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Highlights 

• Efficient synthesis of enantiomerically enriched or pure enones from pentoses. 

• Glycosylation of 2-acetoxyglycals with BnOH/InCl3 gave enones with ee > 78%. 

• Enantiomerically pure enones were synthesized from benzyl pentopyranosides. 

• Reactions involving substituted benzyl groups gave lower yields than those unsubstituted. 
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Abstract 

The useful synthons sugar enones (2-benzyloxypyran-3-ones) derived from pentoses have 

been prepared starting from 2-acetoxyglycals or benzyl pentopyranosides. The glycals were 

glycosylated with benzyl alcohol in the presence of a Lewis acid (SnCl4 or InCl3) to give 

enantioenriched enones (ee = 80-90%). Under catalysis with InCl3, benzyl 2-

enopyranosides gave also the enones (ee = 87%). On the other hand, enantiomerically pure 

enones were synthesized via an improved straightforward and high yielding sequence (70% 

overall) from benzyl pentopyranosides. However, the yields of both, the glycosylation of 

glycals as well as some specific reactions of the sequence from glycosides, were lowered 

when a p-nitro substituent was introduced into the benzyl group. These routes became 

impractical in the case of p-acetamidobenzyl derivatives, because of the large extent of 

decomposition. Therefore, alternative sequences have been developed for the synthesis of 

2-(p-acetamidobenzyloxy)pyran-3-ones. 
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Introduction 

 

Common carbohydrates and derivatives are widely used as chiral precursors in 

enantiospecific synthesis. Particularly, sugar enones, which combine the versatile 

unsaturated carbonyl motif in addition with the intrinsic chirality of the carbohydrate, are 

useful synthons for the synthesis of a wide variety of natural and unnatural compounds [1-

4]. The most popular sugar enone is levoglucosenone (1,6-anhydro-3,4-dideoxy-β-D-

glycero-hex-3-enopyranos-2-ulose), which is considered to be a promising platform for 

both fine and commodity chemical industries [5] and even for the development of new 

therapeutics [6]. The varied applications of this chiral template for the synthesis of 

enantiomerically pure compounds, as well as its reactivity and chemical transformations to 

provide key intermediates, chiral auxiliaries, catalysts, and organocatalysts useful in 

asymmetric synthesis have been profusely reviewed [5, 7-10]. 

Levoglucosenone is usually obtained as one of the products of pyrolysis of cellulose [7-10], 

in contrast to these rather drastic reaction conditions we have described mild and efficient 

procedures (see below) for the preparation of analogous sugar enones (alkyl 3-

enopyranosid-2-uloses or 2-alkoxypyran-3-ones). These compounds proved to be useful 

precursors in the synthesis of a varied type of molecules. Thus, they have been employed as 

dienophiles in Diels-Alder cycloadditions with butadienes and cyclic dienes [11-15], or 

dipolarophiles in 1,3-dipolar cycloadditions with azomethine ylides [16-18]. The enones 

also behave as Michael acceptors of thiols or 1-thioaldoses in the respective synthesis of 3-

deoxy-4-thio-glycosides [19-22] or thiodisaccharides [23-27]. Furthermore, sugar 3,4-

epoxides, prepared by epoxidation of pyranones, underwent nucleophilic substitution by 1-

thioaldoses to give (1→3)- and (1→4)-linked thiodisaccharides [28]. Analogous opening of 
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thiiranes derived from enones led to branched thiooligosaccharides and disulfides [29]. 

Naturally occurring amino deoxy sugars, constituents of antibiotics, have been synthesized 

starting from pyranones [30,31]. 

One of the most useful methods to prepared sugar-derived 2-alkoxypyran-3-ones is the 

Lewis acid-promoted glycosylation of 2-acetoxyglycal derivatives obtained from common 

pentoses [11] or hexoses [32,33]. This procedure applied to glycals derived from hexoses 

led to enantiomerically pure enones, while glycals derived from pentoses gave pyranones 

having enantiomeric excesses (ee) in the range 80-90% [11]. To prepare enantiomerically 

pure enones derived from pentopyranoses, we have developed a multistep sequence from 

common glycosides [34], or employed chiral alcohols for the glycosylation. Thus, the use 

of 2(R) or 2(S)-octanol led to practically enantiomerically pure enones (ee > 97%), after a 

rather difficult separation of the diastereoisomers by column chromatography [11]. When 

(−)-menthol was employed as chiral alcohol, the analogous pryranones were crystalline 

products, that were readily purified by recrystallization to obtain the enantiomerically pure 

product [16-18]. However, we have demonstrated that the stereocenters in the aglycon 

affected the stereochemical course of the reactions performed on the α,β-unsaturated 

carbonyl system [16-18]. Furthermore, the benzyloxy substituent at the anomeric center of 

the pentopyranoside unit of (1→4) thiodisaccharides inhibitors, obtained from 2-benzyloxy 

pyranones, play an important role in the interaction with the catalytic site of the enzyme 

[35]. Particularly, saturation transfer difference (STD) and transferred-NOESY experiments 

showed major transfer to the aromatic benzyl protons. We expected that the introduction in 

the benzyl aromatic ring of substituents with different electronic properties and able to 

participate in hydrogen bonding could affect the interaction with the enzyme, and hence the 
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inhibitory activity. To explore this hypothesis we needed, as precursor of the 

thiodisaccharides, pyran-3-ones carrying benzyloxy rings with substituents of diverse 

nature. Therefore, we have explored and we report here the approaches developed for the 

preparation of such enantiomerically pure 2-benzyloxypyranones.  

 

Results and discussion 

 

The Lewis acid-promoted glycosylation of 2-acetoxylglycal derivatives of pyranoses 

proved to be a straightforward and high yielding procedure for the synthesis of sugar 

enones (alkyl 3-enopyranosid-2-uloses) [11,32,33]. During such glycosylation the Lewis 

acid promotes a double allylic (Ferrier) rearrangement to afford the pyran-3-one. The 

alcohol nucleophile is diastereoselectively introduced, as the axial orientation is preferred 

because of the anomeric effect. Thus, glycals from hexopyranoses gave the α-anomer of the 

enone as practically the only product. In contrast, the stereochemistry of the C-4 substituent 

in glycals of pentopyranoses induces the approach of the alcohol from the opposite face, 

and with assistance of the anomeric effect affords the corresponding α or β anomers [11]. 

When common alcohols (no chiral ones) are employed, the glycosylation leads to 

enantioenriched enones as the only stereocenter in the product is that generated during the 

reaction (C-1). For example, the reaction of D-xylal 1 with benzyl alcohol, promoted by 

SnCl4 led to the enone 2S having an enantiomeric excess (ee) of approximately 86% 

(Scheme 1) [11]. Now, we have explore this reaction using InCl3 as an alternative to the 

hygroscopic and moisture sensitive SnCl4. In view of the different properties of these two 

Lewis acids and their capacity to promote the conversion of glycals into enones, in the 
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present work we have focused on them. An advantage of using InCl3 over SnCl4 was that 

the concentration of the indium catalyst could be lowered to 20 mole% and the enone was 

obtained in an excellent yield (91%), and the ee (78%) was slightly lower compared with 

that of SnCl4. The ee were estimated as optical purities, according to the ratio between the 

optical rotation of the product and that of the pure enone 2S [34] ([α]D = +248.4). Further 

lowering in the indium catalyst to 5 mole% led to a similar ee (80%), but the reaction 

required a longer time (as happened with the use of catalytic SnCl4) and some degradation 

of the product took place, leading to a lower yield of the reaction (83%). 

 

 

Scheme 1. Lewis acid-promoted glycosylation and rearrangement of 2-acetoxyglycals. 

 

In order to obtain enantiomerically pure enones the double allylic rearrangement 

was conducted in two steps. This is, the intermediate enopyranosides 3α and 3β, formed by 

Ferrier rearrangement upon glycosylation of 1, were isolated and the major isomer (3β) was 

converted into the enone 2S, via a second allylic rearrangement promoted by a Lewis acid. 
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As N-iodosuccinimide (NIS) is a convenient reagent for the conversion of 2-acetoxyglycals 

into enopyranosides [36], the glycosylation of 1 with benzyl alcohol was conducted using 

catalytic NIS (20 mole%) to successfully produce the enopyranosides 3α,β. This 

diastereomeric mixture was separated by column chromatography. The anomeric 

configuration of each product was stablished by conversion of the major isomer (3β) into 

the known enone (see below) and also on the basis of the 1H NMR spectra. Interestingly, 

the coupling constant pattern for 3β showed a high preference of this compound for the 5HO 

conformation as deduced from the values for the vinylic (3J3,4 = 6.9 Hz) and allylic (4J1,3 ~ 

0 Hz) coupling constants in agreement with the magnitude estimated from dihedral angle 

(Ɵ) formed between those protons (Garbisch equation [37]). In addition, such a 

conformation is also supported by the W-coupling between H-3 and H-5eq (4J3,5eq = 1.1 Hz) 

and the small values for the J4,5ax (2.8 Hz) and J4,5eq (0.9 Hz). 

The 5HO conformation of 3β is stabilized by the anomeric and allylic effects [38-

40], as both the anomeric benzyloxy and the allylic acetate are axially disposed. In contrast, 

the isomer 3α cannot satisfied both stereoelectronic effects, and hence its conformation 

may be described as an equilibrium 5HO ⇌ OH5 since J3,4, J4,5 and J4,5’ showed values 

characteristic of the 5HO form (J1,3 = 0.6, J1,5 = 0.7 and J3,5’ = 0.5 Hz), while the small J3,4 

(2.8 Hz) and large J4,5’ (8.0 Hz) magnitudes are indicative of the presence of the OH5 

conformer. In addition, the long-range homoallylic coupling constant 5J1,4 = 1.2 Hz, 

observed only for 3α is in agreement with the cis axial-equatorial disposition of H-1 and H-

4 in both conformers [41], while in 3β these protons are unfavorably disposed (trans-

diequatorial) and the homoallylic coupling is not detected.  

As next step, the enopyranoside 3β was converted into the pyranone 2S upon 

treatment with benzyl alcohol and InCl3 (20 mole%). In contrast to our expectations, 
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compound 2S showed an optical rotation that was in absolute value ([α]D = −216) smaller 

than that of the enantiomerically pure enone. This result indicated that 3β underwent partial 

isomerization of the anomeric center, under the acidic conditions employed for the 

rearrangement, to give an ee ≈ 87%. To confirm that the product obtained was 

enantioenriched, NMR experiments were performed using a chiral lanthanide shift reagent 

for racemic resolution. Thus, addition of increasing amounts of europium (III) tris[3-

heptafluoropropylhydroxymethylene-(+)-camphorate] showed gradual splitting of some 

signal (See Supporting Information). In particular, the anomeric proton signal, which 

appeared in a clean region of the spectrum, split into two broad singlets. From the integral 

of these signals (er = 93:7) the enantiomeric composition was estimated as ee ≈ 86%, in 

agreement with the value determined from the optical rotation. 

 In view of the difficulties encountered to prepare the enantiomerically pure enone 

from the glycal 1, we turned back to the enantioespecific synthesis of 2S or 2R from benzyl 

pentopyranosides that we have already described [34]. Following, the original synthetic 

scheme, an improvement was now achieved by modifying the reagents and reaction 

conditions employed in some steps (Scheme 2). Thus, the starting benzyl β-D-

arabinopyranoside (4) was treated with 1,1’-thiocarbonylimidazole followed by acetylation 

to give the 2-O-acetyl-3,4-thionocarbonate derivative 5 in 97% yield. The increment in the 

yield compared with the previous synthesis (75%) was reached by using higher temperature 

(100 °C against 80 °C) and shorter time (4 h against 40 h) in the formation of the 

thionocarbonate. In addition, a slight excess of the reagent (1.3 equiv) was added at the 

beginning of the reaction and no successive additions were required, that led to a larger 

amount (2.7 equiv) of the reagent in the reported synthesis. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

 

 

Scheme 2. Enantiospecific synthesis of 2(S)-benzyloxy-2H-pyran-3(6H)-one (2S). 

 

For the Corey-Winter olefination of the thionocarbonate 5 the originally employed 

trimethyl phosphite, which needed distillation prior to use, was replaced by triethyl 

phosphite that was used as commercially provided. The yield in both cases was similar (~ 

90%) using the same reaction temperature but a shorter time for triethyl phosphite (2.5 h 

instead of 10 h). Furthermore, it was confirmed that the acetylation step prior to the 

olefination is needed, as although the alcohol derivative 8 was also obtained in good yield 

(92%), it partially decomposed during the elimination to afford 7 in 43% yield. 

The oxidation of the hydroxyl group of 8 was conducted with 2-iodoxybenzoic acid 

(IBX), thus avoiding the use of the chromium (VI) oxidizing agent PDC previously 

employed. The expected enone 2S was obtained after a rapid purification by column 

chromatography in a yield (85%) somewhat higher than in the PDC oxidation (80%). The 

optical rotation value of 8 ([α]D −248.3) was coincident with that determined for the 

enantiomerically pure enone [34] ([α]D −248.4). 

As next step, we have employed the optimized sequence described above to prepare 

enone analogues of 2S with a substituent on the benzyl aromatic ring. As explained in the 
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introduction section, the resulting enone will be employed as starting material in the 

synthesis of thiodisaccharides, in order to study how such a substitution modifies the 

interaction with the E. coli β-galactosidase. In first instance, we explore the preparation of 

the enantiomerically pure enone 16S having an electron withdrawing (nitro) group on the 

benzyl substituent (Scheme 3).  

 

 

Scheme 3. Synthesis of 2(S)-(4-nitrobenzyloxy)-2H-pyran-3(6H)-one (16S). 

 

The sequence involves treatment of tetra-O-acetyl-α,β-L-arabinopyranose (9) with 

30% HBr in AcOH to produce the glycosyl bromide 10 [42], which was employed crude 

for the next step. The glycosylation of 10 with 4-nitrobenzyl alcohol in the presence of 

InCl3 [43], led after purification by column chromatography the α-L-arabinopyranoside 

derivative 11. The 1H NMR spectrum of 11 was in agreement with that previously reported 

[44]. The anomeric configuration was confirmed based on the coupling constant values for 

J1,2 (7.6 Hz), J2,3 (9.3 Hz) and small ones for J3,4, J4,5ax and J4,5eq (3.5, 3.6 and 1.9 Hz 
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respectively). Removal of the acetyl groups of 11 with NaOMe/MeOH gave the crystalline, 

unprotected glycoside 12. Compound 12 possesses the convenient cis equatorial-axial 

orientation of OH-3 and OH-4 for the formation of the thionocarbonate ring, which was 

obtained upon treatment with 1,1’-thiocarbonyldiimidazole to give 13 after acetylation. 

This compound was sensitive to the temperature employed for the elimination with triethyl 

phosphite. At 150 °C high decomposition was observed, so the temperature was lowered to 

115 °C. After 3.5 h of heating about 50% of conversion of 13 into the enopyranoside 14 

was observed, and then the decomposition increased rapidly. Therefore, the mixture was 

concentrated and fractioned by column chromatography to give enopyranoside 14 and 

remaining starting 13 was also recovered. A second elimination process applied to the 

remaining 13 afforded some additional 14 (58% overall yield). The 2-O-acetyl group of 

enopyranoside 14 was quantitatively hydrolyzed with NaOMe/MeOH to the corresponding 

HO function, which was oxidized with IBX in acetonitrile (80 °C, 3.5 h). The target enone 

16S was thus obtained, although in an overall yield (∼32% from 12) smaller than that of the 

preparation from 4 (70% overall).  

Alternatively, the enone 16S was prepared by the InCl3-promoted glycosylation of 

glycal 1 with p-nitrobenzyl alcohol. The target molecule 16S was obtained in 75% yield, 

but the optical rotation ([α]D = −136.8) smaller in absolute value to that of 16S obtained 

from 12, indicated partial isomerization of the stereocenter (ee ≈ 82%). 

In order to obtain the enone 16R, enantiomer of 16S, the elimination/oxidation route 

was applied to 4-nitrobenzyl 2,3,4-tri-O-acetyl-α-D-arabinopyranoside (17) (Scheme 4). 

Compound 17 was prepared from the enantiomer of 9 as previously described, and it was 
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O-deacetylated to give 18. The 4-nitrobenzyl glycoside 18 was converted into the 

thionocarbonate 19, which via the enopyranoside 21 led to 16R (27% overall yield). 

 

Scheme 4. Enantiospecific synthesis of 2(R)-(4-nitrobenzyloxy)-2H-pyran-3(6H)-one (16R). 

 

As described above, the introduction of a nitro substituent on the benzyl group led 

to a lower yield in the formation of the thionocarbonate 13 from the 4-nitrobenzyl glycoside 

12, with respect to that of and 5 from the benzyl glycoside 4. The yield was even more 

severely lowered in the Corey-Winter olefination of thionocarbonate 13 (4-nitrobenzyl) to 

the enopyranoside 14 compared with the analogous reaction of 5 (benzyl) to 6. Therefore, 

the substituent of the benzyl group plays a relevant role in these two reactions. In order to 

obtain the 2(S)-(4-acetamidobenzyloxy)-2H-pyran-3(6H)-one (27S) through a similar route, 

the 4-acetamidobenzyl α-L-arabinopyranoside (23) was required. The attempted preparation 

of 23 from 9, according to the route applied for the synthesis of glycoside 12, was 

unsuccessful when p-acetamidobenzyl alcohol was employed. However, 23 was 

satisfactorily prepared via 22, by catalytic hydrogenation of the nitro group of 11 followed 

by acetylation (Scheme 5). Treatment of 22 with 1:4:5 Et3N:MeOH:H2O resulted in the 

removal of the O-protecting groups to afford 23. The next step of the sequence, the 

formation of the thionocarbonate 24, was unsuccessful and led to decomposition under the 
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varied reaction conditions assayed. Again, the replacement of the benzyl group (in 5) by 4-

acetamidobenzyl (in 23) led to an unexpected instability of the compounds involved in the 

thionocarbonation reaction. To overcome this difficulty, an alternative route was designed 

starting from the enopyranoside 14. Thus, the nitro group of 14 was successfully reduced 

under mild conditions with NaBH4/charcoal [45] to give, upon acetylation, the 4-

acetamidobenzyl glycoside 25. Removal of the O-acetyl group, followed by IBX-oxidation 

of the resulting OH group in 26 led to the target enantiomerically pure 2-(4-

acetamidobenzyloxy)-pyranone 27S (59% overall yield from 14). 

 

24
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Scheme 5. Synthesis of 2(S)-(4- acetamidobenzyloxy)-2H-pyran-3(6H)-one (27S). 

 

The enone 27S (having an ee = 80%) was alternatively prepared by the SnCl4-

promoted glycosylation of 2-acetoxyglycal 1 with p-acetamidobenzyl alcohol, but the yield 

obtained was low (22%). This reaction failed when the catalyst employed was InCl3. As the 
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first step in the catalytic process is the coordination of the metal (Lewis acid) with the 

allylic acetoxy group [4,11], which leads to the allylic rearrangement, probably the 

acetamido group (a stronger Lewis base) could compete with the acetoxy group for 

chelation of the metal, diminishing the effective concentration of the catalyst.  In this 

context, In(III), a softer acid than Sn(IV), is expected to exhibit lower reactivity against 

hard basic centers. These considerations are in agreement with the fact that the analogous 

reaction with benzyl or p-nitrobenzyl alcohols took place with good yields. The enone 16S 

(ee = 82%), which is the product of the last mentioned reaction, was employed as starting 

material for the synthesis of 27S. Thus, the carbonyl function of 16S was reduced with 

NaBH4 in the presence of CeCl3 to give, after acetylation, the enol ester 28. The nitro 

substituent of the benzyl group of 28 was reduced with NaBH4/charcoal to afford the 

corresponding amine, which was acetylated to give 29.  The O-acetyl group of 29 was 

hydrolyzed under smooth basic conditions (1:4:5 Et3N:MeOH:H2O) to produce the allylic 

alcohol 30, which was oxidized with IBX to the target pyranone 27S (26% overall yield 

from 16S). From the optical rotation value of 27S ([α]D = −137.1) was estimated the ee 

(83%), which was in agreement with that of the starting enone 16S. 

In conclusion, we succeeded in the preparation of the target enones derived from 

pentoses, which have a benzyloxy group or a benzyloxy derivative attached to the anomeric 

center. The substituent of the benzyloxy group affect the stability of the compounds, and 

hence the yield of most of the reactions. Thus, the Lewis acid-promoted glycosylation of 2-

acetoxyglycals derived from pentoses took place satisfactorily for benzyl or p-nitrobenzyl 

alcohols, but failed for the p-acetamidobenzyl alcohol. The pyranones obtained by these 
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procedures were enantioenriched products, with one of the enantiomers strongly prevailing 

over the other (high enantiomeric excesses).  

A straightforward and high yielding route for the enantioselective synthesis of this 

type of enones was optimized. Thus, starting from benzyl arabinopyranoside, the 

corresponding 2-benzyloxy-pyran-3-one was obtained in 70% overall yield and in 

enantiomerically pure form. However, the nitro substitution on the benzyloxy group of the 

starting glycoside resulted in a lower yield of two steps of such route: the formation of a 

thionocarbonate, which involved OH-3 and OH-4 of the pentopyranoside, and the 

following olefination to the corresponding enopyranoside. The thionocarbonation led only 

to decomposition in the case of the 4-acetamidobenzyl glycoside. This result, prompted the 

development of alternative sequences to the enantiomerically pure or enantioenriched 2-(4-

acetamidobenzyloxy)pyran-3-one, starting respectively from a 4-nitrobenzyl enopyranoside 

or enone compounds, that have been prepared as part of previous synthesis within the 

present work. 

 

3. Experimental section  

3.1. General experimental procedures  

 NMR spectra were recorded (25 °C) at 500 MHz (1H) or 125.7 MHz (13C). 

Chemical shifts (δ, in ppm) are referred to internal standard (Me4Si in CDCl3 (δ 0.0) for 1H 

and CDCl3 (δ 77.0) for 13C) or to a residual solvent peak. Data multiplicities are indicated 

as s (singlet), d (doublet), t (triplet), q (quartet), m (multiplet), br (broad); coupling 

constants (J) given in Hertz (Hz). Assignments of 1H and 13C NMR spectra were assisted 

by 2D 1H-COSY or NOESY, and 2D 1H-13C HSQC or HMBC experiments. The NMR 
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spectra for compounds 2S [11], and 4 to 8 [34] were in good agreement with those 

previously published. High-resolution mass spectra (HRMS) were obtained using the 

electrospray ionization (ESI) technique and Q-TOF detection. Analytical thin-layer 

chromatography (TLC) was carried out on silica gel 60 F254 aluminum-supported plates 

(layer thickness 0.2 mm). The spots were visualized by exposure to UV light and by 

charring with 5% v/v sulfuric acid in EtOH, containing 0.5% p-anisaldehyde. Column 

chromatography was carried out with silica gel 60 (230–400 mesh) and using a stepwise 

solvent polarity gradient correlated with TLC mobility, unless otherwise stated. Optical 

rotations were measured at the sodium D line at room temperature in a 1 dm cell, in the 

solvent indicated.  Unless otherwise noted, all commercially available compounds were 

used as obtained from suppliers without further purification. 

3.2. Synthesis of enantioenriched 2(S)-Benzyloxy-2H-pyran-3(6H)-one 2S from 2-

acetoxyglycal 1 

3.2.1. Catalysis with InCl3 

 To a solution of 1 [11] (1.00 g, 3.87 mmol) and benzyl alcohol (0.45 mL, 4.33 

mmol) in dry CH2Cl2 (30 mL) was added InCl3 (42 mg, 0.19 mmol). The solution was 

stirred overnight (12 h) at rt. When TLC (CH2Cl2/EtOAc 30:1) showed formation of a less 

polar product (Rf 0.83) and complete disappearance of the starting glycal (Rf 0.28). The 

organic solution was diluted with CH2Cl2 (30 mL) and washed with sat aq NaHCO3, water 

and brine. After drying (MgSO4), solvent evaporation afforded a residue that was purified 

by column chromatography (hexane/EtOAc, 9:1) to afford 2S (0,66 g, 83%); and [α]D 

−198.0 (c 1.13, CHCl3);  ee = 80%. 

3.2.2. Via the enopyranoside 3β 
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3.2.2.1. Benzyl 2,4-di-O-acetyl-3-deoxy-β-D-glycero-pent-2-enopyranoside 3β and its α-

anomer 3α 

 A solution of benzyl alcohol (0.24 mL, 2.3 mmol) and NIS (90 mg, 0.39 mmol) in 

dry CH2Cl2 (2.0 mL) was stirred at room temperature. When the pale-yellow solution 

turned to a light red color, the mixture was cooled to −18 °C and 2,3,4-tri-O-acetyl-1,5-

anhydro-D-threo-pent-1-enitol (2-acetoxy-3,4-di-O-acetyl-D-xylal 1, 500 mg, 1.92 mmol) 

was added. The temperature was kept for 1 h and then the solution was allowed to reach 

room temperature and it was stirred for 30 min. At this point TLC (CH2Cl2/EtOAc 20:1) 

revealed the conversion of the starting 1 (Rf 0.40) into two main products (Rf 0.69 and 

0.62), which were separated by column chromatography (19:1→9:1 hexane/EtOAc). The 

first compound that eluted from the column was identified as 3α (180 mg, 31%); [α]D
 +69.2 

(c 1.09, CHCl3); 
1H NMR (CDCl3, 500 MHz) δ 7.40–7.29 (m, 5H, OBn), 5.79 (dt, 1H, J1,3 

≈ J3,5’ = 0.6, J3,4 = 2.8 Hz, H-3), 5.50 (dddd, 1H, J1,4 = 1.2, J3,4 = 2.8, J4,5 = 5.6, J4,5’ = 8.0 

Hz, H-4), 5.14 (m, 1H, J1,3≈ J1,5 ≈ 0.6, J1,4 = 1.2 Hz, H-1), 4.84, 4.62 (2 d, 2H, J = 12.0 Hz, 

OCH2Ar), 3.95 (ddd, 1H, J1,5 = 0.7, J4,5 = 5.6, J5,5’ = 11.2 Hz, H-5), 3.90 (ddd, 1H, J3,5’ = 

0.5, J4,5’ = 8.0, J5,5’ = 11.2 Hz, H-5’), 2,14, 2.09 (2 s, 3H each, CH3CO); 13C NMR (CDCl3, 

125.7 MHz) δ 170.4, 168.2 (CH3CO), 147.4 (C-2), 137.3, 128.4, 127.9, 127.8 (C-aromatic), 

115.3 (C-3), 92.9 (C-1), 70.3 (OCH2Ar), 65.5 (C-4), 60.2 (C-5), 20.9, 20.8 (CH3CO). 

HRMS (ESI) m/z [M+Na]+ calcd for C16H18NaO6 329.0996, found 329.1004; [M+K]+ calcd 

for C16H18KO6 345.0735, found 345.0727. 

 From further fractions from the column compound was isolated 3β (160 mg, 51%); 

[α]D +52.7 (c 0.53, CHCl3); ee = 100%; 1H NMR (CDCl3, 500 MHz) δ 7.40–7.29 (m, 5H, 

OBn), 5.90 (dd, 1H, J3,4 = 6.9, J3,5eq = 1.1 Hz, H-3), 5.18 (ddd, 1H, J3,4 = 6.9, J4,5ax = 2.8, 
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J4,5eq = 0.9 Hz, H-4), 5.09 (s, 1H, H-1), 4.78, 4.59 (2 d, 2H, J = 12.2 Hz, OCH2Ar), 4.19 

(dd, 1H, J4,5ax = 2.8, J5ax,5eq = 13.0 Hz, H-5ax), 3.84 (dt, 1H, J3,5eq ≈  J4,5eq = 1.0, J5ax,5eq = 

13.0 Hz, H-5eq), 2,12, 2.08 (2 s, 3H each, CH3CO); 13C NMR (CDCl3, 125.7 MHz) δ 

170.6, 167.9 (CH3CO), 149.2 (C-2), 137.3, 128.4, 128.0, 127.9 (C-aromatic), 111.7 (C-3), 

92.0 (C-1), 70.1 (OCH2Ar), 64.9 (C-4), 61.2 (C-5), 21.0, 20.9 (CH3CO). Anal. Calcd for 

C16H18O6: C, 62.74%; H, 5.92%. Found: C, 62.79%; H, 5.97%. HRMS (ESI) m/z [M+Na]+ 

calcd for C16H18NaO6 329.0996, found 329.0997; [M+K]+ calcd for C16H18KO6 345.0735, 

found 345.0722. 

3.2.2.2. Conversion of the β-enopyranoside 3β into 2(S)-benzyloxy-2H-pyran-3(6H)-one 

2S.   

 A solution of 3β (155 mg, 0.51 mmol) and benzyl alcohol (0.1 mL, 1.0 mmol) in 

anhydrous CH2Cl2 (1 mL) was stirred at room temperature and InCl3 (24 mg, 0.10 mmol) 

was added. The reaction was kept for 2 h, when monitoring by TLC (CH2Cl2/EtOAc 20:1) 

revealed complete conversion of the starting material (Rf 0.69) into a less polar product (Rf 

0.72). The mixture was diluted with CH2Cl2 and extracted with 10% aq NaHCO3 and brine. 

The organic extract was dried (MgSO4), filtered and concentrated. Purification by column 

chromatography as above led to enone 2S (85 mg, 82%); [α]D −216 (c 1.40, CHCl3); ee = 

88% (from optical purity). 

3.2.2.3. Enantiomeric resolution of 2(S)-benzyloxy-2H-pyran-3(6H)-one 2S.  

 The enantiomeric excess (ee) for enone 2S obtained from the enopyranoside 3β, as 

described in item 3.2.2.2, was determined by 1H NMR using europium tris[3-

(heptafluoropropylhydroxymethylene)-(+)-camphorate] as a chiral resolving reagent. To a 

solution of 2S (0.05 mmol) in carbon tetrachloride containing 1% benzene-d6 (0.6 mL) was 
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added increasing amounts of the europium reagent. When 0.3 molar equiv were added, the 

1H NMR spectrum showed a splitting of the H-1 signal into two broad singlets 

(enantiomeric shift difference ∆∆δ = 0.12). From the integral of these signals (2S:2R 

0.93:0.07), the enantiomeric composition (ee ≈ 86%) was established for 2S. 

3.3. Synthesis of enantiomerically pure 2(S)-Benzyloxy-2H-pyran-3(6H)-one 2S from 

benzyl glycoside 4 

3.3.1. Benzyl 2-O-acetyl-β-D-arabinopyranoside 3,4-thionocarbonate 5 

 Benzyl β-D-arabinopyranoside 4 (719 mg, 3.00 mmol) was dissolved in pyridine 

(6.8 mL) in a thick-wall tube, and 1,1′-thiocarbonyldiimidazole (719 mg, 4.03 mmol) was 

added. The tube was sealed and heated to 100 °C for 4 h under an inert Ar atmosphere.  

TLC analysis (hexane/EtOAc 1:1) showed complete conversion of 4 (Rf 0) into 7 (Rf 0.79). 

The mixture was left to reach temperature and acetic anhydride (2.8 mL) was added. After 

stirring for 1 h, the solution was diluted with MeOH and concentrated. The residue was 

purified by column chromatography (hexane/EtOAc 9:1→8:2) to afford 5 (938 mg, 97%); 

[α]D −235.1 (c 0.8, CHCl3, lit.
 [34] [α]D −234.7). 

3.3.2. Benzyl 2-O-acetyl-3,4-dideoxy-α-L-glycero-pent-3-enopyranoside 6 

 The thionocarbonate 5 (516 mg, 1.59 mmol) was dissolved in commercial triethyl 

phosphite (3.8 mL). The tube was sealed under N2 atmosphere and heated at 150 °C for 2.5 

h when TLC (hexane/EtOAc 2:1) showed complete conversion into a single spot of Rf 0.64. 

Triethyl phosphite was distilled under vacuum and the resulting syrup was subjected to 

column chromatography (hexane/EtOAc 2:1) to afford the enopyranoside 6 (348 mg, 88%); 

[α]D −128.9 (c 0.9, CHCl3, lit. [34]  [α]D −131.4). 
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3.3.3. Benzyl β-D-arabinopyranoside 3,4-thionocarbonate 7 

 Compound 7 was synthetized under the conditions described for 5. The glycoside 4 

(419 mg, 1.74 mmol) was allowed to react with 1,1′-thiocarbonyldiimidazole in pyridine at 

100 °C for 4 h. The solvent was distilled under vacuum with toluene and the residue was 

purified by column chromatography (hexane/EtOAc 9:1→8:2) to afford 7 (455 mg, 92%); 

[α]D −170.9 (c 0.70, CHCl3, lit. [34] [α]D +172.1 for the enantiomer). 

3.3.4. Benzyl 3,4-dideoxy-α-L-glycero-pent-3-enopyranoside 8 

3.3.4.1. Starting from the enopyranoside 6 

The 2-O-acetyl derivative 6 (348 mg, 1.40 mmol) was treated with NaOMe/MeOH 

0.1 M, 15 mL) at room temperature for 1.5 h. TLC (hexane/EtOAc 2:1) showed complete 

conversion into a lower moving compound (Rf 0.49). The reaction mixture was diluted with 

MeOH and neutralized with Dowex 50W (H+) resin, filtered and concentrated up to 

dryness, to afford 8 (280 mg, 97%); [α]D −131.9 (c 1.1, CHCl3, lit. [34] [α]D −132.3). 

3.3.4.2. Starting from thionocarbonate 7 

Compound 7 (419 mg, 1.48 mmol) was heated in a sealed tube under N2 atmosphere 

with commercial triethyl phosphite (4 mL) at 150 °C for 7 h. TLC (hexane/EtOAc 2:1) 

showed complete consumption of 7 (Rf 0.37) and formation of a higher moving compound 

(Rf 0.49) as main product. The same work-up as above and purification by column 

chromatography (hexane/EtOAc 9:1→8:2) afforded 8 (133 mg, 43%); [α]D −131.5 (c 0.9, 

CHCl3, lit. [34] [α]D
 −132.3). 

3.3.5. Oxidation of enopyranoside 8 to 2(S)-benzyloxy-2H-pyran-3(6H)-one 2S. 
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 To a solution of 8 (120 mg, 0.58 mmol) in anhydrous MeCN (3.5 mL) was added 2-

iodoxybenzoic acid (IBX, 354 mg, 1.26 mmol) and stirred at 80 °C for 2.5 h. The reaction 

mixture was diluted with CH2Cl2 and filtered through a celite bed. Concentration of the 

filtrate and further purification by column chromatography (hexane/EtOAc, 9:1) led to 2S 

(101 mg, 85%); [α]D −248.3 (c 1.03, CHCl3, lit. [34] [α]D −248.4). 

3.4. Synthesis of enantiomerically pure 2(S)-(4-Nitrobenzyloxy)-2H-pyran-3(6H)-one 16S 

from 4-nitrobenzyl glycoside 12 

3.4.1. 4-Nitrobenzyl 2,3,4-tri-O-acetyl-α-L-arabinopyranoside 11 

 Per-O-acetyl-α,β-L-arabinopyranose 9 (700 mg, 2.20 mmol) was stirred in the dark 

with a solution of 30% HBr in glacial acetic acid (2.2 mL) at 0 °C for 1 h and then at room 

temperature for 5 h, when monitoring by TLC (hexane/EtOAc 1:1) showed complete 

conversion of the starting material (Rf 0.64) into a less polar product (Rf 0.79). The reaction 

mixture was diluted with CH2Cl2 and extracted twice with cold sat aq NaHCO3. The 

organic extract was dried, filtered and concentrated in vacuo at 20 °C in a dark brown 

round-bottom flask, to avoid exposure to light. The crude glycosyl bromide 10 [42] was 

dissolved in dry CH2Cl2 (20 mL) and 4-nitrobenzyl alcohol (370 mg, 2.42 mmol) and 

recently dried 4Å molecular sieves (500 mg) were added. The mixture was stirred for 10 

min at 0 °C and upon addition of InCl3 (240 mg, 1.08 mmol) the stirring was continued at 

room temperature overnight (14 h). Monitoring by TLC (hexane/EtOAc 1:1) showed a 

main spot (Rf 0.60) and disappearance of the starting bromide. The reaction was diluted 

with CH2Cl2 and filtered through a celite bed. Purification by column chromatography 

(hexane/EtOAc 4:1→3:2) led to 11 (516 mg, 57%) as a pale-yellow syrup; [α]D −19.0 (c 

0.8, CHCl3, lit. [44] [α]D
 −11); 1H NMR (CDCl3, 500 MHz) δ 8.21, 7.48 (d, 2H, J = 8.8 Hz, 
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H-aromatic), 5.30 (dd, 1H, J1,2 = 6.6, J2,3 = 9.3 Hz, H-2), 5.29 (m, 1H, overlapped with H-2, 

H-4), 5.08 (dd, 1H, J2,3 = 9.3, J3,4 = 3.5 Hz, H-3), 4.99, 4.70 (2d, 2H, J = 13.3 Hz, -

OCH2Ar), 4.55 (d, 1H, J1,2 = 6.6 Hz, H-1), 4.06 (dd, 1H, J4,5ax = 3.6, J5ax,5eq = 13.0 Hz, H-

5ax), 3.66 (dd, 1H, J4,5eq = 1.9, J5ax,5eq = 12.9 Hz, H-5eq); 2.14, 2.07, 2.03 (s, 3H each, 

CH3CO-); 13C NMR (CDCl3, 125.7 MHz) δ 170.4, 170.2, 169.6 (CH3CO), 147.6, 144.8, 

127.6, 123.8 (C-aromatic), 100.2 (C-1), 70.0 (C-3), 69.2 (C-4,OCH2Ar), 67.5 (C-2), 63.2 

(C-5), 21.1, 20.9, 20.8 (CH3CO). HRMS (ESI) m/z [M+Na]+ calcd for C18H21NNaO10 

434.1058, found 434.1077. 

3.4.2. 4-Nitrobenzyl α-L-arabinopyranoside 12 

 Glycoside 11 (339 mg, 0.82 mmol) was treated with 0.4 M NaOMe/MeOH (12 mL) 

at 0 °C for 3 h. The reaction mixture was diluted with MeOH, neutralized with Dowex-H+ 

resin and filtered. Solvent evaporation and recrystallization from EtOH afforded 12 (210 

mg, 91%) as white solid product; mp 88-89 °C; [α]D −17.1 (c 0.9, MeOH); 1H NMR 

(pyridine-d5 with D2O, 500 MHz) δ 8.09, 7.64 (d, 2H, J = 8.3 Hz, H-aromatic), 5.15, 4.90 

(2d, 2H, J = 13.6 Hz, OCH2Ar), 4.81 (d, 1H, J1,2 = 8.3 Hz, H-1), 4.56 (t, 1H, J1,2 = J2,3 = 8.3 

Hz, H-2), 4.37 (m, 2H, H-4, H-5eq), 4.22 (dd, 1H, J2,3 = 8.8, J3,4 = 3.2 Hz, H-3), 3.81 (dd, 

1H, J4,5ax = 2.4, J5ax,5eq = 12.9 Hz, H-5ax); 13C NMR (pyridine-d5 with D2O, 125.7 MHz) δ 

136.2, 128.7, 124.2, 124.0 (C-aromatic), 105.1 (C-1), 74.9 (C-3), 72.8 (C-2), 69.8 

(OCH2Ar), 69.7 (C-4), 67.6 (C-5). HRMS (ESI) m/z; [M+Na]+ calcd for C12H15NNaO7 

308.0741, found 308.0749.  

3.4.3. 4-Nitrobenzyl 2-O-acetyl-α-L-arabinopyranoside 3,4-thionocarbonate 13 

 A solution of glycoside 12 (150 mg, 0.52 mmol) and 1,1’-thiocarbonyldiimidazole 

(120 mg, 0.67 mmol) in pyridine (1.2 mL) was stirred at 100 °C for 6.5 h. Monitoring by 
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TLC (hexane/EtOAc 1:1.5) showed a faster moving spot (Rf  0.28). Acetic anhydride (1 

mL) was added to the mixture and the stirring was continued at room temperature for 3 h, 

when analysis by TLC (hexane/EtOAc 1:1.5) revealed a main spot (Rf 0.50). The mixture 

was diluted with methanol and concentrated. The residue was purified by column 

chromatography (hexane/EtOAc 4:1→3:2) to afford 13 (138 mg, 71%) as main product; 

[α]D
 −151.5 (c 0.7, CHCl3); 

1H NMR (CDCl3, 500 MHz) δ 8.20, 7.50 (d, 2H, J = 8.6 Hz, H-

aromatic), 5.18 (t, 1H, J1,2 ≈ J2,3 ≈ 3.8 Hz, H-2), 5.06 (dt, 1H, J4,5 ≈ J4,5’ ≈ 4.1, J3,4 = 8.2 Hz, 

H-4), 4.96 (dd, 1H, J3,4 = 8.1, J3,4 = 3.8 Hz, H-3), 4.92, 4.68 (2d, 2H, J = 13.4 Hz, -

OCH2Ar), 4.81 (d, 1H, J1,2 = 3.6 Hz, H-1), 4.19 (dd, 1H, J5,5’ = 13.5, J4,5 = 4.2 Hz, H-5), 

3.98 (dd, 1H, J5,5’ = 13.5, J4,5’ = 4.0 Hz, H-5); 13C NMR (CDCl3, 125.7 MHz) δ 190.1 

(C=S), 169.0 (CH3CO-), 147.7, 144.0, 128.0, 123.8 (C-aromatic), 97.3 (C-1), 77.8 (C-3), 

76.2 (C-2), 69.0 (OCH2Ar), 68.0 (C-2), 60.0 (C-5), 20.8 (CH3CO-). HRMS (ESI) m/z 

[M+Na]+ calcd for C15H15NNaO8S 392.0411, found 392.0424. 

3.4.4. 4-Nitrobenzyl 2-O-acetyl-3,4-dideoxy-β-D-glycero-pent-3-enopyranoside 14  

 The thionocarbonate 13 (130 mg, 0.35 mmol) was dissolved in triethyl phosphite (3 

mL) and heated in a sealed tube under N2. After stirring at 115 °C for 3.5 h, TLC 

(hexane/EtOAc 1:1) showed the formation of a main product (Rf 0.67) and some stating 

material (Rf 0.22) remaining. Column chromatography (hexane/EtOAc 4:1→3:2) led to 14 

(46 mg, 45%) and then the remaining 13 (36 mg, 0.10 mmol) was recovered. The unreacted 

13 was treated with triethyl phosphite as described above. Column chromatography 

afforded some additional 14 (14 mg, 58% overall yield); [α]D −243.1 (c 0.4, CHCl3); 
1H 

NMR (CDCl3, 500 MHz) δ 8.22, 7.52 (d, 2H, J = 8.6 Hz, H-aromatic), 6.11 (dt, 1H, J3,4 = 

10.5, J4,5 ≈ J4,5’ ≈ 2.6 Hz, H-4), 5.88 (ddd, 1H, J2,3 = 4.2, J4,5 = 10.5, J3,5’ = 2.3 Hz, H-3), 
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5.08 (br d, 1H, J2,3 = 4.2 Hz, H-2), 4.91 (d, 1H, J1,2 < 1.0 Hz, H-1), 4.90, 4.73 (2d, 2H, J = 

13.4 Hz, OCH2Ar), 4.21 (t, 2H, H-5, H-5’), 2.10 (s, 3H, CH3CO-); 13C NMR (CDCl3, 

125.7 MHz) δ 170.5 (CH3CO-), 147.7, 145.1, 127.9, 123.9 (C-aromatic), 131.3 (C-4), 120.3 

(C-3), 97.4 (C-1), 68.6 (OCH2Ar), 65.9 (C-2), 59.9 (C-5), 21.2 (CH3CO-). HRMS (ESI) 

m/z [M+Na]+ calcd for C14H15NNaO6 316.0792, found 316.0798. 

3.4.5. 4-Nitrobenzyl 3,4-dideoxy-β-D-glycero-pent-3-enopyranoside 15 

 Compound 14 (112 mg, 0.38 mmol) was treated with NaOMe/MeOH (0.2 M, 6 mL) 

at 0 °C for 1 h. TLC (hexane/EtOAc 1:1.5) showed complete conversion of 14 (Rf 0.74) 

into a lower moving compound (Rf 0.44). The reaction mixture was diluted with MeOH and 

neutralized with Dowex 50W (H+) resin, filtered and concentrated up to dryness, to afford 

15 (91 mg, 95%); [α]D −184.0 (c 0.6, CHCl3); 
1H NMR (CDCl3, 500 MHz) δ 8.21, 7.52 (d, 

2H, J = 8.5 Hz, H-aromatic), 5.95 (dt, 1H, J3,4 = 10.4, J4,5 ≈ J4,5’ ≈ 2.1 Hz, H-4), 5.91 (ddd, 

1H, J2,3 = 2.0, J3,4 = 10.4, J3,5’ = 3.7 Hz, H-3), 4.92, 4.72 (2d, 2H, J = 13.3 Hz, -OCH2Ar), 

4.81 (d, 1H, J1,2 = 2.7 Hz, H-1), 4.22 (ddd, 1H, J4,5 = 2.0, J3,5 = 3.7, J5,5’ = 17.0 Hz,   H-5), 

4.15 (dq, 1H, J3,5’ ≈ J4,5’ ≈ 2.1 Hz, H-5’), 3.97 (m, 1H, H-2), 1.93 (d, 1H, J2,OH = 8.3 Hz, 

OH); 13C NMR (CDCl3, 125.7 MHz) δ 147.6, 145.2, 128.0, 123.8 (C-aromatic), 129.0 (C-

4), 124.6 (C-3), 100.53 (C-1), 68.9 (OCH2Ar), 64.9 (C-2), 61.1 (C-5). HRMS (ESI) m/z 

[M+Na]+ calcd for C12H13NNaO5 274.0686, found 274.0679. 

3.4.6. 2(S)-(4-Nitrobenzyloxy)-2H-pyran-3(6H)-one 16S  

 To a solution of 15 (90 mg, 0.36 mmol) in dry MeCN (3 mL) was added IBX (235 

mg, 0.84 mmol) and stirred at 80 °C for 3.5 h. The reaction mixture was diluted with 

CH2Cl2 and filtered through a celite bed. Concentration of the filtrate and further 

purification by column chromatography (hexane/EtOAc 4:1) led to 16S (72 mg, 80%). 
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[α]D −166.6 (c 0.7, CHCl3); 
1H NMR (CDCl3, 500 MHz) δ 8.21, 7.52 (d, 2H, J = 8.0 Hz, H-

aromatic), 7.09 (dt, 1H, J4,3 = 10.6, J5,6 = 1.8, J5,6’ = 1.8 Hz, H-5), 6.17 (dddd, 1H, J2,4 < 1.0, 

J3,4 = 10.6, J4,6 = 2.5, J4,6’ = 1.8 Hz, H-4), 4.93 (br d, 1H, J2,3 < 1.0 Hz, H-2), 4.93, 4.81 (2d, 

2H, J = 13.2 Hz, OCH2Ar), 4.54 (ddd, 1H, J4,6 = 2.4, J5,6 = 2.1, J6,6’ = 19.1 Hz, H-6), 4.33 

(ddd, 1H, J4,6’ = 1.9, J5,6’ = 3.9, J6,6’ = 19.2 Hz, H-6’); 13C NMR (CDCl3, 125.7 MHz) δ 

188.1 (C-3), 148.1 (C-5), 147.7, 144.4, 128.0, 123.9 (C-aromatic), 124.9 (C-4), 97.5 (C-2), 

69.4 (OCH2Ar), 60.0 (C-6). HRMS (ESI) m/z [M+Na]+ calcd for C14H15NNaO6 272.0529, 

found 272.0519. 

3.5. Synthesis of enantioenriched 2(S)-(4-nitrobenzyloxy)-2H-pyran-3(6H)-one 16S starting 

from 2-acetoxyglycal 1 

 To a solution of compound 1 (502 mg, 1.94 mmol) and 4-nitrobenzyl alcohol (300 

mg, 1.96 mmol) in anhydrous CH2Cl2 (10 mL) was added InCl3 (22 mg, 0.10 mmol), and 

the solution was stirred overnight (16 h) at rt. Analysis by TLC (CH2Cl2/EtOAc 30:1) 

showed formation of a less polar product (Rf 0.76) and complete disappearance of the 

starting glycal (Rf 0.28). The reaction mixture was diluted with CH2Cl2 (20 mL) and 

washed with sat aq NaHCO3, water and brine. After drying (MgSO4), solvent evaporation 

afforded a residue that was purified by column chromatography (hexane/EtOAc, 9:1→4:1) 

to afford 16S (364 mg, 75%); and [α]D −136.8 (c 0.8, CHCl3). The optical rotation indicated 

an ee ∼ 82%. 

3.6. Synthesis of enantiomerically pure 2(R)-(4-Nitrobenzyloxy)-2H-pyran-3(6H)-one 16R 

from 4-nitrobenzyl glycoside 18 
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The NMR spectra of compounds 17-21 and 16R were in good agreement with those of the 

respective enantiomers of section 3.4. 

3.6.1. 4-Nitrobenzyl 2,3,4-tri-O-acetyl-α-D-arabinopyranoside 17 

 The procedure for the glycosylation of 9 applied to per-O-acetyl-α,β-D-

arabinopyranose (480 mg, 1.50 mmol) afforded 17 (328 mg, 53%); [α]D +21.3 (c 1.1, 

CHCl3).  

3.6.2. 4-Nitrobenzyl α-D-arabinopyranoside 18 

 Deacetylation of 17 (280 mg, 0.68 mmol) gave 18 (178 mg, 92%); Mp 89 °C; 

[α]D +17.3 (c 0.9, MeOH). 

3.6.3. 4-Nitrobenzyl 2-O-acetyl-α-D-arabinopyranoside 3,4-thionocarbonate 19 

 The synthesis of 13 from 12 was applied to 18 (130 mg, 0.45 mmol) to afford 19 

(108 mg, 65%); [α]D +153.1 (c 0.5, CHCl3). 

3.6.4. 4-Nitrobenzyl 2-O-acetyl-3,4-dideoxy-β-L-glycero-pent-3-enopyranoside 20 

 Heating compound 19 (98 mg, 0.26 mmol) under the conditions stated for 13 led to 

20 (42 mg, 55% overall yield); [α]D +247.3 (c 0.5, CHCl3). 

3.6.5. 4-Nitrobenzyl 3,4-dideoxy-β-L-glycero-pent-3-enopyranoside 21 

 Removal of the O-acetyl group from 20 (40 mg, 0.14 mmol) afforded 21 (33 mg, 

93%); [α]D +180.3 (c 0.7, CHCl3). 

3.6.6. 2(R)-(4-Nitrobenzyloxy)-2H-pyran-3(6H)-one 16R 
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 Oxidation of 21 (32 mg, 0.13 mmol) with IBX, as described for 16S, gave 16R (27 

mg, 82%); [α]D +165.8 (c 0.8, CHCl3). 

3.7. Synthesis of enantiomerically pure 2(S)-(4-acetamidobenzyloxy)-2H-pyran-3(6H)-one 

27S from glycoside 11 

3.7.1. 4-Acetamidobenzyl 2,3,4-tri-O-acetyl-α-L-arabinopyranoside 22 

 The glycoside 11 (424 mg, 1.03 mmol) was dissolved in EtOAc (20 mL) and treated 

with H2 in the presence of 10% Pd/C (63 mg) at rt for 5 h. Monitoring by TLC 

(hexane/EtOAc 1:1.5) showed conversion of 11 (Rf 0.60) into a lower moving spot (Rf 

0.43). The reaction mixture was diluted with CH2Cl2, filtered through a celite bed and 

concentrated. The crude product was acetylated with acetic anhydride (0.9 mL) in pyridine 

(1,5 mL) at rt for 2 h, when TLC (EtOAc) showed a main product of Rf 0.62. The solution 

was diluted with MeOH and concentrated. The residue was purified by column 

chromatography (hexane/EtOAc 3:2→2:3) to afford 22 (327 mg, 75%); [α]D −25.0 (c 0.7, 

CHCl3); 
1H NMR (CDCl3, 500 MHz) δ 7.50, 7.22 (d, 2H, J = 8.1 Hz, H-aromatic), 7.43 (br 

s, 1H, NH), 5.31 (m, 1H, overlapped with H-2, H-4), 5.21(dd, 1H, J1,2 = 6.8, J2,3 = 9.3 Hz, 

H-2), 5.01 (dd, 1H, J2,3 = 9.2, J3,4 = 3.5 Hz, H-3), 4.85, 4.55 (2d, 2H, J = 12.2 Hz, -

OCH2Ar), 4.47 (d, 1H, J1,2 = 6.8 Hz, H-1), 4.05 (dd, 1H, J4,5a = 3.5, J5a,5b = 13.0 Hz, H-5a), 

3.62 (dd, 1H, J4,5b = 1.6, J5a,5b = 13.0 Hz, H-5eq); 2.16, 2.12, 2.02, 2.00 (s, 3H each, 

CH3CO-); 13C NMR (CDCl3, 125.7 MHz) δ 170.5, 170.3, 169.6, 168.5 (CH3CO), 137.8, 

132.9, 128.6, 119.9 (C-aromatic), 99.5 (C-1), 70.2 (C-3), 70.1 (OCH2Ar), 69.3 (C-2), 67.7 

(C-4), 63.1 (C-5), 24.7, 21.0, 20.9, 20.8 (CH3CO). HRMS (ESI) m/z [M+Na]+ calcd for 

C20H25NNaO9 446.1422, found 446.1420. 
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3.7.2. 4-Acetamidobenzyl α-L-arabinopyranoside 23 

Glycoside 22 (300 mg, 0.71 mmol) was treated with 1:4:5 Et3N:MeOH:H2O (2.5 

mL) and stirred at rt for 5 h, when TLC (EtOAc)  showed complete conversion of 22 (Rf 

0.62) into a main spot (Rf 0). Reaction mixture was concentrated to dryness to afford 23 

(207 mg, 98%); [α]D −18.3 (c 1.0, MeOH); 1H NMR (pyridine-d5, 500 MHz) δ 7.98, 7.53 

(d, 2H, J = 8.5 Hz, H-aromatic), 5.11, 4.79 (2d, 2H, J = 11.7 Hz, OCH2Ar), 4.81 (d, 1H, J1,2 

= 7.0 Hz, H-1), 4.50 (t, 1H, J1,2 = 7.1, J2,3 = 8.7 Hz, H-2), 4.36 (m, 2H, H-4, H-5eq), 4.19 

(dd, 1H, J2,3 = 8.7, J3,4 = 3.0 Hz, H-3), 3.78 (dd, 1H, J4,5ax = 2.7, J5ax,5eq = 13.3 Hz, H-5ax); 

13C NMR (pyridine-d5, 125.7 MHz) δ 169.3 (CH3CO), 140.4, 134.1 129.6, 120.3 (C-

aromatic), 104.7 (C-1), 75.0 (C-3), 72.9 (C-2), 69.8 (OCH2Ar), 69.9 (C-4), 67.4 (C-5), 24.7 

(CH3CO). HRMS (ESI) m/z [M+Na]+ calcd for C20H25NNaO9 446.1422, found 446.1420. 

3.7.3. 4-Acetamidobenzyl 2-O-acetyl-α-L-arabinopyranoside 3,4-thionocarbonate 24 

 All the attempts to prepare 24 from glycoside 23 at temperatures ranging from 50 to 

100 °C were unsuccessful, as highly polar decomposition products were formed in all 

cases.   

3.8. Synthesis of enantiomerically pure 2(S)-(4-acetamidobenzyloxy)-2H-pyran-3(6H)-one 

27S from enopyranoside 14 

3.8.1. 4-Acetamidobenzyl 2-O-acetyl-3,4-dideoxy-β-D-glycero-pent-3-enopyranoside 25  

 To a solution of 14 (135 mg, 0.46 mmol) in a mixture of THF (6 mL) and H2O (3 

mL), was added activated charcoal (160 mg) and NaBH4 (104 mg, 2.7 mmol). After 3 hours 

of stirring at 60 °C an additional amount of NaBH4 (153 mg, 4.0 mmol) was added and the 

stirring was maintained for 2 h. TLC (hexane/EtOAc 1:1) showed complete conversion of 
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14 (Rf 0.66) into a more polar product (Rf 0.20). The mixture was diluted with MeOH, 

filtered through a celite bed and concentrated. The crude product was acetylated with acetic 

anhydride (1 mL) in pyridine (1 mL) at rt for 2 h and concentrated. The residue was 

purified by column chromatography (hexane/EtOAc 4:1→3:2) to afford 25 (102 mg, 73%). 

[α]D −199.0 (c 0.5, CHCl3); 
1H NMR (CDCl3, 500 MHz) δ 7.51–7.28 (2 d, 4H, J = 8.3 Hz, 

H-aromatic), 7.20 (br s, 1H, -NH), 6.08 (dt, 1H, J4,5 ≈ J4,5’ ≈ 2.3, J3,4 = 10.4 Hz, H-4), 5.85 

(m, 1H, H-3), 4.99 (br d, J2,3 = 4.0 Hz, H-2), 4.87 (br s, 1H, H-1), 4.75, 4.58 (2 d, 2H, J = 

12.0 Hz, OCH2Ar),  4.24 (ddd, 1H, J3,5 = 2.1, J4,5 = 4.2, J5,5’ = 7.1 Hz, H-5), 4.16 (dt, 1H, 

J3,5’ ≈ J4,5’ ≈ 2.3, J5,5’ = 7.1 Hz, H-5’), 2.17, 2.07 (2 s, 3H each, CH3CO); 13C NMR (CDCl3, 

125.7 MHz) δ 170.4, 168.4 (CH3CO), 137.7, 133.3, 128.9, 120.0 (C-aromatic), 131.4 (C-4), 

122.3 (C-3), 96.6 (C-1), 69.5 (OCH2Ar), 66.1 (C-2), 59.7 (C-5), 24.8, 21.2 (CH3CO). 

HRMS (ESI) m/z [M+Na]+ calcd for C16H19NNaO5 328.1155, found 328.1165. 

3.8.2. 4-Acetamidobenzyl 3,4-dideoxy-β-D-glycero-pent-3-enopyranoside 26  

 Compound 25 (100 mg, 0.33 mmol) was dissolved in 1:4:5 Et3N:MeOH:H2O (2.5 

mL) and stirred at rt for 2 h. Monitoring by TLC (hexane/EtOAc 1:3) showed conversion of 

25 (Rf 0.58) into a more polar product (Rf 0.25).  The reaction mixture was concentrated to 

dryness to afford 26 (85 mg, 98%); [α]D −195.2 (c 0.8, CHCl3); 
1H NMR (CDCl3, 500 

MHz) δ 7.50–7.28 (2 d, 4H, J = 8.2 Hz, H-aromatic), 7.40 (br s, 1H, NH), 5.92 (br d, 1H, 

J3,4 = 10.6 Hz, H-4), 5.87 (br d, 1H, J3,4 = 10.6 Hz, H-3), 4.77 (d, 1H, J1,2 = 1.5 Hz, H-1), 

4.77, 4.56 (2 d, 2H, J = 11.8 Hz, OCH2Ar), 4.24 (m, 1H, J5,5’ = 16.9 Hz, H-5), 4.13 (m, 1H, 

J5,5’ = 16.9 Hz, H-5’), 3.91 (m, 1H, J1,2 = 1.5 Hz, H-2), 2.16 (1 s, 3H, CH3CO); 13C NMR 

(CDCl3, 125.7 MHz) δ 168.5 (CH3CO), 137.7, 133.4, 129.0, 120.0 (C-aromatic), 129.1 (C-
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4), 124.7 (C-3), 99.8 (C-1), 69.7 (OCH2Ar), 65.1 (C-2), 61.1 (C-5), 24.7 (CH3CO). HRMS 

(ESI) m/z [M+Na]+ calcd for C14H15NNaO6 286.1050, found 286.1057. 

3.8.3. 2(S)-(4-Acetamidobenzyloxy)-2H-pyran-3(6H)-one 27S  

Compound 26 (80 mg, 0.30 mmol) was oxidized with IBX under the same 

conditions applied for the oxidation of 15 to 16S. TLC (hexane/EtOAc 1:3) showed 

conversion of 26 (Rf 0.25) into a faster moving spot (Rf 0.40). Purification by column 

chromatography (hexane/EtOAC 3:2) led to 27S (65 mg, 83%); [α]D −165.8 (c 0.9, CHCl3); 

1H NMR (CDCl3, 500 MHz) δ 7.49, 7.31 (d, 4H, J = 8.6 Hz, H-aromatic), 7.04 (ddd, 1H, 

J4,3 = 10.6, J5,6 = 1.9, J5,6’ = 4.0 Hz, H-5), 6.12 (br d, 1H, J4,5 = 10.5, J4,6 = 2.2, J3,6’ = 2.0 Hz, 

H-4), 4.92 (br d, 1H, H-2), 4.77, 4.67 (2d, 2H, J = 11.7 Hz, OCH2Ar), 4.51 (dt, 1H, J4,6 = 

2.2, J5,6 = 2.2, J6,6’ = 19.2 Hz, H-6), 4.30 (ddd, 1H, J4,6’ = 1.9, J5,6’ = 3.7, J6,6’ = 19.2 Hz, H-

6’); 13C NMR (CDCl3, 125.7 MHz) δ 188.8 (C-3), 168.4 (NHCOCH3), 148.1 (C-5), 137.9, 

132.7, 129.1, 120.0 (C-aromatic), 124.9 (C-4), 97.0 (C-2), 70.5 (OCH2Ar), 59.9 (C-6). 

HRMS (ESI) m/z [M+Na]+ calcd for C14H15NNaO4 284.0893, found 284.0900. 

3.9. Synthesis of enantioenriched 2(S)-(4-acetamidobenzyloxy)-2H-pyran-3(6H)-one 27S by 

glycosylation of 2-acetoxyglycal 1 

A solution of 1 (100 mg, 0.39 mmol) and 4-acetamidobenzyl alcohol (97 mg, 0.58 

mmol) in anhydrous CH2Cl2 (4 mL) was cooled at −18 °C. Upon addition of SnCl4 (0.06 

mL, 0.51 mmol), the reaction mixture was stirred at −18 °C for 1 h and then was diluted 

with CH2Cl2 and washed with sat aq NaHCO3, water and brine. After drying (MgSO4) and 

concentration, the residue was purified by column chromatography (hexane/EtOAc, 

7:3→1:1) to afford 27S (22 mg, 22%); [α]D −132.8 (c 0.8, CHCl3); ee = 80%. 
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3.10. Synthesis of enantioenriched 2(S)-(4-acetamidobenzyloxy)-2H-pyran-3(6H)-one 27S 

from enone 16S (ee = 82%) 

3.10.1. 4- Nitrobenzyl 2-O-acetyl-3,4-dideoxy-α-L-glycero-pent-3-enopyranoside 28 

Compound 16S (103 mg, 0.41 mmol) was dissolved in MeOH (3.3 mL) and 

CeCl3·7H2O (163 mg, 0.44 mmol) and NaBH4 (60 mg, 1.54 mmol) were added. The 

reaction mixture was stirred at −18 °C for 3 h, when TLC (hexane/EtOAc 1:1) analysis 

showed complete conversion of 16S (Rf 0.60) into a lower moving spot (Rf 0.48). The 

mixture was dissolved in CH2Cl2 (20 mL) and extracted with water twice (10 mL), dried 

(MgSO4) and concentrated. The residue was treated with acetic anhydride (1 mL) in 

pyridine (1 mL) at rt for 2 h. Monitoring by TLC (hexane/EtOAc 1:1) showed conversion 

into a less polar product (Rf 0.68). The reaction mixture was diluted with MeOH, 

concentrated and purified by column chromatography (hexane→ hexane/EtOAc 9:1) to 

afford 28 (85 mg, 70%). [α]D −93.4 (c 0.5, CHCl3); ee = 82%; 1H NMR (CDCl3, 500 MHz) 

δ 8.21–7.51 (2 d, 4H, J = 8.6 Hz, H-aromatic), 5.99 (dq, 1H, J2,4 ≈ J4,5 ≈ J4,5’ ≈ 2. 3, J3,4 = 

10.5 Hz, H-4), 5.72 (dq, 1H, J2,3 ≈ J3,5 ≈ J3,5’ ≈ 2.3, J3,4 = 10.5 Hz, H-3), 5.34 (m, 1H, J1,2 = 

3.7, J2,3 ≈ J2,4 ≈ J2,5 ≈ J2,5’ ≈ 2.3 Hz, H-2), 5.10 (d, 1H, J1,2 = 3.7 Hz, H-1), 4.95‒4.70 (2 d, 

2H, J = 13.4 Hz, OCH2Ar), 4.25 (dq, 1H, J2,5 ≈ J3,5 ≈ J4,5 ≈ 2.3, J5,5’ = 17.0 Hz, H-5), 4.12 

(dq, 1H, J2,5’ ≈ J3,5’ ≈ J4,5’ ≈ 2.3, J5,5’ = 17.0 Hz, H-5’); 13C NMR (CDCl3, 125.7 MHz) δ 

170.7 (CH3CO), 147.6, 145.3, 128.0, 123.8 (C-aromatic), 129.4 (C-4), 121.9 (C-3), 94.9 

(C-1), 68.8 (OCH2Ar), 66.2 (C-2), 61.0 (C-5), 21.2 (CH3CO). HRMS (ESI) m/z [M+Na]+ 

calcd for C14H15NNaO6 316.0792 found 316.0797. 

3.10.2. 4-Acetamidobenzyl 2-O-acetyl-3,4-dideoxy-α-L-glycero-pent-3-enopyranoside 29 
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The nitroarene group of 28 (80 mg, 0.27 mmol) was reduced under the conditions 

applied to the reduction and acetylation of 14. Examination by TLC (hexane/EtOAc 1:1) 

showed complete conversion of 28 (Rf 0.68) into a more polar compound (Rf 0.26) which 

was purified by column chromatography (hexane/EtOAc 4:1→3:2) to afford 29 (58 mg, 

70%). [α]D −64.4 (c 0.7, CHCl3); ee = 82%; 1H NMR (CDCl3, 500 MHz) δ 7.47–7.29 (2 d, 

4H, J = 8.1 Hz, H-Aromatics), 7.22 (br s, 1H, -NH), 5.95 (dq, 1H, J2,4 ≈ J4,5 ≈ J4,5’ ≈ 2.5, J3,4 

= 10.4 Hz, H-4), 5.68 (br d, 1H, J2,3 ≈ J3,5 ≈ J3,5’ ≈ 2.5, J3,4 = 10.4 Hz, H-3), 5.28 (m, 1H, H-

2), 5.04 (d, 1H, J1,2 = 3.7 Hz, H-1), 4.78, 4.59 (2 d, 2H, J = 12.2 Hz, OCH2Ar),  4.25 (dq, 

1H, J2,5 ≈ J3,5 ≈ J4,5 ≈ 2.3, J5,5’ = 16.9 Hz, H-5), 4.08 (dq, 1H, J2,5’ ≈ J3,5’ ≈ J4,5’ ≈ 2.5, J5,5’ = 

16.9 Hz, H-5’), 2.17, 2.08 (2 s, 3H each, CH3CO); 13C NMR (CDCl3, 125.7 MHz) δ 170.7, 

168.5 (CH3CO), 137.7, 133.4, 129.5, 119.9 (C-aromatic), 133.4 (C-4), 122.0 (C-3), 93.8 

(C-1), 69.5 (OCH2Ar), 66.4 (C-2), 60.7 (C-5), 24.8, 21.2 (CH3CO). HRMS (ESI) m/z 

[M+Na]+ calcd for C16H19NNaO5 328.1155, found 328.1154. 

3.10.3 4-Acetamidobenzyl 3,4-dideoxy-α-L-glycero-pent-3-enopyranoside 30 

Compound 29 (58 mg, 0.19 mmol) was deacetylated as described for 25. 

Monitoring by TLC (hexane/EtOAc 1:2) showed conversion of 29 (Rf 0.30) into a more 

polar spot (Rf 0.15).  Reaction mixture was concentrated up to dryness to afford 30 (48 mg, 

97%). [α]D −61.1 (c 1.0, CHCl3); ee = 82%; 1H NMR (CDCl3, 500 MHz) δ 7.48–7.29 (2 d, 

4H, J = 8.1 Hz, H-aromatic), 7.41 (br s, 1H, NH), 5.81 (br d, 1H, J3,4 = 10.6 Hz, H-4), 5.73 

(br d, 1H, J3,4 = 10.6 Hz, H-3), 4.93 (d, 1H, J1,2 = 3.6 Hz, H-1), 4.80, 4.59 (2 d, 2H, J = 11.9 

Hz, OCH2Ar), 4.19‒4.14 (m, 2H, H-2 overlapped with H-5), 4.04 (m, 1H, J5,5’ = 17.1 Hz, 

H-5’), 2,29 (br s, 1H, OH), 2.16 (1 s, 3H, CH3CO); 13C NMR (CDCl3, 125.7 MHz) δ 168.5 

(CH3CO), 137.8, 133.3, 129.0, 120.1 (C-aromatic), 127.2 (C-4), 126.2 (C-3), 95.9 (C-1), 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

69.7 (OCH2Ar), 64.3 (C-2), 60.5 (C-5), 24.7 (CH3CO). HRMS (ESI) m/z [M+Na]+ calcd 

for C14H17NNaO4 286.1050, found 286.1057. 

3.10.4. 2(S)-(4-acetamidobenzyloxy)-2H-pyran-3(6H)-one 27S 

Oxidation of 30 (48 mg, 0.18 mmol) with IBX, under the conditions applied for the 

oxidation of 15, led to 27S (38 mg, 80%); [α]D −137.1 (c 0.6, CHCl3); ee = 83%.  

 

Acknowledgements 

Financial support by the National Research Council of Argentina (CONICET, 

Project PIP 11220150100443CO, Project PUE 2292016010006800) and the University of 

Buenos Aires (UBA, Project 20020170100403BA) is gratefully acknowledged. L.D. is a 

fellow from CONICET. V.E.M. and O.V. are research members from CONICET.  

 

References 

 [1] G. Desimoni, G. Faita, P. Quadrelli, Forty Years after “Heterodiene 

Syntheses with α,β-Unsaturated Carbonyl Compounds”: Enantioselective Syntheses of 3,4-

Dihydropyran Derivatives, Chem. Rev. 118 (2018) 2080–2248. 

doi:10.1021/acs.chemrev.7b00322. 

[2] N.M. Xavier, M. Goulart, A. Neves, J. Justino, S. Chambert, A.P. Rauter, Y. 

Queneau, Synthesis of sugars embodying conjugated carbonyl systems and related triazole 

derivatives from carboxymethyl glycoside lactones. Evaluation of their antimicrobial 

activity and toxicity, Bioorg. Med. Chem. 19 (2011) 926–938. 

doi:10.1016/j.bmc.2010.11.060. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[3] N.M. Xavier, A.P. Rauter, Sugars containing α,β-unsaturated carbonyl 

systems: synthesis and their usefulness as scaffolds in carbohydrate chemistry, Carbohydr. 

Res. 343 (2008) 1523–1539. doi: 10.1016/j.carres.2008.04.033. 

[4] R.J. Ferrier, J.O. Hoberg, Synthesis and reactions of unsaturated sugars, 

Adv. Carbohydr. Chem. Biochem. 58 (2003) 55–119. doi:10.1016/S0065-2318(03)58003-

9. 

[5] S. Kudo, N. Goto, J. Sperry, K. Norinaga, J. Hayashi, Production of 

Levoglucosenone and Dihydrolevoglucosenone by Catalytic Reforming of Volatiles from 

Cellulose Pyrolysis Using Supported Ionic Liquid Phase, ACS Sustain. Chem. Eng. 5 

(2017) 1132–1140. doi:10.1021/acssuschemeng.6b02463. 

[6] S.Y. Quah, M.S. Tan, Y.H. The, J. Stanslas, Pharmacological modulation of 

oncogenic Ras by natural products and their derivatives: Renewed hope in the discovery of 

novel anti-Ras drugs, Pharmacol. Ther. 162 (2016) 35–57. doi: 

10.1016/j.pharmthera.2016.03.010 

[7] M.B. Comba, Y. Tsai, A.M. Sarotti, M.I. Mangione, A.G. Suárez, R.A. 

Spanevello, Levoglucosenone and Its New Applications: Valorization of Cellulose 

Residues, Eur. J. Org. Chem. 2018 (2018) 590–604. doi:10.1002/ejoc.201701227. 

[8] A.M. Sarotti, M.M. Zanardi, R.A. Spanevello, Recent Applications of 

Levoglucosenone as Chiral Synthon, Curr. Org. Synth. 9 (2012) 439–459. 

doi:10.2174/157017912802651401. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[9] Z.J. Witczak, K. Tatsuta (Eds.), Carbohydrate Synthons in Natural Products 

Chemistry. Synthesis Functionalization, and Applications, ACS Symposium Series No. 

841, American Chemical Society, Washington DC, USA, 2003. 

[10] Z.J. Witczak (Ed.), Levoglucosenone and Levoglucosans, Chemistry and 

Applications, ATL Press, Mount Prospect, USA, 1994. 

[11] C.A. Iriarte Capaccio, O. Varela, Synthesis of Optically Active 2-Alkoxy-

2H-pyran-3(6H)-ones. Their Use as Dienophiles in Diels-Alder Cycloadditions, J. Org. 

Chem. 66 (2001) 8859–8866. doi:10.1021/jo0106896. 

[12] C.A. Iriarte Capaccio, O. Varela, Stereocontrolled Diels-Alder 

Cycloadditions of Sugar-Derived Dihydropyranones with Dienes, J. Org. Chem. 67 (2002) 

7839–7846. doi:10.1021/jo020309w. 

[13] C.A. Iriarte Capaccio, O. Varela, Influence of Lewis acids on the facial 

selectivity in cycloadditions of sugar-derived dihydropyranones, Tetrahedron Lett. 44 

(2003) 4023–4026. doi:10.1016/S0040-4039(03)00851-7. 

[14] C.A. Iriarte Capaccio, O. Varela, Reactions of Diels–Alder adducts of a 

sugar-derived dihydropyranone leading to fused polycyclic compounds, Carbohydr. Res. 

339 (2004) 1207–1213. doi:10.1016/j.carres.2004.01.008. 

[15] C.A. Iriarte Capaccio, O. Varela, Enantiomerically pure Diels–Alder 

cycloadducts from aldohexose-derived dihydropyranones, Tetrahedron: Asymmetry. 15 

(2004) 3023–3028. doi:10.1016/j.tetasy.2004.08.005. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[16] G.A. Oliveira Udry, E. Repetto, O. Varela, Stereospecific Synthesis of 

Pyrrolidines with Varied Configurations via 1,3-Dipolar Cycloadditions to Sugar-Derived 

Enones, J. Org. Chem. 79 (2014) 4992–5006. doi:10.1021/jo500547y. 

[17] G.A. Oliveira Udry, E. Repetto, D.R. Vega, O. Varela, Synthesis of 

Enantiomeric Polyhydroxyalkylpyrrolidines from 1,3-Dipolar Cycloadducts. Evaluation as 

Inhibitors of a β-Galactofuranosidase, J. Org. Chem. 81 (2016) 4179–4189. 

doi:10.1021/acs.joc.6b00514. 

[18] G.A. Oliveira Udry, E. Repetto, D.R. Vega, O. Varela, Synthesis of Highly 

Substituted and Enantiomerically Pure 2,3,4-Tris(hydroxyalkyl)pyrrolidines Using a 1,3-

Dipolar Cycloaddition Reaction as Key Step, ChemistrySelect. 2 (2017) 4774–4778. 

doi:10.1002/slct.201701068. 

[19] M.L. Uhrig, O. Varela, Synthesis of glycosides of 3-deoxy-4-

thiopentopyranosid-2-uloses and their reduction products: 3-deoxy-4-thiopentopyranosides, 

Carbohydr. Res. 337 (2002) 2069–2076. doi:10.1016/S0008-6215(02)00292-6. 

[20] M.L. Uhrig, L. Szilágyi, K.E. Kövér, O. Varela, Synthesis of non-glycosidic 

4,6′-thioether-linked disaccharides as hydrolytically stable glycomimetics, Carbohydr. Res. 

342 (2007) 1841–1849. doi:10.1016/j.carres.2007.03.025. 

[21] I. Robina, P. Vogel, Z.J. Witczak, Synthesis and Biological Properties of 

Monothiosaccharides, Curr. Org. Chem. 5 (2001) 1177–1214. 

doi:10.2174/1385272013374743. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[22] Z.J. Witczak, J.M. Culhane, Thiosugars: new perspectives regarding 

availability and potential biochemical and medicinal applications, Appl. Microbiol. & 

Biotech. 69 (2005) 237–244. doi:10.1007/s00253-005-0156-x. 

[23] M.L. Uhrig, V.E. Manzano, O. Varela, Stereoselective Synthesis of 3-

Deoxy-4-S-(1→4)-Thiodisaccharides and Their Inhibitory Activities Towards β-Glycoside 

Hydrolases, Eur. J. Org. Chem. 2006 (2006) 162–168. doi:10.1002/ejoc.200500457. 

[24] A.J. Cagnoni, M.L. Uhrig, O. Varela, Synthesis of pentopyranosyl-

containing thiodisaccharides. Inhibitory activity against β-glycosidases, Bioorg. Med. 

Chem. 17 (2009) 6203–6212. doi:10.1016/j.bmc.2009.07.055. 

[25] E. Repetto, C. Marino, M.L. Uhrig, O. Varela, Two straightforward 

strategies for the synthesis of thiodisaccharides with a furanose unit as the nonreducing end, 

Eur. J. Org. Chem. (2008) 540–547. doi:10.1002/ejoc.200700874. 

[26] E. Repetto, C. Marino, M.L. Uhrig, O. Varela, Thiodisaccharides with 

galactofuranose or arabinofuranose as terminal units: Synthesis and inhibitory activity of an 

exo β-D-galactofuranosidase, Bioorg. Med. Chem. 17 (2009) 2703–2711. 

doi:10.1016/j.bmc.2009.02.045. 

[27] Z.J. Witczak, R. Chhabra, H. Chen, X-Q. Xie, Thiosugars II. A novel 

approach to thiodisaccharides. The synthesis of 3-deoxy-4-thiocellobiose from 

levoglucosenone, Carbohydr. Res. 301 (1997) 167–175. doi:10.1016/S0008-

6215(97)00100-6. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[28] V.E. Manzano, M.L. Uhrig, O. Varela, Straightforward synthesis of 

thiodisaccharides by ring-opening of sugar epoxides, J. Org. Chem. 73 (2008) 7224–7235. 

doi:10.1021/jo8012397. 

[29] E. Repetto, V.E. Manzano, M.L. Uhrig, O. Varela, Synthesis of branched 

dithiotrisaccharides via ring-opening reaction of sugar thiiranes, J. Org. Chem. 77 (2012) 

253–265. doi:10.1021/jo2018685. 

[30] P.A. Zunszain, O. Varela, Straightforward synthesis of a derivative of 

purpurosamine C from D-galactose, Tetrahedron: Asymmetry. 9 (1998) 1269–1276. 

doi:10.1016/S0957-4166(98)00083-4. 

[31] C.A. Iriarte Capaccio, O. Varela, Enantiospecific synthesis of a glycoside of 

D-epi-purpurosamine, Tetrahedron: Asymmetry. 11 (2000) 4945–4954. doi:10.1016/S0957-

4166(00)00483-3. 

[32] V.E. Manzano, E. Repetto, M.L. Uhrig, M. Baráth, O. Varela, Proven 

Methods in Carbohydrate Chemistry 2011, 1, 291-297. 

[33] G.M. De Fina, O. Varela, R.M. de Lederkremer, Convenient Synthesis of 

Chiral Pyranones from Carbohydrates, Synthesis. 1988 (1988) 891–893. doi:10.1055/s-

1988-27741. 

[34] M.L. Uhrig, O. Varela, Enantiospecific Synthesis of Both Enantiomer  of 2-

Benzyloxydihydropyran3-ones from Arabinose, Synthesis. 2005 (2005) 893–898. 

doi:10.1055/s-2005-861833. 

[35] L. Calle, V. Roldós, F.J. Cañada, M.L. Uhrig, A.J. Cagnoni, V.E. Manzano, 

O. Varela, J. Jiménez-Barbero, Escherichia coli β-galactosidase inhibitors through 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

modifications at the aglyconic moiety: Experimental evidence of conformational distortion 

in the molecular recognition process, Chem.: Eur. J. 19 (2013) 4262–4270. 

doi:10.1002/chem.201203673. 

[36] O. Varela, G.M. de Fina, R.M. de Lederkremer, The reaction of 2-

hydroxyglycal esters with alcohols in the presence of N-iodosuccinimide, stereoselective 

synthesis of α anomers of alkyl 3-deoxyhex-2-enopyranosides and 3,4-dideoxyhex-3-

enopyranosid-2-uloses, Carbohydr. Res. 167 (1987) 187–96. doi:10.1016/0008-

6215(87)80278-1. 

[37] E.W. Garbisch, Conformations. VI. Vinyl-Allylic Proton Spin Couplings, J. 

Am. Chem. Soc. 86 (1964) 5561–5564. doi:10.1021/ja01078a032. 

[38] O. Achmatowicz, A. Banaszek, M. Chmielewski, A. Zamojski, W. 

Lobodzinski, Conformations of methyl 3,4-dideoxy-DL-glyc-3-enopyranosides, Carbohydr. 

Res. 36 (1974) 13–22. doi:10.1016/S0008-6215(00)81988-6. 

[39] H. Dodziuk, Non-bonded interactions, and the allylic and anomeric effects, 

Carbohydr. Res. 70 (1979) 19–25. doi: 10.1016/S0008-6215(00)83266-8. 

[40] A.A. Chalmers, R. H. Hall, Conformational studies of D-glycals by 1H 

nuclear magnetic resonance spectroscopy, J. Chem. Soc., Perkin Trans. 2. (1974) 728–732. 

doi:10.1039/P29740000728. 

[41] H. Guenther, G. Jikeli, Proton nuclear magnetic resonance spectra of cyclic 

monoenes: hydrocarbons, ketones, heterocycles, and benzo derivatives, Chem. Rev. 77 

(1977) 599–637. doi:10.1021/cr60308a004. 



M
ANUSCRIP

T

 

ACCEPTE
D

ACCEPTED MANUSCRIPT

[42] S. Alcaro, A. Arena, S. Neri, R. Ottanà, F. Ortuso, B. Pavone, M.G. 

Vigorita, Design and synthesis of DNA-intercalating 9-fluoren-β-O-glycosides as potential 

IFN-inducers, and antiviral and cytostatic agents, Bioorg. Med. Chem. 12 (2004) 1781–

1791. doi:10.1016/j.bmc.2003.12.034. 

[43] D. Mukherjee, P.K. Ray, U.S. Chowdhury, Synthesis of glycosides via 

indium (III) chloride mediated activation of glycosyl halide in neutral condition, 

Tetrahedron. 57 (2001) 7701–7704. doi:10.1016/S0040-4020(01)00699-8. 

[44] V. Magnus, D. Vikić-Topić, S. Iskrić, S. Kveder, Competitive formation of 

peracetylated α- L-arabinopyranosides and β-L-arabinopyranose 1,2-(alkyl orthoacetates) in 

Koenigs-Knorr condensations, Carbohydr. Res. 114 (1983) 209–224. doi:10.1016/0008-

6215(83)88188-9. 

[45] B. Zeynizadeh, D. Setamdideh, NaBH4/Charcoal: A New Synthetic Method 

for Mild and Convenient Reduction of Nitroarenes, Synthetic Commun. 36 (2006) 2699-

2704. doi:10.1080/00397910600764709. 


