derivatives of N6,N6-

dimethyladenosine (nuclas#31, Figure 2b). To confirm to which hydroxyl group the ascr#3 C-

terminus is connected, ascr#3 was reacted with 6-dimethylaminopurine-9-riboside in the 

presence of 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC·HCl) and N,N-
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diisopropylethylamine (DIEA) in DCM. HPLC fractionation provided pure samples of nuclas#31 

and nuclas#32. With identical retention times and MS/MS fragmentation patterns to those of the 

corresponding natural products, the structures of nuclas#31 and nuclas#32 were confirmed. 

Interestingly, during the overnight acquisition of 2D NMR spectra for nuclas#32, ~70% of 

nuclas#32 converted to nuclas#31 (corresponding to a 2’ to 3’ migration of the acyl substituent) 

in MeOH-d4 at room temperature. This isomerization stopped when the ratio of nuclas#31 and 

nuclas#32 (~1: 2.5) approached the relative abundances observed for these two compounds in 

nature. Analogous intramolecular transesterification had been  previously described for similar 

acylated ribose derivatives.24 

 

5.4 Synthesis of iglas#1 

In total, we detected about 30 novel ascarosylated glucoside derivatives with one or two 

additional substituents attached to the glucose (Figure 2b–e). This includes ascarosides 

containing indole- and anthranilic acid glucosides as well as corresponding phosphoglucosides 

(Figure 2d). To confirm these structural assignments, we synthesized the indolyl derivative 

iglas#1 as a representative member of this compound family (Scheme 3). 

Scheme 3. Synthesis of iglas#1 

 

      To figure out to which hydroxyl group the ascr#1 C-terminus is connected, unprotected 

ascr#1 was treated with Glycoside 1 to generated a mixture of regioisomers. Among the four 

hydroxyl groups, the primary alcohol reacted preferentially, as expected. Fortuitously, 
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comparison of retention times and MS/MS spectra data revealed that natural iglas#1 corresponds 

to the synthetically prepared 6-Oderivative.  

 

5.5 Synthesis of osas#91 

      Among 74 metabolites that are downregulated or absent in L1 larvae of the C. elegans 

mutantdaf-22, MS/MS analyses indicate that at least 20 represent ascaroside derivatives, of 

which 10 appear to incorporate an octopamine succinate moiety, as in the known osas#9, a 

dispersal signal that is specifically produced by starved L1 larvae.25 In addition to simple 

homologs of the known “osas” ascarosides, differing only in the length of the fatty acid 

sidechain, we detected ethanolamide, glycerophosphoethanolamide (GPE), and glucoside 

derivatives (Figure 3a, b). As a representative member of this compound family, we synthesized 

osas#91 (Scheme 4). 

 

Figure 3. a) Structures of osas#9 and examples of newly identified derivatives. b) Structures of 

two series of osas glucoside isomers with selected MS/MS fragmentations in ES− (blue) and ES 

+ (red) that distinguish isomers. 
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Scheme 4. Synthesis of osas#91. 

 

 

      Synthetically it was very straightforward. Previously prepared osas#925 was mixed with 

excess ethanolamine in the presence of EDC·HCl and DMAP in dry DCM. Although both 

osas#9 and ethanolamine were not protected, since the primary amine was a much better 

nucleophile, we obtained, osas#91 as the dominant product. HPLC-MS analysis of the synthetic 

and natural samples confirmed identical retention times and MS/MS spectra. 

 

 

Contribution Statement 
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1.1 Synthesis of ascr#81 

Ethyl 4-(dibenzylamino)benzoate (SI-1) 

To a solution of benzocaine (500 mg, 3.03 mmol) in dry N,N-

dimethylformamide (10 mL), N,N-Diisopropylethylamine (DIEA) (1.6 

mL, 9.08 mol) and benzyl bromide (1.08 ml, 9.08 mmol) were added, 

and the mixture was allowed to stir at room temperature. After 3 hours, the reaction was 

concentrated in vacuo.  Flash column chromatography on silica using a gradient of 0-40% ethyl 

acetate in hexanes afforded SI-1 (451.5 mg, 43%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.88-7.85 (m, 2H), 7.36-7.32 (m, 4H), 7.29-7.26 

(m, 2H), 7.24-7.20 (m, 4H), 6.74-6.70 (m, 2H), 4.71(s, 4H),  4.30 (q, J = 7.1 Hz, 2H), 1.34 (t, J 

= 7.1 Hz, 3H). 13C NMR (151 MHz, chloroform-d): δ (ppm) 166.9, 152.6, 137.6, 131.6, 129.0, 

127.4, 126.6, 118.5, 111.4, 60.3, 54.2, 21.2, 14.6. 

 

4-(dibenzylamino)benzoic acid (SI-2) 

To a solution of SI-1 (440 mg, 1.27 mmol) in 1,4-dioxane (10 mL), 

lithium hydroxide monohydrate (160 mg, 3.82 mmol) in H2O (3 mL) was 

added and the resulting mixture was stirred at 60 °C for 12 hours. Glacial acetic acid (1 mL) was 

added, and the reaction was concentrated in vacuo. Flash column chromatography on silica using 

a gradient of 0-40% ethyl acetate in hexanes afforded SI-2 (300 mg, 74%) as a clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.93-7.90 (m, 2H), 7.37-7.33 (m, 4H), 7.30-7.27 

(m, 2H), 7.24-7.21 (m, 4H), 6.76-6.72 (m, 2H), 4.73(s, 4H). 
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Diethyl (4-(dibenzylamino)benzoyl)glutamate (SI-3) 

To a stirred solution of SI-2 (295 mg, 0.93 mmol) in dry 

dichloromethane (10 mL), 1-(3-dimethylaminopropyl)-3-

ethylcarbodiimide hydrochloride (EDC·HCl) (534 mg, 2.79 mmol) and N,N-

Diisopropylethylamine (DIEA)  (0.5 ml, 2.79 mmol) were added at room temperature. The 

resulting mixture was stirred for 30 min, and L-Glutamic acid diethyl ester hydrochloride (668 

mg, 2.79 mmol) was added. After 2 hours, the reaction was washed with sat. NaHCO3, extracted 

with ethyl acetate, dried over Na2SO4, and concentrated in vacuo. Flash column chromatography 

on silica using a gradient of 0-40% ethyl acetate in hexanes afforded SI-3 (317 mg, 70%) as a 

clear oil.  

1H NMR (600 MHz, chloroform-d): δ (ppm) 7.67-7.63 (m, 2H), 7.34-7.30 (m, 4H), 7.28-7.24 

(m, 2H), 7.22-7.19 (m, 4H), 6.73-6.70 (m, 2H), 4.76 (m, 1H), 4.69 (s, 4H), 4.20-4.10 (m, 4H), 

2.45 (t, J = 7.5 Hz, 2H), 2.30-2.23 (m, 1H), 2.11-2.04 (m, 1H), 1.27 (t, J = 7.1 Hz, 3H), 1.20 (t, J 

= 7.1 Hz, 3H). 

 

Diethyl (4-aminobenzoyl)glutamate (SI-4) 

To a suspension of palladium on activated carbon (10 wt%, 

300 mg) in ethyl acetate (5 mL), SI-3 (317mg, 0.65 mmol) in 

ethyl acetate (5 mL) was added under argon. After 5 min, argon was purged by flushing 

hydrogen through the reaction flask. The resulting mixture was stirred for 2 hours at room 

temperature. Subsequently, hydrogen was purged by flushing argon. After removing the catalyst 

particles from the solution by filtration, the filtrate was concentrated in vacuo. Flash column 
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chromatography on silica using a gradient of 0-10% methanol in dichloromethane afforded SI-4 

(148 mg, 74%) as a clear oil.  

1H NMR (600 MHz, methanol-d4): δ (ppm) 7.64-7.61 (m, 2H), 6.68-6.66 (m, 2H), 4.58 (m, 

1H), 4.20 (q, J = 7.1 Hz, 2H), 4.11 (q, J = 7.2 Hz, 2H), 2.47 (t, J = 7.5 Hz, 2H), 2.26 (m, 1H), 

2.08 (m, 1H), 1.27 (t, J = 7.2 Hz, 3H), 1.22 (t, J = 7.1 Hz, 3H). 

 

 

1 was prepared following a previously published procedure23. To a stirred solution of 1 (32 mg, 

0.062 mmol) in dry dichloromethane (1 mL), N-(4-aminobenzoyl)-L-glutamic acid diethyl ester 

(72 mg, 0.223 mmol) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride 

(EDC·HCl) (46 mg, 0.240 mmol) were added at room temperature. The resulting mixture was 

stirred for 30 min, and N,N-diisopropylethylamine (DIEA) (42 μL, 0.241 mmol) was added. 

After 20 hours, the reaction was concentrated in vacuo. Flash column chromatography on silica 

using a gradient of 50-100% ethyl acetate in hexanes afforded 2 and some N-(4-aminobenzoyl)-

L-glutamic acid diethyl ester (67.9 mg) as an off-white powder. The obtained mixture (10 mg) 

was dissolved in tetrahydrofuran (2 mL), and tetrabutylammonium fluoride solution (1 M in THF, 

50 μL, 50 μmol) was added. After stirring overnight, the reaction was concentrated in vacuo. 

Flash column chromatography on silica using a gradient of 60-100% ethyl acetate in hexanes 

afforded 3 (3.1 mg, 5.3 μmol).  
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To a solution of 3 (3.1 mg, 5.3 μmol) in 1,4-dioxane (0.5 mL), lithium hydroxide monohydrate 

(1.4 mg, 0.032 mmol) in H2O (0.2 mL) was added, and the resulting mixture was stirred at 60 °C 

for 12 hours. Glacial acetic acid (0.5 mL) was added, and the reaction was concentrated in vacuo. 

HPLC provided a pure sample of ascr#81 (4) (1.4 mg, 2.7 μmol 54%).  

 

 
 

Table S1. NMR Spectroscopic Data of ascr#81. 

Position δ 13C 

[ppm] 

δ 1H 

[ppm] 

1H-1H-coupling constants [Hz] Relevant HMBC 

correlations 
1 97.1 4.68  C-2, C-3, C-5 

2 69.7 3.74  C-1, C-3. C-4 

3 35.8 1.79 (ax) J2,3ax = 3.1, J3ax,4 =11.6, J3ax,3eq 

=13.3 

C-1, C-2. C-4, C-5 

  1.97 (eq) J2,3eq = 1.6, J3eq,4 =4.6 C-1, C-2, C-4, C-5, C-

6 4 68.1 3.53 J4,5 = 9.3 C-2, C-3, C-5, C-6 

5 71.1 3.63 J5,6 = 6.1 C-1, C-3, C-4. C-6 

6 17.9 1.22  C-1, C-4, C-5 

1′ 166.6    

2′ 125.0 6.16 J2′,3′ = 15.3 C-1′, C-3′, C-4′, C-5′ 

3′ 147.3 6.99 J3′,4′ = 6.9 C-1′, C-2′, C-4′, C-5′ 

4′ 29.2 2.39, 2.44  C-2′, C-3′, C-5′, C-6′ 

5′ 36.7 1.72  C-3′, C-4′, C-6′, C-7′ 

6′ 71.4 3.86  C-1, C-4′, C-5′ 

7′ 18.9 1.18 J6′,7′ = 6.1 C-5′, C-6′ 

1″ 168.7    

2″ 143.0    

3″ 129.1 7.85 J3′′,4′′ = 8.6 C-1′′, C-2′′, C-4′′ 

4″ 120.2 7.73  C-1′′, C-2′′, C-3′′, C-

5′′ 
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5″ 130.6    

1‴ 177.5    

2‴ 54.9 4.50  C-1′′, C-1′′′, C-3′′′, C-

4′′′ 3‴ 28.4 2.11, 2.28  C-1′′′, C-2′′′, C-4′′′ 

4‴ 31.8 2.44  C-2′′′, C-3′′′, C-5′′′ 

5‴ 178.0    

 

 

1.2 Synthesis of nuclas#31 and nuclas#32 

 

To a stirred solution of ascr#3 (42 mg, 0.139 mmol) in dry dichloromethane (1 mL), 1-(3-

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) (80 mg, 0.417 mmol) and 

6-dimethylaminopurine-9-riboside (205 mg, 0.695 mmol) were added at room temperature. The 

resulting mixture was stirred for 30 min, and N,N-diisopropylethylamine (72.6 μL, 0.417 mmol) 

was added. After 20 hours, the reaction was concentrated in vacuo. Flash column 

chromatography on silica using a gradient of 0-20% methanol in dichloromethane afforded a 

crude mixture of products and byproducts (214 mg) as a clear oil. HPLC fractionation of a 

portion of this material provided a pure sample of nuclas#32 (1.4 mg, 2.4μmol, 1.7%) and 

nuclas#31 (3.1 mg, 5.3 μmol, 3.8%), whose HPLC retention times and MS/MS fragmentation 

patterns were identical to those of the natural products. 
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Table S2. NMR Spectroscopic Data of nuclas#32 

Position δ 13C [ppm] δ 1H [ppm] 1H-1H-coupling constants 

[Hz] 

Relevant HMBC 

correlations 
1     

2 152.7    

3     

4 150.1    

5 121.4    

6 155.7    

7     

8 139.7    

9     

1′ 88.3 6.22 J1′,2′ = 6.4 C-2′, C-4, C-8 

2′ 76.5 5.73 J2′,3′ = 5.3 C-1′′ 

3′ 71.1 4.63 J3′,4′ = 2.9 C-2′, 

4′ 88.3 4.20 J4′,5′ = 2.9,   

5′ 63.2 3.91, 3.77 J4′,5′ = 2.3, J5′,5′ = 12.4  

1″ 166.3    

2″ 120.7 5.90 J2′′,3′′ = 15.8 C-1′′ 

3″ 152.2 7.03 J3′′,4′′ = 7.1 C-1′′ 

4″ 33.1 2.24  C-2′′, C-5′′ 

5″, 6″ 28.6, 26.3 1.37-1.58   

7″ 37.9 1.59, 1.53   

8″ 72.3 3.77   

9″ 19.2 1.11 J8′′,9′′ = 6.2  C-7′′, C-8′′ 

1‴ 97.4 4.63  C-2′′′, C-3′′′, C-5′′′ 

2‴ 69.8 3.70   
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3‴ 35.8 1.74 (ax) J3′′′ax,2′′′ = 3.0, J3′′′ax,4′′′ = 11.3, 

J3′′′ax,3′′′eq = 13.5 

 

  1.93 (eq) J3′′′eq,2′′′ = 3.7, J3′′′eq,4′′′ = 4.6  

4‴ 68.1 3.51 J4′′′,5′′′ = 9.5 C-5′′′ 

5‴ 71.1 3.60 J5′′′,6′′′ = 6.3  

6‴ 17.9 1.19  C-4′′′, C-5′′′ 

 

 

 

Table S3. NMR Spectroscopic Data of nuclas#31.  

Position δ 13C [ppm] δ 1H [ppm] 1H-1H-coupling constants 

[Hz] 

Relevant HMBC 

correlations 
1     

2 152.7    

3     

4 150.1    

5 121.4    

6 155.7    

7     

8 140.1    

9     

1′ 90.6 5.99 J1′,2′ = 7.4 C-2′, C-4, C-8 

2′ 73.6 5.01 J2′,3′ = 5.4 C-3′ 

3′ 74.9 5.44 J3′,4′ = 1.7 C-1′, C-4′, C-5′, C-1′′ 

4′ 85.9 4.28   

5′ 63.2 3.88, 3.80 J4′,5′ = 2.3, J4′,5′ = 2.0, J5′,5′ = 

12.5 

 

1″ 166.8    
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2″ 121.7 6.00 J2′′,3′′ = 15.5 C-1′′, C-4′′ 

3″ 150.0 7.13 J3′′,4′′ = 6.9 C-1′′, C-4′′, C-5′′ 

4″ 33.1 2.31  C-5′′, C-6′′ 

5″, 6″ 28.8, 26.5 1.41-1.62   

7″ 37.9 1.58, 1.52   

8″ 72.3 3.80   

9″ 19.2 1.13 J8′′,9′′ = 6.1  C-7′′, C-8′′ 

1‴ 97.4 4.65  C-2′′′, C-3′′′, C-5′′′, C-

8′′ 2‴ 69.8 3.72  C-4′′′ 

3‴ 35.8 1.77 (ax) J3′′′ax,2′′′ = 3.0, J3′′′ax,4′′′ = 11.6, 

J3′′′ax,3′′′eq = 13.4 

 

  1.95 (eq) J3′′′eq,2′′′ = 3.8  

4‴ 68.1 3.52 J3′′′eq,4′′′ = 4.5, J4′′′,5′′′ = 9.5 C-5′′′ 

5‴ 71.1 3.63 J5′′′,6′′′ = 6.2  

6‴ 18.0 1.22  C-4′′′, C-5′′′ 

 

 

1.3 Synthesis of osas#91 

 

 

      To a stirred solution of osas#9 (2.6 mg, 5.4 μmol) in dry dichloromethane (0.4 mL), 1-(3- 

dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) (3.1 mg, 16 μmol) and 

ethanolamine (3.3 μL, 54 μmol) were added at room temperature. The resulting mixture was 

stirred for 30 min, and 4-dimethylaminopyridine (2.0 mg, 16 μmol) was added. After 20 hours, 

the reaction was concentrated in vacuo. Flash column chromatography on silica using a gradient 

of 0-20% methanol in dichloromethane afforded a mixture of osas#91 together with reagent not 

separated from product (4 mg) as a clear oil. HPLC provided a pure sample of osas#91 (0.1 mg, 

0.19 μmol, 3.5%) identical to the natural product. 
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Table S4. NMR Spectroscopic Data of osas#91.  

Position δ 13C [ppm] δ 1H [ppm] 1H-1H-coupling constants [Hz] HMBC correlations 

1′′ 61.3 3.59 J1′′,2′′ = 6.0 C-2′′ 

2′′ 42.7 3.29  C-1′′ 

1 175.9    

2 33.0 2.30, 2.38  C-1 

3 33.8 1.82   

4 71.6 3.82   

5 18.7 1.16  C-3, C-4 

1′′′ 174.2    

2′′′ 31.0 2.48 J2′′′,3′′′ = 6.6 C-1′′′, C-3′′′, C-4′′′ 

3′′′ 30.3 2.58  C-1′′′, C-2′′′, C-4′′′ 

4′′′ 173.1    

5′′′ 47.8 3.32 (5′′′a), 

3.39 (5′′′b) 

J5′′′a,5′′′b = 13.8, J5′′′, 6′′′ = 8.2, 

J5′′′b,6′′′ = 4.9 

C-4′′′, C-6′′′ 

6′′′ 73.0 4.64  C-2′′′ 

1′ 97.0 4.69 J1′,2′ ~ 1.5 C-4 

2′ 69.1 3.72 J2′,3′ax = 3.0, J2′,3′eq = 3.7  

3′ 32.6 1.87 (ax), 

2.04 (eq) 

J3′ax, 3′eq = 12.9, J3′ax, 4′ = 11.3, 

J3′eq, 4’ = 5.3 

 

4′ 71.3 4.87 J4’,5’ = 9.5  

5′ 68.2 3.83 J5’,6’ = 6.2  

6′ 17.8 1.15  C-4′, C-5′ 

1‴′ 134.4    

2‴′ 128.2 7.21 J2′′′,3′′′ = 8.3 C-4′′′ 

3‴′ 115.8 6.76  C-1′′′ 

4‴′ 157.9    
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1.4 Synthesis of iglas#1 

 

      To a stirred solution of ascr#1 (17 mg, 0.062 mmol) in dry dimethylformamide (0.5 mL), 1-

(3- dimethylaminopropyl)-3-ethylcarbodiimide hydrochloride (EDC·HCl) (39 mg, 0.203 mmol) 

and (3S,4S,5S,6R)-2-(Hydroxymethyl)-6-(1H-indol-1-yl)-tetrahydro-2H-pyran-3,4,5-triol (86 

mg, 0.31 mmol) were added at room temperature. The resulting mixture was stirred for 30 min, 

and N,N-diisopropylethylamine (33 μL, 0.19 mmol) was added. After 20 hours, the reaction was 

concentrated in vacuo. Flash column chromatography on silica using a gradient of 0-20% 

methanol in dichloromethane afforded a crude mixture of iglas#1 and byproducts as a clear oil. 

HPLC fractionation of a portion of this material provided a pure sample of iglas#1 (5 g) whose 

HPLC retention times and MS/MS fragmentation patterns were identical to those of the natural 

product. 
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2. NMR Spectra 
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CHAPTER 6 

IDENTIFICATION AND SYNTHESIS OF UNIQUE SHUNT METABOLITE FROM  

α-OXIDATION 

 

 

Abstract 

Besides β-oxidation described in Chapter 5, α-oxidation pathway plays an important role in fatty 

acid metabolism and is responsible for metabolism of β-branched fatty acids in peroxisomes. A 

series of C11 fatty acids were found to accumulate in the mutant exo-metabolome and 2D NMR 

analysis of these metabolites suggested that they were derived from previously uncharacterized 

methyl branched fatty acids. In this chapter, the identification of ameth#11, the most abundant 

shunt metabolite accumulating in the exo-metabolome of an α-oxidation mutant is described. The 

structure of ameth#11 was proposed on the basis of mass spectrometry and NMR spectroscopic 

analysis and subsequently confirmed via stereoselective synthesis and a series of derivatization 

studies of natural ameth#11.  
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6.1 Introduction – peroxisomal α-oxidation in C. elegans 

A large library of nematode signaling molecules, the ascarosides, originate from evolutionarily 

conserved β-oxidation in the peroxisomes. In addition, to peroxisomal β-oxidation, the C. 

elegans genome also encodes a set of genes homologous to vertebrate peroxisomal fatty acid α-

oxidation; however, their metabolic roles in C. elegans have not been investigated. In mammals, 

peroxisomal α-oxidation participates in metabolism of β-branched fatty acids1. In this study, we 

employed HPLC/MS-based comparative metabolomics using the XCMS platform to investigate 

the role of α-oxidation in C. elegans. we focused on the 2-hydroxyphytanoyl-CoA lyase homolog 

B0344.3, which, like its vertebrate homolog, features a peroxisomal targeting sequence (Figure 

1).  

 

Figure 1. α-oxidation pathway. In the B0334.4 mutant, we expect a buildup of α-OH fatty acids, 

which should show characteristic loss of formic acid in MS/MS. Figure courtesy of Alex 

Artyukhin. 
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6.2 Identification of peroxisomal α-oxidation shunt metabolites 

      We began by investigating the metabolism of several β-branched fatty acids in B0334.3 

worms, to verify that B0334.3 indeed functions in α-oxidation (Figure 1), which could be 

confirmed by the accumulation of shunt metabolites of known substrates in B0334.3 (tm6725) 

mutant worms. One of the β-branched fatty acids we chose to verify B0334.3’s role in α-

oxidation was phytanic acid. Phytanic acid is an endogenous substrate for α-oxidation in humans 

that is abundant in plant-derived diets and features several methyl branches. Phytanic levels are 

dramatically elevated in Refsum’s syndrome, a human disease caused by impaired α-oxidation2.  

      Through MS/MS data, Dr. Alex Artyukhin in the Schroeder lab detected build-up of several 

α-hydroxylated derivatives of phytanic acid in B0334.4 mutant worms, which plausibly could 

represent shunt metabolites accumulating due to lack of 2-hydroxyphytanoyl-CoA lyase activity. 

In wildtype worms, only small amounts of these compounds were detected. These phytanic acid-

derived shunt metabolites appear to get hydroxylated further, via ω-oxidation from the end of the 

molecule. These data strongly support the hypothesis that B0334.4 functions in the C. elegans α-

oxidation pathway.      

      Next, we decided to look for endogenous B0334.3-dependent metabolites by LC/MS. Visual 

inspection of the negative ion electrospray ionization LC/MS total ion chromatograms of 

wildtype and B0334.4 mutant worms showed that B0334.3 chromatogram had a strong peak at 

5.3 min, which was absent in wildtype (Figure 2a). Untargeted XCMS comparison of wildtype 

and mutant metabolomes revealed many more strongly differential peaks, all of which had 

molecular formulae that included 11 carbons and further appeared to be related to each other 

based on their MS/MS spectra. Most of these molecules lost formic acid in MS/MS 

fragmentation, suggesting that they are α-OH fatty acids. In addition to formic acid loss, all 

B0334.3 C11 shunt metabolites fragmented to produce glycolic acid in MS/MS (m/z 72.99312). 
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Neither citronellic nor phytanic acid α-OH derivatives fragmented that way, which suggested 

structural peculiarity beyond the α carbon in these C11 molecules. We isolated one of the most 

abundant differential compounds by preparative HPLC and characterized them by 2D NMR. 

 

Figure 2. a) Untargeted XCMS comparison of wildtype and mutant metabolomes revealed a 

series of related putative C11 α-OH fatty acids as shunt metabolites. b) All detected B0334.3 

C11 shunt metabolites fragmented to produce glycolic acid in MS/MS (m/z 72.99312). Figure 

courtesy of Alex Artyukhin. 

 

      Structures elucidated based on dqf-COSY spectra revealed the existence of a double bond 

between the γ and δ carbons in the isolated compound, which could explain the observed 

fragmentation between the α and β carbons and associated formation of glycolic acid in MS/MS 

(Figure 3a). This shunt metabolite is sufficiently abundant that its signals could be detected even 

in a comparative analysis of dqf-COSY spectra of whole exo-metabolome extracts of wildtype 

and mutant worms3 (Figure 3b). Based on the analysis of corresponding MS/MS data, it appears 

that the isolated and NMR-spectroscopically characterized compound, named ameth#21, is 

derived from another detected shunt metabolite, named ameth#11, via hydroxylation at the ω-1 
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position, similar to what we observed in the case of the phytanic acid feeding experiment. To 

confirm these structural assignments, determine stereochemistry, and obtain a sample for 

bioassays we decided to develop a synthesis for ameth#11 (Scheme 1).  
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Figure 3. a) dqf-COSY spectra of isolated C11H20O4. b) Cross peaks representing ameth#21 are 

clearly visible in dqfCOSY spectra of B0334.3 mutants but not wildtype. Figure courtesy of Alex 

Artyukhin. 

 

 

Scheme 1. Structures of characterized metabolite (ameth#21) and target of synthesis (ameth#11). 

 

 
 

      In a parallel study (Dr. Max Helf, pers. commun.) a putative methyl transferase was 

identified and shown to be required for attachment of the β-methyl group in the identified shunt 

metabolites. This indicates that for ameth#11 and its derivatives, there exists a specific pathway 

for its biosynthesis as well as a pathway (α-oxidation) dedicated - perhaps exclusively - to 

metabolizing this one family of compounds. Therefore, it seems likely that ameth#11 serves an 

important function(s) in C. elegans, given that it has its own biosynthetic and degradation 

machinery, providing additional motivation to develop a synthesis that would allow to 

investigate potential bioactivity. 

 

6.3 Synthesis and stereochemistry of ameth#11 

      Developing a synthesis for ameth#11 presented several challenges. Firstly, the complete 

stereochemistry of ameth#11 must be determined. There are two chiral centers in ameth#11, 

leading to 4 possible combinations (1: SS, 2: RR, 3: RS, 4: SR, Scheme 2a). Secondly, bioactivity 

studies will require pure samples of the correct stereoisomer.  
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Scheme 2. a) Stereoisomers of ameth#11. There are two diastereomers and thus two pairs of 

enantiomers. Enantiomeric (“e”) and diastereomeric (“d”) relationships are highlighted with 

arrows. b) Synthesis of 5 and 6 and their enantiomers. 

  

 

      Following previously published procedures4, a mixture of four stereoisomers (5, 6 and their 

enantiomers) were obtained after the reaction of cis-2-butene and ethyl glyoxalate, catalyzed by 

[Cu(S,S)-tert-butylbis(oxazolinyl)](SbF6)2 (Scheme 2b). Based on integration and chemical shift 

of the methyldoublet (colored red in Scheme 2)4, the ratio of two pairs of diastereomers was 

around 88:12, in favor of the anti-isomer pair (Figure S1). After metathesis with 1-heptene and 

hydrolysis under basic conditions, both synthetic and natural samples were analyzed by HPLC 

under the same condition. We found that, whereas the synthetic sample contained mostly the 

anti-isomer, the natural materials contained primarily the syn-isomer, accompanied by smaller 

amounts of the anti-isomer (Figure 4). To distinguish which of the two enantiomers (3 and 4) 

represents natural ameth#11, we employed the chiral derivatizing agent Mosher’s acid chloride. 

According to the general outline of the nuclear magnetic resonance (NMR)-based method for 

deducing the configuration of otherwise unknown chiral5, secondary carbinol (alcohol) centers, 

there are four major steps (Figure 5).  
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1. Derivatization. The alcohol of unknown configuration is derivatized by forming both 

the (R) and (S) Mosher esters.  

2. 1H NMR. Proton NMR spectra are obtained for the two diastereomeric esters.  

3. Calculation of ΔδRS. The difference between the chemical shifts of the (R) and (S) 

esters are tabulated (by convention R-S is used, it makes no fundamental difference to 

the outcome, however).  

4. Assignment of the configuration. The configuration is assigned by considering 

which side of the molecule is mostly affected more strongly by the presence of the 

Mosher ester. 

 

 

 

 

Figure 4. HPLC-MS ion chromatograms for m/z 199.1340 of synthetic and natural samples.  
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Figure 5. Outline of the Mosher ester analysis6.  

 

      Based on the 4 steps above, we should react one of the syn-isomers (Scheme 2a, 3 or 4) with 

both (R)-(-)-MTPA-Cl and (S)-(+)-MTPA-Cl, and then calculate the changes of chemical shifts 

of protons on both side of the chiral center of interest (2’). However, there are three major 

problems in this situation.  

1. The amount of natural sample was not enough to do two derivatization reactions for 

good proton NMR spectra.  

2. The synthetic samples were mixture of two enantiomers (3 and 4). It would be 

impossible to obtain only one of them as the starting material to react with Mosher 

chloride.  

3. Only one side of the 2’ carbon has a proton whose chemical shift value can be used for 

calculation following the above procedure, making it riskier to make the judgement 

according to Mosher analysis only.  
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Scheme 3. a) Four possible isomers of Mosher esters generated from 3 and 4, with 4 pairs of 

diastereomers and 2 pairs of enantiomers. b) Configuration determination based on both Mosher 

ester analysis and analog analysis. c) Hydrolysis of Mosher ester to obtain ameth#11 (4). 
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      To address these concerns, we combined Mosher derivatization of the racemic synthetic 

samples with HPLC separation of the diastereomeric products. By reacting the mixture of 3 and 

4 with both (S)-(+)-MTPA-Cl and (R)-(-)-MTPA-Cl, two samples each containing two 

enantiomerically pure diastereomers would be obtained (Scheme 3a). Since enantiotopic protons 

are equivalent in all respects except in a chiral environment, 3 (2R, 3S) reacts with (R)-(-)-

MTPA-Cl to give product (7) with the same proton NMR spectrum as the product of 4 (2S, 3R) 

reacting with (S)-(+)-MTPA-Cl (10). By reacting the syn mixture (3 and 4) with (R)-(-)-MTPA-

Cl only, the obtained NMR spectra would be identical to the ones corresponding to 3 reacting 

with both Mosher chloride enantiomers. As shown in Scheme 3b, after reacting 3 and 4 with (R)-

(-)-MTPA-Cl, the resulting two diastereomers 7 and 8 were separated by HPLC fractionation to 

obtain fraction 12 (fx 12, 7) and fraction 13 (fx 13, 8). As discussed previously, the proton NMR 

of 8 would be identical to 9, the product of 3 reacting with (S)-(+)-MTPA-Cl. Therefore, the 

proton chemical shifts of 8 were used for calculations following the standard Mosher analysis. 

Since ΔδRSL=2.89- 2.83>0, the left side (labeled in blue) would be assigned as L2, with the 

carboxylic acid group left to be L1. By prioritizing all substitutes as appropriate, we could label 

the chiral center of interest (2’) to be R, which means that the isomer in fraction 12 could be 

assigned as 2R, 3S (3) and the isomer in fraction 13 as 2S, 3R (4).  

      As mentioned earlier, one of the concerns is that assigning the stereochemistry based only on 

one proton could be risky. To make sure the stereochemistry was determined correctly, in 

addition to the Mosher ester analysis, analog-based analysis was used as well. Based on previous 

work by Sueyoshi et al.7, the shorter-chained Mosher derivatives 11 and 12 elute at 10.5 min and 

11.2 min, respectively, when using a reversed-phase HPLC conditions similar to the conditions 

used in this study. It can be expected that the shorter lipid chains in 11 and 12 result in shorter 
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retention times on reversed phase HPLC, but that elution order is not affected. Therefore, the 

product of 4 reacting with (S)-(+)-MTPA-Cl (10) should elute earlier than 3 reacting with (S)-(-)-

MTPA-Cl (9). Previously we have concluded that 7 eluted earlier than 8 and according to 

Scheme 3a, 7 is an enantiomer of 10 and 8 is an enantiomer of 9. Therefore, assignments based 

on our Mosher analysis agreed with the retention time order expected based on published data 

for the shorter-chained analogs.  

      Lastly, to establish the stereochemistry of ameth#11, a small sample of isolated compound 

was reacted with (R)-(-)-MTPA-Cl. The product was analyzed by HPLC and found to co-elute 

with fraction 13 (8), demonstrating that natural syn-ameth#11 has 2S, 3R configuration, as in 

structure 4. To obtain a pure synthetic sample for bioassay, the Mosher ester 8 was cleaved under 

basic condition (Scheme 3c). 

      In summary, the peroxisomal α-oxidation shunt metabolite ameth#11 has been identified 

with the help of comparative metabolomics, MS/MS and 2D NMR. Using Mosher analysis and 

analog comparison by HPLC, it has been demonstrated that the natural syn-ameth#11 has 2S, 3R 

configuration. Enantiomerically pure ameth#11 has been synthesized by cleaving Mosher ester 

off from the corresponding diastereomer, which is ready for further bioassay. The biological 

activity of ameth#11 is currently investigated in the Schroeder lab. 
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Contribution Statement 

Alex Artyukhin (A.A) initiated the study of α-oxidation in C. elegans and characterized all 

phytanic acid derivatives in B0334.3 (tm6725) mutant worms using MS. In addition, A.A carried 

out untargeted XCMS comparison of wildtype and mutant metabolomes to reveal a list of related 

C11 α-OH fatty acids as differential features and contributed 2D NMR spectra toward solving 

the structure of ameth#21 based on dqf-COSY. Ying Zhang (Y.Z) did all the syntheses and their 

characterizations. Y.Z developed the procedure of stereochemistry characterization and carried 

out the Mosher analysis and analog analysis. A.A used HPLC prep to purify synthetic 

intermediates.  
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1.5 Synthesis of ameth#11 

[Cu(S,S)-tert-butylbis(oxazolinyl)](SbF6)2 

 

To a solution of (S,S)-2,2′-Isopropylidene-bis(4-tert-butyl-2-oxazoline) (200 mg, 0.679 mmol) in 

dry dichloromethane (8 mL), CuCl2·H2O (139 mg, 0.815 mmol) and AgSbF6 (583.3 mg, a.698 

mmol) were added and the resulting mixture was stirred at room temperature for 14 hours. The 

green solution was filtered through cotton for later use. 

 

Ethyl 2-hydroxy-3-methylpent-4-enoate (5 and 6) 

To a solution of ethyl glyoxylate (2 ml, 9.82 mmol) and [Cu(S,S)-tert-

butylbis(oxazolinyl)](SbF6)2 at -78 °C in dry dichloromethane (2 mL), cis-

butene (2 ml) was bubbled into the solution and the reaction was sealed to react at 40 °C. After 2 

days, the reaction was concentrated in vacuo. Flash column chromatography on silica using a 

gradient of 0-30% ethyl acetate in hexane to afford a mixture of 5 and 6 (977 mg, 63%) as a clear 

oil.  

trans isomers, 5 (major): 1H NMR (600 MHz, chloroform-d): δ (ppm) 5.74 (ddd, J = 17.8, 9.8, 

8.1 Hz, 1H), 5.07 (m, 1H), 5.05 (m, 1H), 4.24 (m, 2H), 4.10 (dd, J = 6.2, 3.4 Hz, 1H), 2.72 (d, J 

= 6.2 Hz, 1H), 2.69-2.61 (m, 1H), 1.29 (t, J = 7.2 Hz, 3H), 1.16 (d, J = 7.0 Hz, 3H). 

cis isomers, 6 (minor): 1H NMR (600 MHz, chloroform-d): δ (ppm) 5.85 (ddd, J = 17.4, 10.3, 

7.4 Hz, 1H), 5.12 (m, 1H), 5.09 (m, 1H), 4.26 (m, 2H), 4.16 (dd, J = 6.3, 3.7 Hz, 1H), 2.76 (d, J 

= 6.3 Hz, 1H), 2.69-2.61 (m, 1H), 1.29 (t, J = 7.2 Hz, 3H), 1.01 (d, J = 7.0 Hz, 3H). 
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Ethyl (E)-2-hydroxy-3-methyldec-4-enoate (SI-5 and SI-6) 

To a solution of 5 and 6 (950 mg, 6.00 mmol) dissolved in dry 

dichloromethane (20 mL), Grubbs catalyst 2nd generation (94 mg, 0.15 mmol) and 1-heptene 

(2.52 ml, 18.00 mmol) were added at room temperature. The reaction mixture was allowed to stir 

20 h and was concentrated in vacuo. Flash column chromatography on silica using a gradient of 

0-30 % ethyl acetate in hexanes afforded SI-5 and SI-6 (785 mg, 76% BRSM) as a clear oil.  

trans isomers, SI-5 (major): 1H NMR (600 MHz, chloroform-d): δ (ppm) 5.46 (dt, J = 15.4, 6.7 

Hz, 1H), 5.31 (dd, J = 15.4, 8.2 Hz, 1H), 4.27-4.18 (m, 2H), 4.06 (m, 1H), 2.67 (d, J = 5.2 Hz, 

1H), 2.60 (m, 1H), 1.96 (q, J = 7.3 Hz, 2H), 1.36-1.20 (m, 6H), 1.29 (t, J = 7.3 Hz, 3H), 1.13 (d, 

J = 7.1 Hz, 3H), 0.87 (t, J = 7.2 Hz, 3H). 

cis isomers, SI-6 (minor): 1H NMR (600 MHz, chloroform-d): δ (ppm) 5.52 (dt, J = 15.4, 6.5 

Hz, 1H), 5.40 (dd, J = 15.4, 7.8 Hz, 1H), 4.27-4.18 (m, 2H), 4.09 (m, 1H), 2.70 (d, J = 6.8 Hz, 

1H), 2.56 (m, 1H), 2.00 (q, J = 7.2 Hz, 2H), 1.36-1.20 (m, 6H), 1.28 (t, J = 7.2 Hz, 3H), 1.12 (d, 

J = 7.0 Hz, 3H), 0.87 (t, J = 7.1 Hz, 3H). 

 

(E)-2-hydroxy-3-methyldec-4-enoic acid (1-4) 

To a solution of SI-5 and SI-6 (76 mg, 0.33 mmol) in 1,4-dioxane 

(2 mL), lithium hydroxide monohydrate (42 mg, 1.00 mmol) in H2O (1 mL) was added and the 

resulting mixture was stirred at 60 °C for 12 hours. Glacial acetic acid (0.5 mL) was added, and 

the reaction was concentrated in vacuo. Flash column chromatography on silica using a gradient 

of 0-50% ethyl acetate in hexanes afforded a mixture of 1-4 (46.7 mg, 70%) as a clear oil.  
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trans isomers, 1, 2: 1H NMR (600 MHz, methanol-d4): δ (ppm) 5.52-5.37 (m, 2H), 4.01 (d, J = 

3.8 Hz, 1H), 2.58 (m, 1H), 1.98 (q, J = 6.8 Hz, 2H), 1.40-1.23 (m, 6H), 1.09 (d, J = 7.0 Hz, 3H), 

0.90 (t, J = 7.0 Hz, 3H). 

cis isomers, 3, 4: 1H NMR (600 MHz, methanol-d4): δ (ppm) δ (ppm) 5.56-5.41 (m, 2H), 3.96 

(d, J = 4.6 Hz, 1H), 2.54 (m, 1H), 2.00 (q, J = 6.7 Hz, 2H), 1.43-1.25 (m, 6H), 1.00 (d, J = 6.9 

Hz, 3H), 0.90 (t, J = 7.0 Hz, 3H). 

 

 

Table S5. NMR Spectroscopic Data of 8.  

Position δ 13C [ppm] δ 1H [ppm] 1H-1H-coupling constants [Hz] HMBC correlations 

1 179.3    

2 76.8 3.86  C-1 (weak), C-11 

3 41.5 2.59   

4 134.4 5.50  C-3, C-6, C-11 

5 130.7 5.49  C-3, C-6 

6 33.4 2.00 J5,6 = 7.3, J6,7 = 5.5 C-4, C-5, C-7, C-8 

7 30.1 1.38  C-5, C-6, C-8, C-9 

8 32.3 1.31  C-6, C-7, C-9, C-10 

9 23.4 1.32 J9,10 = 7.1 C-7, C-8, C-10 

10 14.1 0.90  C-8, C-9 

11 14.2 0.92 J3,11 = 6.9 C-2, C-3, C-4 

* Chemical shifts are slightly different to the reported value above due to pH difference 
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2. NMR Spectra 

Figure S1 
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Conclusion and Outlook 

In the first two chapters of this dissertation, two synthetic strategies that enables selective 

preparation of 2'- or 4’-substituted ascarosides are reported. The first method is based on 

reductive opening of a rhamnose-derived cyclic sulfate1. This approach enabled facile access to 

synthetic samples of very high purity of three modular ascarosides, icas#3, dasc#1, and mbas#3, 

and is applicable to any of the recently identified more complex modular ascarosides2. Testing of 

synthetic mbas#3 revealed that this ascaroside mediates a novel, unexpected behavioral 

phenotype. The second strategy employs the first thiol-catalyzed redox rearrangement of cyclic 

benzylidene acetals of 2,3-O-benzylidene rhamnopyranoside. With this approach, the advantage 

of approach 1 that allows regioselective modifications could be realized in three steps instead of 

seven. This new method is well-suited for large scale preparation due to the great improvements 

in reactant costs and efficiency.  

      In Chapters 3 and 4, modified ascarosides are designed and synthesized to serve as tools to 

investigate the signaling pathways of nematodes. More specifically, in Chapter 3, the design, 

syntheses, and bioactivity of several different probes for a small-molecule pheromone, ascr#8, 

are described, which mediates sex-specific attraction3,4. These trifunctional probes incorporated 

diazirine and alkyne moieties that may enable the identification of the cognate receptor of this 

small molecule, which is crucial in furthering our understanding as to pheromones function in C. 

elegans. In Chapter 4, a synthetic strategy that enabled the preparation of doubly isotope labeled-

ascarosides is reported, which was then used to identify ascaroside-derived metabolites through 

comparative mass spectrometry-based metabolomics. This strategy enabled the discovery of 

many new metabolites, including phosphorylated and amino acid derived ascarosides. Dual 

isotope-labeled ascarosides with non-natural stereochemistry in the side chain revealed that this 
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non-natural stereochemistry does not interfere with peroxisomal β-oxidation and thus chain 

shorting could happen normally. However, this change of stereochemistry almost completely 

abolished 4’ modifications on the central sugar ascarylose. Doubly isotope-labeled ascarosides 

will be useful tool for the discovery of addirtional unknown metabolites and metabolic pathways. 

      In the last two chapters, applications of the synthetic strategies developed in chapter 1 and 2 

to the syntheses of several ascaroside derivatives and related metabolites are described. In 

Chapter 5, the syntheses of the β-oxidation-dependent ascarosides ascr#81, nuclas#31, 

nuclas#32, iglas#1 and osas#91 are reported. The synthesis of these ascarosides confirmed 

structures originally proposed on the basis of mass spectrometry. Besides β-oxidation described 

in Chapter 5, α-oxidation pathway plays an important role in fatty acid metabolism and is 

responsible for metabolism of β-branched fatty acids in peroxisomes5. In Chapter 6, synthesis of 

ameth#11, one of the shunt metabolites accumulated in the exo-metabolome of α-oxidation 

mutant is described. The synthesis of ameth#11 confirmed structures originally proposed based 

on mass spectrometry and established their stereochemistry.  

      For subsequent studies, there are three major directions that are suggested by these results. 

Firstly, for the thiol-catalyzed redox rearrangement approach reported in Chapter 2, a further 

investigation and optimization of the regioselectivity would be desirable. As a simple way to 

study the electronic effect on the ring opening, the p-nitro and p-dimethylamino derivatives of 

the benzylidene acetals substrate could be synthesized, which represent strong electron 

withdrawing group (EWG) and electron donating group (EDG) respectively. results for the 

regioselectivity of reactions using these two acetals may help understand the role of electronic 

effects on the ring opening. Secondly, using the trifunctional ascr#8 probe that maintains natural 

levels of bioactivity, it becomes feasible to identify the cognate receptor of ascr#8. To do so, 
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efforts will be directed at crosslinking probe D with several receptor candidates in heterologous 

expression systems. Finally, the biological activity of ameth#11, an important shunt metabolite 

of α-oxidation, can now be studied, using the enantiomerically pure synthetic samples prepared 

in Chapter 6.  
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