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Synopsis 

 

The thesis entitled “Novel Transformations of 2,3-Unsaturated Sugars” consists four chapters:  

 

Chapters 1: Introduction of Glycals and 2,3 Unsaturated sugars 

 

Initial part of this chapter mainly describes the reactivity and applications of simple endocyclic 

glycals. Glycals also called as the cyclic enol ethers, are well known scaffolds in the synthetic 

carbohydrate chemistry. Due to the presence of electron rich double bond in glycals, various 

chemical transformations were introduced in mono- and disaccharide derived glycals with good 

regio- and stereo selectivity. Few straightforward synthetic applications like cyclopropanation, 

glycosylation, halo-acetalization, synthesis of deoxy sugars, carbon branched sugar and imino 

sugar are highlighted. Inspired by this chemistry, this chapter deals with yet another powerful 

synthon, the 2,3-unsaturated systems. In this context, this chapter further describes the synthetic 

route, reactivity, and applications of these “hex-2-enopyranoses”.  

Although an enormous research work has been carried out in the past 50 years on the 1,2-

unsaturated sugar derivatives, 2,3-unsaturated systems has also contributed immensely in the 

advancement of carbohydrate chemistry. The basic idea and motivation of the thesis work is 

specified over the advancement of the chemistry and the application of 2,3-unsaturated sugar 

derivatives. 
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Chapters 2: Synthesis of Hexenuloses and a Library of 

Disaccharides Possessing 3-oxo-glycal unit 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

The chapter mainly describes an expeditious method for the synthesis of monosaccharides and 

disaccharides possessing 3-oxo-glycal unit. The methodology has been designed with glycals as 

the starting material. Incorporating the three key steps of this methodology: halo-alkoxylation, 

dehydrohalogenation, and ketalyzation reactions, several monosaccharide glycals are converted to 

the corresponding hexenuloses. A model substrate, tribenzyl glucal, when subjected to the regio- 

and stereoselective iodo-methoxylation using NIS/MeOH, provided methyl 2-iodo glycosides α 

and β in 4:1 ratio, respectively. Among the anomers, α-glycoside is treated with DBU, which 

effected the dehydrohalogenation reaction forming the 2,3-unsaturated vinyl ether in excellent 

yield. Further, the trifluoromethanesulfonic acid (TfOH) catalyzed ketalyzation, gives the glucal 

derived hexenuloses in good yield (Scheme 1). The methodology highlights the efficient 

conversion of the 1,2-unsaturated sugars (glycals) to 2,3-unsaturated glycosides by base mediated 

dehydrohalogenation of iodo-acetals. Further, this highly reactive vinyl ether is transformed into 

the corresponding 3-oxo-glycal derivative using catalytic amount of TfOH. 
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Scheme 1: Synthesis of 3-oxo-glucal from glucal. 

 

Several 3-oxo-glycals are synthesized to show the importance of methodology and generality of 

the reaction. Further, the protocol is successfully applied to synthesize disaccharides possessing 3-

oxo-glycals. A library of disaccharides with mix and match monosaccharides was constructed. 

Finally, the effective application of the methodology is demonstrated via synthesizing the 

disaccharide unit, comprised of rare-monosaccharide, present in natural product, versipelostatin. 

 

 

Chapter 3: Synthesis of 2C-branched sugars via Claisen 

rearrangement 

 

This chapter encompasses the Claisen rearrangement of carbohydrate-derived allyl-vinyl ethers 

for effective construction of 2-C-branched sugar derivatives. A suitable 3-O-alkenylated glycal is 

synthesized as the key precursor. The methodology is designed with 3 key steps: 1) iodo-

benzoxylation 2) dehydrohalogenation and 3) Claisen rearrangement. 2-C-branched sugar 

derivates were obtained as mixtures in excellent yield. The model substrate, glucose-derived 3-

O-allylated glucal was subjected to iodo-benzoxylation using NIS-BnOH to give the 
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corresponding 2-iodo glycoside with high α-anomeric stereoselectivity. DBU mediated 

dehydrohalogenation of this glycoside provided the 2,3-unsaturated vinyl ether derivative. 

Finally, subjecting this vinyl ether substrate to Claisen rearrangement in the presence of N,N-

dimethyl aniline as catalyst, nitrobenzene as solvent, provided the glucal-derived 2-C-branched 

sugar derivative as inseparable mixtures in good yield (Scheme 2). 

 

 

Scheme 2: Synthesis of 2-C- branched sugar via Claisen rearrangement of 2,3 unsaturated 

glycosides. 

The effective use of 2,3-unsaturated system as one of the significant synthons in carbohydrate 

chemistry is emphasized in the current chapter. The generalization of developed methodology is 

projected by synthesizing a few 2-C-branched sugars from an array of alkenylated 

monosaccharide glycal-derivatives. Major contribution and applicability of this methodology is 

highlighted by constructing the 2-C-branched disaccharide derivatives via the Claisen 

rearrangement for the first time. 

 

Chapter 4: An Efficient Method for the Synthesis of Digoxose 

Trisaccharide Glycal Donor via Mislow-Evans Rearrangement 

 

Milsow-Evans rearrangement, a class of [2,3]-sigmatropic rearrangement, has evolved as a 

valuable chemical reaction in organic chemistry. Danishefsky’s application of the Mislow−Evans 

rearrangement to prepare 6-deoxy D-allal derivative has paved the way in the field of 

carbohydrate chemistry. However, this has not been explored further in view of its applicability 

on sugar molecules. This chapter has efficiently adopted the Mislow-Evans rearrangement for the 

synthesis of 6-deoxy 3,4-di-O-tert-butyldimethylsilyl D-allal (Scheme 3). Two synthetic routes 

have been developed for its preparation involving this [2,3]-sigmatropic rearrangement which 

startes from triacetyl-D-glucal. The accessibility of this [2,3]-sigmatropic rearrangement reaction  
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on disaccharide and trisaccharide precursors is the key contribution highlighted in this work. The 

strategy allows the construction of both donor and acceptor from single starting material, 

stereoselective glycosylation and further application of Mislow-Evans rearrangement on the di- 

and trisaccharide. The developed protocol has proved itself to be a realiable and perfectly 

compatible on the higher order oligosaccharides. Alongside, this strategy establishes an 

imperative pathway for the gram scale synthesis of digoxose trisaccharide glycal moiety.  

Furthermore, the post synthetic application is also showcased by performing the stereoselective 

synthesis of two main CG derivatives, digoxin and gitoxin. This unique strategy utilizes the very 

stable and commercially available triacetyl-D-glucal as the starting material. This approach is 

mild, efficient and equally amenable to the preparation of various analogues of CGs. 

a 

i) R1 = OH, R2 =H 

ii) R1 = H, R2 = 

Digoxose trisaccharide 

Digoxin 

Gitoxin 
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Scheme 3: Synthesis of Digoxose trisaccharide by using Mislow- Evan rearrangement. 
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Chapter 1 

Glycals: A powerful transformation tool 

in glyco-chemistry   

 

 

 

 

 

Abstract 

Glycals also called as the cyclic enol ethers, are well known scaffolds in the synthetic 

carbohydrate chemistry. Due to the presence of electron rich double bond in glycals, various 

chemical transformations are introduced in mono- and disaccharide derived glycals with good 

regio- and stereo selectivity. Few straightforward synthetic applications like cyclopropanation, 

glycosylation, halo-acetalization, synthesis of deoxy sugars, carbon branched sugar and imino 

sugar are highlighted. Although an enormous research work has been carried out in the past 50 

years on the 1,2-unsaturated sugar derivatives, 2,3-unsaturated systems has also contributed 

immensely in the advancement of carbohydrate chemistry. The basic idea and motivation of the 

thesis work is specified over the advancement of the chemistry and the application of 2,3-

unsaturated sugar derivatives. 
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1.1 Introduction 

Carbohydrates frequently act as structural building blocks and biosynthetic precursors needed 

to support all living things. They have been proven to be the most prevalent, omnipresent organic  

compounds in nature, and some of them are serving as vital sources of energy and energy storage. 

They can be found in less complicated glycosides like mono- and disaccharides or more complex 

glycosides like glycolipids, glycoproteins, peptido- and proteoglycans, nucleic acids, poly- and 

lipopolysaccharides.1 Given the abundance of chiral centres and hydrophilic functionalities in 

natural carbohydrates, many organic chemists believed that among the biomolecules (nucleic 

acids, carbohydrates, lipids, and proteins), the study of natural carbohydrates was particularly 

difficult to handle. However, this belief has recently changed. With growing admiration for the 

role of carbohydrate molecules in disease, biological processes, human health, and their 

applications in the advancement of pharmaceutical goals, this deficiency had recently been 

dramatically corrected by grasping their hidden benefits in chemical synthesis. 

Emil Fisher2 (Figure 1.1) (1852-1919), the father of carbohydrate chemistry, was one of the 

pioneering scientists from the area of organic chemistry in his time. This 

distinguished scientist established the first major milestone in the study of 

carbohydrates in the 1880s. With the limited analytical capability of his 

study era, Emil Fisher had explained the stereochemistry of all simple 

carbohydrates, providing the Le Bel-Van't Hoff hypothesis of 

stereoisomerism with the indisputable evidence it required,3 of which he 

was the chemist who received the 1902 Nobel Prize as the first in organic 

chemistry and second ever awarded. The effects of this work on the 

advancement of both organic chemistry and carbohydrate chemistry have 

been thoroughly discussed. 

           Due to the vast structural diversity of carbohydrates and their numerous uses in 

glycobiology, microbiology, medicinal chemistry, and biochemistry, synthetic carbohydrate 

chemistry is one of the most important and rapidly growing subfields in organic chemistry.1 Due 

to the sugars' low cost, large natural abundance, and accessibility in enantiomeric pure forms with 

Figure  1 .1   
Emil Fischer   
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direct stereocenters, this topic has drawn the attention of many scientists.4 With the intention of 

using them in the investigation of potential biological processes occurring in living organisms, 

sugars have also been used as the precursors for the constructing biologically active synthetic 

molecules as well as naturally occurring important molecules.  

 

1.2 Glycals 

 Glycals are the 1,2-unsaturated cyclic enol ethers, which possess a double bond between C1 and 

C2 positions of the furan or pyran moieties of the carbohydrate compound (Figure 1.2).5 While 

"glycal" is a generic term, particular derivatives formed from glucose are referred to as "glucals," 

whereas those derived from galactose are frequently referred to as "galactals".5 Apart from these, 

there are modified glycals such as deoxy glycals. Due to the substantial growth in the various 

synthesis and applications such as epoxidation, halogenation, as well as cyclopropanation reactions 

etc. in organic synthesis, many benefits of the unsaturated sugars like glycals have been 

investigated. Glycals are also converted into stereo- and regioselective molecular scaffolds, which 

is induced by the oxygen present in the ring as well as the size and electronic make-up of the 

substituents in glycals. Glycals are a crucial component in the synthesis of numerous sugar 

derivatives, including O-glycosides, C-glycosides, N-glycosides, and S-glycosides, as well as 

medically relevant natural products. 
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Figure 1.2: Examples of glycals.  

1.3 Synthetic applications of glycals 

 

Glycals are well acknowledged to be one of the excellent precursors in synthetic sugar chemistry 

due to their many synthetic applications, (Figure1.3). Glycals have a double bond, which has 

allowed for the introduction of diverse functional groups into mono- and disaccharides with strong 

stereo- and regioselectivity. Due to the involvement of endo-cyclic oxygen, the enol-ether exhibits 

nucleophilic substitution and electrophilic addition reactions, leading to the production of 

products, such as the synthesis of polysaccharides from the modified monosaccharide derivatives.  
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Figure 1.3: Few synthetic applications of simple glycals in sugar chemistry. 

 

Through an allylic rearrangement in nucleophilic substitution reaction to make 2,3-unsaturated 

glycosides, Ferrier rearrangement7 is one of the highly exerted reactions of glycals which Ferrier 

initially reported. Prior to Ferrier's publication, Emil Fischer had studied a similar type of reaction 

using water as the nucleophile.8 Ferrier has researched the stereoselective synthesis of the related 

2,3-unsaturated glycosides using a variety of nucleophiles, including O-, C-, N-, and S-

nucleophiles.9 (Figure1.3a). Researchers had focused on creating novel methods for C-Glycoside10 

synthesis due to their stability in metabolic processing. Such C-glycosides could be made using 

glycals as well (Figure1.3b). One of the early glycosylation techniques described by Lemieux is 

haloglycosylation11, which uses glycals as glycosyl donors to produce halo-glycosides 

(Figure1.3c). These halo-glycosides have been used to synthesise a few biologically active 

oligosaccharides and natural products like ciclamycin12, ivermectin, etc. Danishefsky13 has created 
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a systematic procedure for creating 1,2-Anhydro sugars (also known as 1,2-epoxy sugars) by 

oxidising glycals with DMDO. Following that, these glycosides were utilised as exceptional 

glycosyl donors to create various higher order glycosides of glucose, mannose, and galactose 

(Figure1.3d).12 In addition, glycals are also used to produce modified carbohydrate residues such 

as 1,2-cyclopropanated sugars14 (Figure1.3e), allylic lactones15 (Figure1.3f), 2-deoxy glycosides16 

(Figure1.3g) and imino sugars17 (Figure1.3h), which are then synthesised into new sugar 

molecules, natural products, their advanced intermediates, and secondary metabolites produced by 

living organisms. 

 

1.4 The journey towards 2,3-unsaturated sugars from 1,2-

unsaturation 

 

Glycals have emerged as a powerful transformation tool in the synthetic carbohydrate chemistry. 

The versatile reactivity of the endocyclic oxygen and the 1,2-unsaturation has obtained significant 

importance. However, the double bond shift from 1,2 to 2,3 position of the sugar, has uplifted the 

interests of several research groups. In a similar way, we were attracted to know more about the 

2,3-unsaturated sugar derivatives because they are very much undermined and less explored till 

date. Further part of this section, emphasizes the value of Δ2,3 unsaturated carbohydrate 

derivatives, it’s reactivity and synthetic routes reported till date. The rich chemistry of 2,3-

unsaturated pyranoses is shown further in this context by the array of transformations carried out. 

 

1.5 2,3-unsaturated Sugar derivatives 

 

Although there are enormous reports of literature accessible over simple-glycals and its 

application, over the past 50 years, mechanistic and synthetic advances in carbohydrate chemistry 

have been made possible by 2,3-unsaturated pyranose derivative or hex-2-enopyranoses, 3. They 

are also called pseudoglycals.18 Fischer19 was the first one to declare the existence of a molecule 

in this category, but it took Bergmann20 ten years to determine the precise structure of that 

molecule.  
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1.6 Synthetic Path to Hex-2-enopyranosides using Glycal precursors 

 

 

Scheme 1. Formation of hex-2-enopyranoses 3 via Ferrier rearrangement of glucal 1 

 

Ferrier and Prasad became the first to render the route 1→3 (Scheme 1), which produced the 

widely used synthetic intermediates hex-2-enopyranosides, available on a preparative scale in 

1969.21 The cationic intermediate 2, which was produced in this reaction, has been important since 

then in numerous carbohydrate transformations, and is now referred as the Ferrier-I 

rearrangement.22,23 This widely used method incorporated Lewis acid, like BF3
.OEt2, as 

promoters. In addition to the Ferrier rearrangement, which is depicted in Scheme 1, other methods 

of obtaining hex-2-enopyranoses from carbohydrate derived precursors have been discovered. In 

order to access 5 (Scheme 2), Boctor and Fraser-Reid used the reductive removal of 

adjacent/vicinal disulfonates from compound 4.24 

 

Scheme 2. Boctor and Fraser-Reid’s method to the synthesis of hex-2-eno-pyranosides. 

 

In another report, Zamojski and Achmatowicz developed a route to allylic pyranosides which used 

non-carbohydrate sources (Scheme 3).25 According to their report, hex-2-eno-pyranosides 8 was 

obtained from 2-furanylcarbinols via oxidative rearrangement and forming highly functionalized 



 
 

25 
 

pyranones, e.g., 6→7. As a result, additional ready pathways from non-carbohydrate precursors 

become available from that point forward. This technique has the benefit of preserving the 

inherent or original conformation of the alcohol functionality present in the furylcarbinol, making 

the procedure applicable to the synthesis of both D- and L-series compounds. 

 

 

Scheme 3: Synthesis of hex-2-enopyranosides from furylcarbinols. 

 

Further account for synthesis of 2,3-unsaturated hexoses system is the contribution of hetero 

Diels-Alder reaction (HDA) which was first developed by Danishefsky’s group for synthesis of 

hexenuloses. This has been widely employed in the synthesis of hexoses, with 2,3-unsaturated 

sugar derivatives serving as crucial intermediates in several methods. The Lewis acid catalysed 

HDA reaction of activated carbonyl compounds like glyoxylates and substituted 1,4-dialkoxy-

1,3-dienes provided the hex-2-enopyranosides, e.g., 8, from non-carbohydrate sources (Scheme 

4) 26. 

Scheme 4. Route to the synthesis of hex-2-eno-pyranosides via Hetero Diels-Alder (HDA) 

 

Carbohydrate derivatives with a terminal double bond are suitable precursors for the synthesis of 

cyclic frameworks via olefin self-metathesis (SM) and olefin cross-metathesis (CM) processes. 

This has involved the preparation of several hex-2,3-enopyranose molecules and its derivatives. 

One such reaction being the ring-closing metathesis of dibenzoate 9 to yield 1-deoxy-hex-2,3-

enopyranose 10 (Scheme 5).27 
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Scheme 5. Synthesis of hex-2-eno-pyranose derivatives via ring-closing metathesis 

 

1.7 Reactions of Hex-2-enopyranoside 

 

Figure 1.7: A few reactions of 2,3-unsaturated sugar system 

 

One of the motivations for the broad application of hex-2-enopyranosides in carbohydrate 

chemistry could be its high synthetic application (Figure 1.7).28 They are prone to undergo 

standard alkene-addition reactions which includes hydroxylation, hydrogenation, epoxidation, or 

oxyamination and more frequently with high stereoselectivity, if not complete. Integration of extra 

functionality that polarises the alkene group, like sulphonyl or nitro substituents, allows for 
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Michael-like additions, with regiospecific nucleophile incorporation. Apart from these, a few 

research groups have explored the incorporation of 2,3-unsaturated hexenopyaranoses as unique 

substrate for glycosylation reactions.29  

 

1.7.1. [3,3]-sigmatropic rearrangement: 

 

Scheme 6. Representative example of Claisen rearrangement 

 

These unsaturated sugar derivatives have also proven to undergo [3,3]-sigmatropic rearrangement 

to form the C-C bonds or the C-heteroatom bonds. The Claisen rearrangement30 and Overman 

rearrangement31 has contributed immensely in this regard (Scheme 6). For example, Ferrierr et al. 

reported the Claisen rearrangement of 4-vinyl 2,3-enopyranoside 11 under heating condition at 

185 ͦ C and got the branched-chain aldehyde 12. Further this methodology was improvised by 

several groups for the construction of several types of glycosides.32 

 

 

Scheme 7. Representative example of Overman rearrangement 

 

In a similar way, Overman [3,3]-sigmatropic rearrangements has been utilised to introduce amine 

functionalities at the C-2 position of hex-2,3-enopyaranosides.33 The C-allyl glycoside 13 allowed 

the formation of allylic trichloroacetimidate 14 and subsequently caused the effective and efficient 

linking of a secondary amine over the C-2 on compound 15 upon boiling in 1,2-dichlorobenzene 

solvent in presence of base K2CO3 (Scheme 7).     
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1.7.2 Addition Reactions: 

Addition reactions over the 2,3-unsaturated sugar derivative have generated extreme interest by 

providing opportunity to perform numerous reactions. Firstly, the hydrogenation reaction over the 

2,3-enopyranosides has allowed the construction of uncommon deoxy sugars which are further 

incorporated for post-synthetic transformation. In this context, Zhang et al. has employed 2,3-

eno-pyranosides 16 for a typical palladium on carbon hydrogenation for the reduction of double 

bond to give compound 17 which was further transformed into azido deoxy sugar substrate 18 

involving the Mitsunobu reaction conditions (Scheme 8).34 

 

 

 

 

 

 

Scheme 8: Zhang’s synthesis of 4-substituted uncommon sugar. 

 

In a similar way, O'Doherty group reported the direct hydrogenation of 2,3-unsaturated sugars 

with allylic alcohol 19 using o-nitrobenzenesulfonyl hydrazide (NBSH) and triethyl amine to 

afford the 2,3-deoxy sugar glycoside 20 (Scheme 9).35 

  

 

Scheme 9: Diimide reduction of 2,3-enopyranosides. 

 

Cis-hydroxylation of alkene double bond has evolved as another powerful addition reaction. 

Under common conditions, stereospecific addition of dihydroxyls is a great challenge and is 

exclusively used in natural product synthesis. A simple report involving sugar substrates normally 
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occurs from the sterically more accessible face. For example, the dihydroxylation reaction of 2,3-

dideoxy-α-D-erythro hex-2-enopyranoside 21, where both the 4-substituent and the anomeric 

substituent are placed below the ring, occurs exclusively from the upper face of the molecule, 

resulting in the formation of α-D-mannopyranoside 22 (Scheme 10a).36 However, osmylation of 

β-D-erythro-2-enopyranoside 23, where the C-1 and C-4 substituents are projected in opposite 

faces of the pyranose, provided exclusively to β-D-allopyranoside 24, (Scheme 10b).37 In contrast, 

when allylic alcohol 25 was exposed to OsO4/NMO in H2O/t-BuOH, it yielded gulose isomer 26 

in good yield (80%), but the protected isomer of talose 27 was preferrebly formed when 25 was 

treated with TMEDA adduct of OsO4. (Scheme 10c).36 

 

Scheme 10: OsO4 mediated Cis-dihydroxylation of 2,3-unsaturation in hex-2,3-enopyranosides  

Another interesting utilization of the 2,3-unnsated of sugars lies in the epoxidation reaction, which 

is highly stereoselective and the formed epoxides act as valuable tool for further ring opening 

dihydroxylation reactions. This is a complementary approach to the above mentioned cis-
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hydroxylation and provides the trans-diaxial products based on Furst-Platnner rule. For example, 

when the 2,3-unsaturated substrate 28 was treated with DMDO, gave a highly stereoselective 

epoxide 29 and subsequent ring opening by acid or base gave exclusively L-altropyranoside 30 

(Scheme 11).38  

 

 

Scheme 11: Trans-dihydroxylation of hex-2,3-enopyranosides via epoxide ring opening. 

 

Michael addition reaction adds on as a valuable tool for addition reactions. In the 2,3-unsaturated 

sugar derivative, incorporation of the chemical functionality such as nitro or sulfone helps in 

alkene bond polarization and favours the Michael-type additions leading to regioselective 

introduction of nucleophiles. For example, Sakakibara reported the reaction of active methylene 

group with Michael synthon 31 in a stereo- and regioselective manner at the C-2 position to obtain 

Michael adduct 32 (Scheme 12).39  

 

 

Scheme 12: Michael addition reaction over 3-nitro-hex-2-enopyranosides 31 

 

 

 

1.7.3 Oxidative transformations: 
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Allylic lactone, α,β-unsaturated ketone and 6-formyl derivatives can be synthesised by oxidative 

transformation of hex-2,3-enopyranosides and develop a synthetic value of both the compounds. 

For example, regioselective oxidation of diol40 33, by MnO2 or PDC provided the allylic ketone 

34 whereas selective oxidation of the O-6 hydroxyl group gave the corresponding aldehyde 35 

(Scheme 13).41 

 

Scheme 13: Chemo- and regio-selective oxidation of 2,3-unsaturated diol 33 

 

1.7.4 Cycloaddition Reactions: 

Chmielewski’s group has contributed immensely in the study of cycloaddition of nitrones to δ-

lactones derived from carbohydrate to construct several biologically relevant iminosugars.  

 

 

 

 

 

Table 1: 2,3-unsaturated anomeric lactones and chiral nitrones. 

 

 

The anomeric lactones 36-38 were reacted in 1,3-dipolar addition fashion with cyclic nitrones 39-

40 (Table 1). For example, lactone 36 and nitrone 39 reacted to give a stereoselective tricyclic 

derivative 41 with exo-orientation which was further employed for the synthesis of cyclic 
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iminosugar such as 8-homocastanospermine 42 (Scheme 14).42 In a similar way, the tricyclic 

adduct was also employed for the synthesis of 1-homoaustraline 43 (Scheme 14).43 

 

Scheme 14: Chmielewski’s approach of cycloaddition on 2,3-unsaturated lactone 

 

Diels-Alder reaction is another efficient tool of cycloaddition reaction for successful synthesis of 

polycyclic systems. In this context, cyclopentadiene is employed for Diels-Alder reaction with 

different 2,3-unsaturated sugar derivative such as 31 and 45 (Scheme 15). The reaction gave the 

corresponding cycloadducts 44 and 46.44  

 

Scheme 15: Diels-Alder reaction of cyclopentadiene and 2,3-unsaturated sugar derivative 
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1.7.5 Nucleophilic substitutions: 

The shift of the C-4 allylic group present on 2,3-enopyranosides opens possibilities for various 

functionalization. Several reports for nucleophilic allylic substitution relies majorly on copper and 

palladium reagent. 

 

Scheme 16: Allylic substitution reaction on 2,3-enopyranoneside 47 

 

A particular report by Yves Chapleur et al. allowed the stereospecific C-C bond formation when 

allylic acetate 47 is reacted with lithium dimethyl cuprate in ether at 0 ͦ C afforded the alkene 48 

in 52% yield (Scheme 16).45  

 

Scheme 17: Palladium facilitated allylic substitution reaction 
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Similar way palladium-catalysed substitution of carbonates or allylic esters by nitrogen and 

carbon nucleophiles have been of great relevance. The methodology also accounts for the 

formation of highly regio- and stereoselective products. For example, when nucleophilic 

substitution was carried out on alkenes 49 and 51, a very high stereo- and regioselective C-4 

substituted derivatives 50 and 52, respectively were obtained (Scheme 17a,b). Similarly, the azido 

derivative 53 is obtained when 51 is subjected to palladium-catalysed allylic substitution reaction 

with TMSN3 (Scheme 17c).46 

 

1.7.6 Glycosylation: 

Palladium catalysts have also played exclusive role in the glycosylation reaction. Feringa and  

O’Doherty’s group have extensively worked on glycosylation reaction with 2,3-unsaturated 

hexoses by incorporating it as glycosyl donor.  

 

Scheme 18: Feringa and co-workers’ allylic substitution using palladium catalysis. 

 

Feringa and co-workers demonstrated stereoselective palladium acetate catalysed glycosylation 

of pyranones donors like 54 and 56 to afford stereoselective glycosylated products 55 and 57 

respectively (Scheme 18). The approach was particularly useful in synthesis of O-glycosides, 

since the newly created glycosidic link retains stereochemistry at allylic acetal moiety.47 
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Scheme 19: Pd-catalyzed glycosylation with pyranone donors by O’Doherty and co-workers 

 

Similarly, O’Doherty’s group reported a highly stereoselective and stereospecific palladium-

catalysed glycosylation reaction that selectively converts the pyranone donors 56 into O-

glycosides 57.48 The same group further explored the palladium catalysed glycosylation of 2,3-

unsaturated sugar derivative with various glycosyl donors, their reactivity and selectivity. Also, 

they employed this methodology for synthesis of oligosaccharides (Scheme 19).49 

 

1.8 Motivation for the work presented in this thesis 

Although several reports are available on the hex-2,3-enopyranosides, we strongly believed that 

these 2,3-unsaturated sugar skeletons could be used in such a way to attain the important skeletons 

having biological, medicinal applications or could be used in the syntheses of natural products. In 

the latter chapters of the thesis, we have presented a reasonable work carried out to explore the 

direct synthetic applications of 2,3-unsaturated sugar substrates. 
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Chapter 2 

Synthesis of Hexenuloses and a Library 

of Disaccharides Possessing 3-oxo-glycal 

Unit 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 

An efficient method for the synthesis of monosaccharides and disaccharides possessing 3-oxo-

glycal unit is discussed. An array of monosaccharides and disaccharide-derived glycals are 

converted to the corresponding hexenuloses via three key steps involving halo-alkoxylation, 

dehydrohalogenation, and ketalyzation reactions. Several 3-oxo-glycals are synthesized to show 

the generality and importance of the methodology. Further, the post-synthetic transformations are 

carried out to synthesize a rare-sugar disaccharide donor unit present as part of trisaccharide 

moiety in the reported natural product, versipelostatin. 
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2.1 Introduction 

Hexenuloses are the enones commonly known as 3-oxo-glycals or sugar derived 2,3-dihydro-4H-

pyran-4-ones. They are the α,β-unsaturated-ketone moiety occupying C1, C2, and C3 positions of 

a sugar molecule (Figure 1). 3-oxo-glycals also possess an electron-donating endocyclic oxygen 

atom on the β-carbon which makes it more reactive substrate in the synthetic carbohydrate 

chemistry. Its importance, utility and reactivity is discussed further in this chapter. 

 

Figure 1: Representative structure of Hexenuloses 

 

Hexenuloses are chiral synthons derived from glycals that are used for  synthesis of therapeutically 

relevant compounds and complicated natural products. Total synthesis of natural compounds such 

as mycalamides, (+)-decarestrictine L, and thailastatin A-C has recently been accomplished 

employing 3-oxo-glycals as crucial intermediates.1 In addition, hexenulose has been the crucial 

precursor in the total synthesis of several natural products, such as diospongin A, ent-diospongin 

A,2 6-epi-phomonol,3 (+)-decarstrictine L4 are to say a few examples. Protected 3-oxo-glycals 

have been used as substrates for the preparation of 2-alkynyl 3-oxo-glycals via the 2-iodo 

derivative involving the Sonogashira coupling5 as well as to synthesize 1-aryl hexenuloses 

through the Heck coupling with aryl boronic acids.6 Moreover, due to the presence of a reactive 

α,β-unsaturated ketone system possessing an electron-donating endocyclic oxygen atom on the β-

carbon, these glycals are prone to undergo stereoselective Michael/Hetero Michael addition 
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reactions. Hence, hexenuloses are excellent precursors for constructing O-7 S- and C-alkyl8/aryl9 

glycosides. Additionally, 3-oxo-glycals have been used as substrates to synthesize septatanoses 

and septano-oligosaccharides,10 and rare sugar derivatives11 such as D-allal via stereoselective 

reduction of the 3-oxo group12 (Figure 2).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Synthetic application of 3-oxo-glycals in natural products and carbohydrate derivatives. 

 

The discovery of synthetic methods for the manufacture of 3-oxo-glycals is in great demand due 

to its relevance and application. There are a few reports to synthesize hexenuloses.13 The reported 

methods to synthesize hexenuloses primarily includes the allylic oxidation of the corresponding 

3-hydroxy glycals by utilizing a variety of oxidizing agents such as PDC,13a MnO2,
13b NIS and 

(Bu3Sn)2O
13c etc.,13d Alongside the allylic oxidation strategy, utilization of hypervalent iodine 

reagents like PhI(OH)(OTs) (Koser’s reagent),13e PhI(OAc)2 with Me3SiN3
13f also utilized for the 

conversion of 3-O-protected glycals to 3-oxo-glycal derivatives. Recently, Vankar et al. reported 

the TEMPO catalyzed oxidation of 3-O-benzylated/silylated glycals to the corresponding 3-oxo 

glycals by using PhI(OCOCF3)2-water system.13g However, most of the reported procedures have 

poor yield, require anhydrous conditions, and are not reproducible. These disadvantages 

compelled us to seek a possible solution to the aforementioned problems. Proceeding our ongoing 
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research on glycals to discover their potential applications in the synthesis of novel carbohydrate 

architectures,16 we chose to investigate a more acurate, accessible and reliable protocol for 

synthesising a variety of hexenuloses from easily available starting materials and cost-effective 

reagents. Herein, we report an expeditious and novel approach to synthesize 3-oxo-glycals from 

glycals by utilizing halo-alkoxylation, dehydrohalogenation, and ketalyzation as the key reactive 

steps. 

 

2.2 Results and Discussion 

At the onset of our investigation, we explored the regio- and stereoselective iodo-methoxylation 

of tribenzyl glucal 117 using NIS/MeOH. This reaction led to the isolation of the corresponding 

methyl 2-iodo glycosides (2α and 2β)18 in 4:1 ratio, respectively. In the next step, we subjected 

2α and 2β separately to the DBU mediated dehydrohalogenation reaction. As expected, the anti-

periplanar alignment between the 2C-I and 3C-H in 2α favoured the formation of the 

corresponding vinyl ether 3, whereas 2β remained unreacted. In the last step, vinyl ether 3 was 

exposed to a catalytic amount of trifluoromethanesulfonic acid (TfOH) in dichloromethane, 

resulting in the desired 3-oxo-glucal 414 in excellent yield (Scheme 1). 

 

Scheme 1. Synthesis of 4,6-di-O-benzyL-3-oxo-glucal from tribenzyl glucal. 

 

Having synthesized the 3-oxo-glucal 4 from tribenzyl glucal 1, we focused on the generality and 

efficacy of this methodology on a variety of perbenzylated glycal derivatives. Thus, perbenzyl D-
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galactal, L-rhamnal, and 6-deoxy-D-glucal upon iodo-methoxylation in the presence of 

NIS/MeOH provided the corresponding methyl 2-deoxy-2-iodo glycosides 5α, 8α, and 11α in 

good yield. Subsequent DBU mediated dehydrohalogenation resulted in vinyl ethers 6, 9, and 12, 

which upon reaction with a catalytic amount of triflic acid led to the formation of the 3-oxo glycal 

derivatives 7,15 1015 and 13,11a respectively in good yields (Table 1, entry 1-3). 

a Yield refers to pure and isolated products. 

Table 1. Conversion of perbenzyl and permethylated glycals to the corresponding 3-oxo-glycals. 
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Further extension of the methodology to the permethylated D-glucal, D-galactal, D-rhamnal, and 

L-rhamnal, which provided the methyl 2-deoxy- 2-iodo-glycosides 14α, 17α, 20α, and 23α, 

respectively as major products when subjected to iodo- methoxylation reaction conditions. DBU 

mediated dehydrohalogenation of these iodo-derivatives provided the vinyl ethers 15, 18, 21, and 

24, respectively. Ultimately, the triflic acid-mediated ketalyzation of the obtained vinyl ethers led 

to the formation of permethyl 3-oxo-glycal derivatives 16, 19, 22, and 25 (table 1, entry 4-7), 

respectively. To the best of our knowledge, this is one of the very useful methods for the 

conversion of 3-O-methyl glycals to the corresponding 3-oxo-glycals.19 

 

We further investigated the protecting group tolerance under the developed reaction conditions. 

Towards this, 6-O-trityl, 4-O-acetyl, and 6-O-tert-butyldimethylsilyl protected 2-deoxy-2-iodo 

glycosides 26α, 29α, and 32α were synthesized from the corresponding glycals and subjected to 

the dehydrohalogenation reaction to give vinyl ethers 27, 30, and 33, respectively. Finally, the 

triflic acid-catalyzed ketalyzation of respective vinyl ethers provided the orthogonally protected 

3-oxo-glycal derivatives 28, 3115, and 34,15, respectively (Table 2, entry 1-3). 

 

a Yield refers to pure and isolated products. 

 

Table 2. Substrate scope for the protecting group tolerance in the preparation of 3-oxo-glycals. 
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However, the methodology was not successful in the case of methyl 2-deoxy-2-iodo-glycosides 

35-39. The probable reason is that, the iodo-methoxylation of 3,4,6-tri-O-tert-butyldimethylsilyl 

glucal and 4,6-di-O-benzyl-3-O-tert-butyldimethylsilyl glucal provided the methyl β-D-2-deoxy-

2-iodo glycoside derivatives 35 and 36, respectively, as the only diastereomers. One can envisage 

that compounds 3520 and 36 prefer the tert-butyldimethylsilyl protecting group at the C-3 position 

in an axial trajectory and adopt a 1C4 conformation instead of the 4C1. Due to the lack of trans-

periplanar arrangement of the leaving groups in this conformation, these compounds did not 

undergo dehydrohalogenation reaction. The 1,2-diaxial conformation of these sugars was 

confirmed based on NMR coupling constant of the anomeric proton (J1,2 = 2.8 Hz). On the other 

hand, halo-alkoxylation of 3,4-di-O-benzyl D- and L-arabinal provided exclusively 2-deoxy-2-

iodo derivatives 37 and 38, respectively. Again, these compounds did not possess the leaving 

groups in trans-periplanar arrangement, hence no dehydrohalogenation occurred.In the case of 

3,4,6-tri-O-acetyl-D-glucal derived methyl 2-deoxy-2-iodo glycoside derivative 39,21 the 

relatively larger size of the C=O in the methyl ester, compared to the CH2 of the 3-O-benzyl, 

prohibits the approach of the DBU for the deprotonation reaction which may hinder the formation 

of the corresponding vinyl acetate derivative (Figure 2). 

 

 

 

 

 

 

 

 

 

Figure 2. Importance of the conformation concerning the dehydrohalogenation reaction. 

 

Although a few methods are known to synthesize 3-oxo-glycals from the corresponding 3-O-

protected/non-protected monosaccharide units, extending the same to disaccharide glycals is very 

rare.15 Hence, having success in the case of monosaccharides, our vision focused on evaluating 

the protocol for the synthesis of 3-oxo-glycals in disaccharide derivatives. To initiate this, 
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perbenzylated D-lactal was subjected to iodo-methoxylation to obtain the methyl 2-deoxy-2-iodo-

lactose derivative 40α. DBU mediated dehydrohalogenation of 40α, to give vinyl ether 41, which 

upon reacting with catalytic triflic acid provided the 3-oxo-glycal derived disaccharide 42 in good 

yield. This transformation clearly indicates the stability of the glycosidic linkage under the 

prescribed reaction conditions. Further, we successfully showcased the application of the 

methodology by choosing structurally diverse disaccharides. In this regard, dehydrohalogenation 

of maltose derived 2-deoxy-2-iodo glycoside 43α (where there is an α-glycosidic linkage), 2,6-

dideoxy 3,4-di-O-tert-butyldimethylsilyl allose containing disaccharide 46, 3,4-di-O-benzyl and 

3,4-di-O-tert-butyldimethylsilyl D-arabinose derived iodo glycoside 49 and 52, respectively, gave  

vinyl ether derivatives 44, 47, 50 and 53. Further reaction with catalytic triflic acid gave the enone-

disaccharides 45, 48, 51, and 54, respectively (Table 3, entry 2-5) in good to excellent yield. 

We further assessed the use of unreactive 2-deoxy-2-iodo glycoside as one of the sugar units in 

the disaccharide. Hence, disaccharides 55 and 58 were synthesized and subjected to the 

dehydrohalogenation reaction. As expected, the carbohydrate unit possessing the anti-periplanar 

leaving groups underwent the reaction providing the vinyl ethers 56 and 59, which further 

provided the 3-oxo-glycal containing disaccharides 57 and 60, respectively (Table 3, entry 6 and 

7).  

 

Having established a novel strategy for synthesizing 3-oxo-glycals, we anticipated that our 

methodology would serve as a valuable toolkit in synthesizing complex natural products 

possessing rare sugar units. Accordingly, we attempted the synthesis of the disaccharide unit 

present at the non-reducing end of versipelostatin.22 Towards this, disaccharide 48 was subjected 

to Luche reduction, and the corresponding allylic alcohol 61 was obtained as a single 

diastereomer. Subsequent methylation provided the expected disaccharide glycal precursor 62, 

consisting of D-digitoxose and D-cymarose units present in the natural product versipelostatin 

(Scheme 2). 
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aYield refers to pure and isolated products. 

 

Table 3. Synthesis of disaccharides possessing 3-oxo-glycal unit. 
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Scheme 2. Synthesis of the disaccharide unit precursor present in the proposed structure of 

Versipelostatin. 

 

To explore the importance of the methodology, a disaccharide unit with various protecting groups 

on a non-reducing end was planned to synthesize. Thus, TMSOTf catalyzed glycosylation of 

donor 63 with acceptor S10α provided the disaccharide 64 in excellent yield. 

Dehydrohalogenation of 64 gave vinyl ether 65, followed by treatment with catalytic triflic acid 

provided the enone-disaccharide 66 (Scheme 3).  

Scheme 3. Synthesis of the disaccharide unit possessing a rare 2,6-dideoxysugar framework at the 

non-reducing end. 

CCDC 2155604 
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The structure of 66 was also confirmed by single-crystal X-ray diffraction studies (CCDC 

2155604). It is important to mention that several natural products possess a similar kind of rare-

deoxy sugar units in their molecular framework, for example, apoptolidine,23 ivermectin24. 

 

2.3 Conclusion 

 

In conclusion, we reported a general, efficient, and convenient methodology for synthesizing 3-

oxo-glycals. The substrate scope and accessibility of the current protocol were successfully shown 

by synthesizing variably protected hexenuloses of mono- and disaccharides. Finally, the effective 

application of the methodology was demonstrated via synthesizing the disaccharide unit, 

comprised of rare-monosaccharide, present in natural product, versipelostatin. Further application 

of the current protocol in the total synthesis of deoxy-sugar-containing natural products and their 

analogs is in progress. 

 

2.4 Experimental Section 

 

2.4.1 General Information: 

All the reactions were carried out under nitrogen or argon atmosphere and monitored by thin layer 

chromatography (TLC) using silica gel GF254 plates with detection by charring with 5% (v/v) 

H2SO4 in methanol or by phosphomolybdic acid (PMA) stain or by ultra violet (UV) detection. 

All the chemicals were purchased from local suppliers and Sigma-Aldrich Chemicals Company. 

Solvents used in the reactions were distilled over dehydrated agents. Silica-gel (100-200 mesh) 

was used for column chromatography.  All NMR spectra were recorded on Bruker 400 MHz and 

500 MHz spectrometer in CDCl3. 
1H NMR chemical shifts were reported in ppm (δ) with TMS 

as internal standard (δ 0.00) and 13C NMR were reported in chemical shifts with solvent reference 

(CDCl3, δ 77.00). Structural assignments were made with additional information from gCOSY, 

gNOESY experiments. High resolution mass spectra were obtained in the ESI mode recorded on 

ESI-TOF spectrometer. 

 

2.4.2 General Experimental Procedures: 
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General Procedure A:  Iodo-acetalyzation of glycals 

To a stirred solution of protected glycal (1.0 mmol) in anhydrous ACN (10 mL/mmol) under inert 

atmosphere was added MeOH (1.8 mmol) followed by NIS (1.5 mmol) at 0°C. The reaction was 

allowed to raise to room temperature and further stirred until starting material is disappeared. The 

reaction was quenched with saturated solution of sodium thiosulphate and extracted with EtOAc, 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to obtain crude product. 

Purification of the crude product by column chromatography over silica gel using hexane and 

ethyl acetate provided iodo compounds as anomeric mixtures (α:β). 

General procedure B: Dehydrohalogenation- Synthesis of vinyl ether 

To a stirred solution of iodo derivative (1.0 mmol) in anhydrous Toluene (10 mL/mmol) under 

inert atmosphere was added DBU (1.1 mmol) at room temperature. The reaction mass was further 

heated at 80°C using oil bath for 24 hours. After complete conversion of starting material, solvent 

was concentrated under reduced pressure to obtain crude product which was purified over basic 

alumina using hexane and ethyl acetate to obtain vinyl ether.  

General procedure C: Synthesis of 3-oxoglycals 

To a stirred solution of vinyl ether (1.0 mmol) in anhydrous DCM (10 mL/mmol) under inert 

atmosphere was added TfOH (0.05 mmol) at 0°C for 10 minutes. After complete conversion of 

starting material, the reaction was quenched with saturated solution of NaHCO3, extracted with 

DCM, dried over anhydrous Na2SO4 and concentrated under reduced pressure to obtain crude 

product. Purification of the crude product by column chromatography over silica gel using hexane 

and ethyl acetate provided pure α,β-unsaturated ketone. 

 

2.4.3 Experimental procedures and spectral data: 

 

 

 

 

 

 

 

Compound 2α and 2β were synthesizesynthesized from Tribenzylglucal 1 (300 mg, 0.72 mmol) 

by following general procedure A. Overall yield: 90%, 372.44 mg. 
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(2R,3R,4S,5S,6S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-

2H-pyran (2α):  

Yield: 72%, 297.95 mg colorless oil. Rf: 0.5 (5% EtOAc/toluene). []
25
𝐷

= +4.1 (c 0.9, CHCl3). 

1H NMR (500 MHz, CDCl3): δ = 7.17-7.42 (m, 15H), 5.14 (s, 1H), 4.87 (d, 1H, J = 10.5 Hz), 

4.73 (d, 1H, J = 12.5 Hz), 4.70 (d, 1H, J = 11.5 Hz), 4.55 (d, 1H, J = 12.5 Hz), 4.49-4.53 (m, 

3H), 3.91 (t, 1H, J = 9.5 Hz), 3.83-3.86 (m, 1H), 3.80 (dd, 1H, J = 4.5 Hz, 11.0 Hz), 3.73 (d, 1H, 

J = 10.5 Hz), 3.36 (s, 3H), 3.32 (dd, 1H, J = 4.5 Hz, 8.5 Hz). 

13C{1H}NMR (125 MHz, CDCl3): δ 138.3, 138.2, 137.7, 128.4, 128.4, 128.3, 128.0, 127.9, 

127.8, 127.7, 127.6, 127.4, 102.4, 77.0, 75.8, 75.1, 73.4, 72.0, 70.9, 68.9, 55.0, 33.2. 

 HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C28H31IO5NH4 592.1554, found 592.1557. 

  

(2R,3R,4S,5R,6R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-

2H-pyran (2β):  

Yield: 18%, 74.48 mg white solid. Rf: 0.4 (5% EtOAc/toluene), m.p. 90-91 ˚C. 

1H NMR (500 MHz, CDCl3): δ 7.17-7.43 (m, 15H), 4.98 (d, 1H, J = 10.5 Hz), 4.86 (d, 1H, J = 

10.0 Hz), 4.80 (d, 1H, J = 10.5 Hz), 4.62 (d, 1H, J = 12.0 Hz), 4.57 (d, 1H, J = 9.0 Hz), 4.54 (d, 

1H, J = 12.0 Hz), 4.47 (d, 1H, J = 9.0 Hz), 3.91 (dd, 1H, J = 9.0 Hz, 10.5 Hz), 3.71-3.77 (m, 3H), 

6.38 (dd, 1H, J = 8.5 Hz, 9.5 Hz), 3.56 (s, 3H), 3.50-3.53 (m, 1H). 

13C{1H} NMR (125 MHz, CDCl3): δ 138.0, 137.7, 137.7, 128.5, 128.4, 128.4, 128.1, 127.9, 

127.9, 127.8, 127.8, 127.7, 104.1, 85.8, 79.6, 75.5, 75.2, 74.9, 73.5, 68.5, 57.3, 32.6. 

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C28H31IO5NH4 592.1554, found 592.1561. 

 

(2R,3R,6S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-6-methoxy-3,6-dihydro-2H-pyran (3):  

Compound 3 was synthesized from 2α (300 mg, 0.52 mmol) by following general procedure B. 

Yield: 214.50 mg, 92%, colorless oil. Rf: 0.5 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.17-7.38 (m, 15H), 5.12 (d, 1H, J = 3.0 Hz), 4.91 (d, 1H, J = 

3.5 Hz), 4.88 (d, 1H, J = 11.5 Hz), 4.87 (d, 1H, J = 11.0 Hz), 4.78 (d, 1H, J = 11.5 Hz), 4.65 (d, 
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1H, J = 12.5 Hz), 4.51 (d, 1H, J = 12.0 Hz), 4.46 (d, 1H, J = 11.0 Hz), 4.29 (d, 1H, J = 9.0 Hz), 

4.14-4.16 (m, 1H), 3.72-3.73 (m, 2H), 3.44 (s, 3H).  

13C{1H} NMR (125 MHz, CDCl3): δ 157.9, 138.2, 138.1, 136.4, 128.4, 128.3, 128.1, 128.1, 

127.9, 127.8, 127.6, 127.5, 127.5, 96.9, 95.8, 74.0, 73.3, 71.0, 69.5, 69.4, 68.8, 55.4. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C28H30O5Na 469.1997, found 469.1985. 

 

(2R,3R)-3-(benzyloxy)-2-((benzyloxy)methyl)-2,3-dihydro-4H-pyran-4-one (4): Compound 4 

was synthesized from 3 (100 mg, 0.22 mmol) by following general procedure C. Yield: 61.2 

mg, 85%, colorless oil. Rf: 0.5 (20% EtOAc/hexane).  

1H NMR (500 MHz, CDCl3): δ 7.28-7.35 (m, 11H), 5.38 (d, 1H, J = 6.0 Hz), 5.07 (d, 1H, J = 

11.0 Hz), 4.57-4.61 (m, 2H), 4.52 (d, 1H, J = 12.0 Hz), 4.43 (dt, 1H, J =3.0 Hz, 11.5 Hz), 4.24 

(d, 1H, J = 12.0 Hz), 3.80 (m, 2H).   

13C{1H} NMR (125 MHz, CDCl3): δ 193.5, 162.2, 137.5, 137.4, 128.5, 128.4, 128.3, 128.0, 

127.9, 127.8, 105.2, 81.0, 74.6, 74.1, 73.6, 67.9.  

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C20H20O4H 325.1431, found 325.1431. 

 

 

 

 

 

 

 

Compound 5α and 5β were synthesized from S217 (3 g, 7.20 mmol) by following general 

procedure A. Overall yield: 97%, 4.01 g. 

 

(2R,3S,4S,5S,6S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-

2H-pyran (5α): 

Yield: 67.9%, 2.80 g, colorless oil, Rf: 0.7 (10% EtOAc/hexane). []
25
𝐷

= -5.7 (c 0.6, CHCl3). 

1H NMR (400 MHz, CDCl3): δ 7.33-7.51 (m, 15H), 5.33 (d, 1H, J = 1.2 Hz), 5.14 (d, 1H, J = 

11.6 Hz), 4.80 (d, 1H, J = 11.6 Hz). 4.66 (d, 1H, J = 11.6 Hz), 4.59 (d, 1H, J = 11.6 Hz), 4.54 (d, 
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1H, J = 11.6 Hz), 4.51 (d, 1H, J = 12.0 Hz), 4.43 (d, 1H, J = 4.4 Hz), 4.13 (td, 1H, J = 2.0 Hz, 

6.0 Hz), 4.02 (bs, 1H), 3.75-3.83 (m, 2H), 3.58 (dd, 1H, J = 3.2 Hz, 4.4 Hz), 3.42 (s, 3H). 

13C{1H} NMR (100 MHz, CDCl3): δ 138.5, 137.9, 137.6, 128.2, 128.2, 128.0, 127.6, 127.5 (2), 

127.4, 127.4, 127.2, 103.1, 73.6, 73.3 (2), 73.0, 70.4, 70.3, 69.1, 55.1, 24.2.  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C28H31IO5NH4 592.1554, found 592.1557. 

 

(2R,3S,4S,5R,6R)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-

2H-pyran (5β):  

Yield: 29.1%, 1.20 g, white powder, Rf: 0.6 (10% EtOAc/hexane), []
25
𝐷

= +23.3 (c 0.5, CHCl3), 

m.p. 95-96 ˚C.  

1H NMR (400 MHz, CDCl3): δ 7.28-7.50 (m, 15H), 4.88 (d, 1H, J = 11.6 Hz), 4.74 (d, 1H, J = 

10.8 Hz), 4.67 (d, 1H, J = 11.2 Hz), 4.57 (d, 1H, J = 11.6 Hz), 4.51 (d, 1H, J = 8.8 Hz), 4.49 (d, 

1H, J = 12.0 Hz), 4.45 (d, 1H, J = 11.6 Hz), 4.33 (dd, 1H, J = 8.8 Hz, J = 11.2 Hz), 3.85 (d, 1H, 

J = 2.8 Hz), 3.64 (s, 3H), 3.57 (dd, 1H, J = 2.8 Hz, 7.2 Hz), 3.55 (m, 3H).  

13C{1H} NMR (100 MHz, CDCl3): δ 138.1, 137.6, 137.1, 128.4, 128.2 (2), 128.1 (2), 128.0, 

127.8, 127.8, 127.6, 104.6, 83.6, 74.4, 73.9, 73.5, 72.8, 72.7, 68.4, 57.1, 33.0.  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C28H31IO5Na 597.1114, found 597.1111. 

 

 

 

 

 

(2R,3S,6S)-3,4-bis(benzyloxy)-2-((benzyloxy)methyl)-6-methoxy-3,6-dihydro-2H-pyran (6): 

 Compound 6 was synthesized from 5α (500 mg, 0.87 mmol) by following general procedure B. 

Yield: 349.74 mg, 90%, colorless gum, Rf: 0.5 (10% EtOAc/hexane), []
25
𝐷

= -5.2 (c 0.9, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.26-7.37 (m, 15H), 5.16 (d, 1H, J = 3.5 Hz), 4.95 (d, 1H, J = 

3.5 Hz), 4.08-4.82 (m, 3H), 4.58-4.62 (m, 2H), 4.53 (d, 1H, J = 12.0 Hz), 4.32 (dt, 1H, J = 2.5 

Hz, 6.5 Hz), 3.81 (d, 1H, J = 2.0 Hz), 3.75-3.78 (m, 2H), 3.44 (m, 3H) 

13C{1H} NMR (100 MHz, CDCl3): δ 156.3, 138.2, 138.1, 136.2, 128.5, 128.5, 128.3, 128.2, 

128.1, 128.0, 127.6, 127.6, 127.5, 97.0, 96.5, 73.3, 73.0, 71.0, 69.9, 69.3, 69.2, 55.3.  
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HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C28H30O5Na 469.1985, found 469.1997. 

 

(2R,3S)-3-(benzyloxy)-2-((benzyloxy)methyl)-2,3-dihydro-4H-pyran-4-one (7): Compound 7 

was synthesized from 6 (180 mg, 0.43 mmol) by following general procedure C. Yield: 88.0 

mg, 68%, colorless oil, Rf: 0.4 (10% EtOAc/hexane), []
25
𝐷

= -38.8 (c 0.4, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.28-7.38 (m, 11H), 5.44 (dd, 1H, J = 1.6 Hz, 6.0 Hz), 4.70 (d, 

1H, J = 12.0 Hz), 4.56 (d, 1H, J = 12.0 Hz), 4.46-4.2 (m, 3H), 3.91 (dd, 1H, J = 7.2 Hz, 10.4 Hz), 

3.75 (dd, 1H, J = 4.8 Hz, 10.0 Hz), 3.69 (dd, 1H, J = 1.6 Hz, 2.4 Hz).  

13C{1H} NMR (100 MHz, CDCl3): δ 189.4, 162.7, 137.4, 137.0, 128.5, 128.4, 128.2, 128.0, 

128.0, 127.8, 105.1, 80.6, 74.2, 73.6, 72.0, 67.6.  

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C20H20O4H 325.1431, found 325.1431. 

(2S,3S,6R)-3,4-bis(benzyloxy)-6-methoxy-2-methyl-3,6-dihydro-2H-pyran (9) and (2S,3S)-

3-(benzyloxy)-2-methyl-2,3-dihydro-4H-pyran-4-one (10): Compounds 9 and 10 are the 

enantiomers of compounds 12 and 13, respectively. Hence the spectroscopic data of 9 and 10 is 

same as reported for 12 and 13. The NMR spectra of compounds 9 and 10 are provided in the 

supporting information.  

 

 

Compound 11α and 11β were synthesized from S425 (1.3 g, 4.19 mmol) by following general 

procedure A. Overall yield: 93%, 1.82 g. 

(2R,3R,4S,5S,6S)-3,4-bis(benzyloxy)-5-iodo-6-methoxy-2-methyltetrahydro-2H-pyran 

(11α):  

Yield: 74%, 1.45 g, colorless oil, Rf: 0.5 (5% EtOAc/hexane), []
25
𝐷

= -6.87 (c 0.8, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.30-7.45 (m,10H), 5.06 (s, 1H), 4.96 (d, 1H, J = 11.0 Hz), 4.72 

(d, 1H, J = 11.5 Hz), 4.65 (d, 1H, J = 11.0 Hz), 4.52-4.54 (m, 2H), 3.80-3.85 (m, 1H), 3.52 (t, 

1H, J = 9.0 Hz), 3.35 (s, 3H), 3.27 (dd, 1H, J = 40 Hz, 8.5 Hz), 1.37 (d, 3H, J = 6.5 Hz).  
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13C{1H} NMR (125 MHz, CDCl3): δ 138.3, 137.7, 128.3, 128.2, 127.9, 127.8, 127.7, 127.6, 

102.3, 81.4, 76.7, 75.3, 70.7, 68.0, 54.8, 33.9, 17.9.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C21H25IO4Na 491.0690, found 491.0692. 

 

(2R,3R,4S,5R,6R)-3,4-bis(benzyloxy)-5-iodo-6-methoxy-2-methyltetrahydro-2H-pyran 

(11β): 

Yield: 18.6%, 0.36 g, white solid, Rf: 0.4 (5% EtOAc/hexane).  

1H NMR (500 MHz, CDCl3): δ 7.29-7.43 (m, 10H), 4.97 (d, 1H, J = 10.0 Hz), 4.87 (s, 1H), 4.85 

(s, 1H), 4.66 (d, 1H, J = 10.5 Hz), 4.45 (d, 1H, J = 9.0 Hz), 3.88 (dd, 1H, J = 9.0 Hz, 11.0 Hz), 

3.69 (dd, 1H, J = 9.0 Hz, 11.0 Hz), 3.54 (s, 3H), 3.43-3.48 (m, 1H), 3.0 (t, 1H, J = 9.0 Hz), 1.33 

(d, 3H, J = 6.0 Hz).  

13C{1H} NMR (100 MHz, CDCl3): δ 137.7 (2), 128.5, 128.4, 128.2, 128.0, 127.9, 128.7, 103.9, 

85.6, 85.1, 75.6, 75.3, 71.5, 57.3, 33.1, 17.6.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C21H25IO4Na 491.0690, found 491.0692. 

 

 

(2R,3R,6S)-3,4-bis(benzyloxy)-6-methoxy-2-methyl-3,6-dihydro-2H-pyran (12): Compound 

12 was synthesized from 11α (500 mg, 1.06 mmol) by following general procedure B. Yield: 

345 mg, 95%, colorless oil, Rf: 0.4 (5% EtOAc/hexane), []
25
𝐷

= +74.5 (c 0.9, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.26-7.39 (m, 10H), 5.02 (d, 1H, J = 3.5 Hz), 4.90 (d, 1H, J = 

5.5 Hz), 4.89 (t, 1H, J = 2.0 Hz), 4.86 (s, 1H), 4.78 (d, 1H, J = 11.0 Hz), 4.60 (d, 1H, J = 11.5 

Hz), 4.10-4.15 (m, 1H), 3.83 (d, 1H, J = 8.0 Hz), 3.42 (s, 3H), 1.32 (d, 3 H, J = 6.0 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ 157.8, 138.3, 136.4, 128.4, 128.2, 128.1, 127.9, 127.5 (2), 

96.8, 95.9, 76.9, 73.7, 69.4, 66.0, 55.2, 18.3.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C21H24O4Na 363.1567, found 363.1566. 

 

(2R,3R)-3-(benzyloxy)-2-methyl-2,3-dihydro-4H-pyran-4-one (13): 
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Compound 13 was synthesized from 12 (230 mg, 0.67 mmol) by following general procedure 

C. Yield: 117.92 mg, 80%, colorless oil, Rf: 0.5 (10% EtOAc/hexane), []
25
𝐷

= -97.1 (c 0.4, 

CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.30-7.39 (m, 5H), 7.25 (d, 1H, J = 6.0 Hz), 5.36 (d, 1H, J = 6.0 

Hz), 5.02 (d, 1H, J = 11.5 Hz, 4.65 (d, 1H, J = 11.5 Hz), 4.44 – 4.50 (m, 1H), 3.71 (d, 1H, J = 

9.5 Hz), 1.41 (d, 3H, J = 6.5 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ 193.1, 162.2, 137.3, 128.4 (2), 128.0, 105.0, 78.6, 78.6, 

73.9, 17.1.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C13H14O3Na 241.0835, found 241.0837 

 

 

Compound 14α and14β were synthesized from S526 (300 mg, 0.72 mmol) by following general 

procedure A. Overall yield: 90%, 372.44 mg. 

 

(2S,3S,4S,5R,6R)-3-iodo-2,4,5-trimethoxy-6-(methoxymethyl)tetrahydro-2H-pyran (14α):  

Yield: 63%, 260.70 mg, colorless oil. Rf: 0.5 (20% EtOAc/hexane), []
25
𝐷

= +11.7 (c 0.9, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 5.01 (s, 1H), 4.39 (dd, 1H, J = 1.5 Hz, 4.5 Hz), 3.60 (ddd, 1H, J 

= 2.0 Hz, 5.0 Hz, J = 9.5 Hz), 3.56 (dd, 1H, J = 5.0 Hz, 10.5 Hz), 3.52 (dd, 1H, J = 2.0 Hz, J = 

10.0 Hz), 3.45 (s, 3H), 3.37 (s, 3H), 3.35 (d, 1H,  J = 9.0 Hz), 3.33 (s, 3H), 3.29 (s, 3H), 2.81 (dd, 

1H, J = 4.5 Hz, 9.0 Hz).  

13C{1H} NMR (125 MHz, CDCl3): δ 102.3, 78.4, 77.5, 71.5, 71.3, 60.6, 59.2, 56.3, 54.9, 32.3. 

 HRMS (ESI-TOF) m/z: [M+H]+ calcd for C10H19IO5H 347.0351, found 347.0350. 

 

(2R,3R,4S,5R,6R)-3-iodo-2,4,5-trimethoxy-6-(methoxymethyl)tetrahydro-2H-pyran (14β):  

Yield: 27 %, 111.73 mg, white solid, Rf: 0.5 (20% EtOAc/hexane), []
25
𝐷

= +57.3 (c 0.9, CHCl3), 

m.p. 108-109 ˚C 



 
 

59 
 

1H NMR (500 MHz, CDCl3): δ 4.34 (d, 1H, J = 9.5 Hz), 3.67 (dd, 1H, J = 9.0 Hz, J = 10.5 Hz), 

3.62 (s, 3H), 3.59 (d, 1H, J = 2.0 Hz), 3.54 (dd, 1H, J = 4.5 Hz, 11.0 Hz), 3.49 (s, 3H), 3.47 (s, 

3H), 3.36 (s, 3H), 3.26-3.30 (m, 2H), 3.16 (dd, 1H, J = 9.0 Hz, 10.0 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ 103.9, 87.4, 81.0, 74.8, 70.7, 60.6, 60.2, 59.2, 57.1, 32.4.  

 HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C10H19IO5NH4 364.0615, found 347.0641. 

 

(2R,3R,6S)-3,4,6-trimethoxy-2-(methoxymethyl)-3,6-dihydro-2H-pyran (15):  

Compound 15 was synthesized from 14α (700 mg, 2.02 mmol) by following general procedure 

B. Yield: 406 mg, 92%, Rf: 0.4 (20% EtOAc/hexane), []
25
𝐷

= +148.4 (c 0.8, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 5.01 (d, 1H, J = 3.5 Hz), 4.71 (d, 1H, J = 3.0 Hz), 3.95 (dt, 1H, 

J = 3.5 Hz, 9.5 Hz), 3.88 (d, 1H, J = 9.5 Hz), 3.59 (d, 2H, J = 3.0 Hz), 3.55 (s, 3H), 3.45 (s, 3H), 

3.40 (s, 3H), 3.37 (s, 3H). 

13C{1H} NMR (125 MHz, CDCl3): δ 158.4, 96.9, 94.8, 72.5, 71.6, 68.9, 59.2, 59.0, 55.3, 54.6.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C10H18O5Na 241.1044, found 241.1046. 

 

(2R,3R)-3-methoxy-2-(methoxymethyl)-2,3-dihydro-4H-pyran-4-one (16):  

Compound 16 was synthesized from 15 (240 mg, 1.10 mmol) by following general procedure 

C. Yield: 120.44 mg, 70%, colorless oil. Rf: 0.4 (20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.29 (, d, 1H, J = 5.5 Hz), 5.35 (d, 1H, J = 6.0 Hz), 4.34 (dt, 1H, 

J = 3.0 Hz, 11.5 Hz), 3.94 (d, 1H, J = 11.5 Hz), 3.74 (d, 2H, J = 3.5 Hz), 3.63 (s, 3H), 3.45 (s, 

3H). 

13C{1H} NMR (125 MHz, CDCl3): δ 193.3, 162.1, 105.1, 81.0, 76.4, 70.4, 60.6, 59.5.  

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C8H12O4H 173.0809, found 173.0808. 
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Compound 17α and 17β were synthesized from S626 (300 mg, 1.59 mmol) by following general 

procedure A. Overall yield: 98%, 540.80 mg. 

 

(2S,3S,4S,5S,6R)-3-iodo-2,4,5-trimethoxy-6-(methoxymethyl)tetrahydro-2H-pyran (17α): 

 Yield: 78.4%, 432.64 mg, colorless oil, Rf: 0.5 (20% EtOAc/hexane). 

 1H NMR (500 MHz, CDCl3): δ 5.15 (s, 1H), 4.20 (d, 1H, J = 4.0 Hz), 3.92 (t, 1H, J = 6.0 Hz), 

3.63 (s, 1H), 3.55-3.61 (m, 2H), 3.48 (s, 3H), 3.37 (s, 3H), 3.35 (s, 3H), 3.32 (s, 3H), 3.16-3.17 (t, 

1H, J = 3.5 Hz).  

13C{1H} NMR (125 MHz, CDCl3): δ. 103.3, 75.4, 75.2, 71.4, 69.9, 60.0, 59.1, 56.4, 55.1, 23.6. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C10H19IO5Na 369.0169, found 369.0166. 

 

(2R,3R,4S,5S,6R)-3-iodo-2,4,5-trimethoxy-6-(methoxymethyl)tetrahydro-2H-pyran (17β):  

Yield: 19.6%, 108.60 mg, white solid, Rf: 0.4 (20% EtOAc/hexane). 

 1H NMR (500 MHz, CDCl3): δ 4.43 (d, 1H, J = 9.0 Hz), 4.07 (dd, 1H, J = 9.0 Hz, 11.0 Hz), 

3.62 (dd, 1H, J = 9.0 Hz, 10.5 Hz), 3.58 (d, 1H, J = 2.5 Hz), 3.55-3.56 (m, 4H), 3.53 (d, 1H, J 5.5 

Hz), 3.51 (s, 3H), 3.49 (s, 3H), 3.39 (s, 3H), 3.23 (dd, 1H, J = 2.5 Hz, 11.0 Hz).  

13C{1H} NMR (100 MHz, CDCl3): δ. 104.4, 85.4, 74.3, 73.6, 70.5, 61.2, 59.2, 57.9, 56.9, 32.4. 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C10H19IO5NH4  364.0621, found 364.0627. 

 

 

 

 

(2R,3S,6S)-3,4,6-trimethoxy-2-(methoxymethyl)-3,6-dihydro-2H-pyran (18):  

Compound 18 was synthesized from 17α (350 mg, 1.01 mmol) by following general procedure 

B. Yield: 214.0 mg, 97%, colorless oil, Rf: 0.4 (20% EtOAc/hexane). 



 
 

61 
 

1H NMR (500 MHz, CDCl3): δ 5.09 (d, 1H, J = 2.5 Hz), 4.81 (d, 1H, J = 2.5 Hz), 4.17-4.10 (m, 

1H), 3.64 (dd, 1H, J = 6.0 Hz, 10.0 Hz), 3.60 (dd, 1H, J = 6.5 Hz, 10.0 Hz), 3.58 (s, 3H), 3.46 (d, 

1H, J = 2.5 Hz), 3.45 (s, 3H), 3.40 (s, 3H), 3.40 (s, 3H).  

13C{1H} NMR (125 MHz, CDCl3): δ. 156.6, 96.5, 96.0, 72.7, 71.4, 69.7, 59.2, 58.8, 55.2, 54.4. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C10H18O5Na 241.1046, found 241.1047 

 

(2R,3S)-3-methoxy-2-(methoxymethyl)-2,3-dihydro-4H-pyran-4-one (19):  

Compound 19 was synthesized from 18 (200 mg, 0.91 mmol) by following general procedure 

C. Yield: 107.29 mg, 68.0%, colorless oil, Rf: 0.3 (20% EtOAc/hexane), []
25
𝐷

= +74.6 (c 0.5, 

CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.34 (d, 1H, J = 6.0 Hz), 5.38 (dd, 1H, J = 1.5 Hz, 6.0 Hz), 4.43-

4.46 (m, 1H), 3.81 (dd, 1H, J = 7.5 Hz, 10.5 Hz), 3.70 (dd, 1H, J = 5.0 Hz, 10.5 Hz), 3.44 (dd, 

1H, J = 1.5 Hz, 2.5 Hz), 3.41 (s, 3H), 3.39 (s, 3H).  

13C{1H} NMR (125 MHz, CDCl3): δ. 189.1, 162.5, 104.9, 80.3,  77.1, 70.0, 59.3, 58.4.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C8H12O4Na 195.0628, found 195.0629. 

 

 

Compound 20α and 20β were synthesized from S726 (130 mg, 0.82 mmol) by following general 

procedure A. Overall yield: 89%, 231mg. 

 

(2S,3S,4S,5R,6R)-3-iodo-2,4,5-trimethoxy-6-methyltetrahydro-2H-pyran (20α):  

Yield: 71.2%, 184.80 mg, colorless oil, Rf: 0.5 (5% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 4.99 (s, 1H), 4.45 (dd, 1H, J = 1.0 Hz, 4.0 Hz), 3.62-3.67 (m, 

1H), 3.53 (s, 3H), 3.37 (s, 3H), 3.32 (s, 3H), 3.07 (t, 1H, J = 9.0 Hz), 2.81 (dd, 1H, J = 4.0 Hz, 

8.5 Hz), 1.30 (d, 3H, J = 6.0 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ. 102.3, 83.5, 78.4, 68.1, 61.0, 56.4, 54.9, 33.3, 17.8.  

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C9H17IO4H 317.0244, found 317.0241. 
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(2R,3R,4S,5R,6R)-3-iodo-2,4,5-trimethoxy-6-methyltetrahydro-2H-pyran (20β):  

Yield: 17.8%, 46.20 mg, white solid, Rf: 0.4 (5% EtOAc/hexane), ), []
25
𝐷

= +33.9 (c 0.5, CHCl3), 

m.p. 109-110 ˚C. 

1H NMR (500 MHz, CDCl3): δ 4.37 (d, 1H, J = 9.0 Hz), 3.71 (dd, 1H, J = 9.0 Hz, 11.) Hz), 3.66 

(s, 3H), 3.56 (s, 3H), 3.51 (s, 3H), 3.30-3.33 (m, 1H), 3.28 (dd, 1H, J = 8.5 Hz, 11.0 Hz), 2.80 

(dd, 1H, J = 8.5 Hz, 9.5 Hz), 1.32 (d, 1H, J = 6.5 Hz).  

13C{1H} NMR (125 MHz, CDCl3): δ. 103.8, 87.4, 87.1, 71.4, 60.8, 60.8, 57.3, 32.9, 17.4.  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C9H17IO4Na 339.0069, found 339.0065. 

 

 

(2R,3R,6S)-3,4,6-trimethoxy-2-methyl-3,6-dihydro-2H-pyran (21):  

Compound 21 was synthesized from 20α (70 mg, 0.22 mmol) by following general procedure 

B. Yield: 34.90 mg, 84%, colorless oil, Rf: 0.4 (5% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 4.94 (d, 1H, 3.5 Hz), 4.70 (d, 1H, J = 3.0 Hz), 3.93-3.98 (m, 1H), 

3.55 (s, 3H), 3.47 (d, 1H, J = 9.0 Hz), 3.44 (s, 3H), 3.36 (s, 3H), 1.27 (d, 3H, J = 6.5 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ.158.3, 96.7 , 94.9, 78.5, 65.5, 58.8, 55.1, 54.5, 18.1.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C9H16O4Na 211.0941, found 211.0940. 

 

(2R,3R)-3-methoxy-2-methyl-2,3-dihydro-4H-pyran-4-one (22):  

Compound 22 was synthesized from 21 (30 mg, 0.15 mmol) by following general procedure C. 

Yield: 18.30 mg, 81%, colorless oil, Rf: 0.5 (10% EtOAc/hexane).  

1H NMR (500 MHz, CDCl3): δ 7.26 (d, 1H, J = 6.0 Hz), 5.35 (d, 1H, J = 6.0 Hz), 4.43-4.49 (m, 

1H), 3.60 (s, 3H), 3.50 (d, 1H, J = 9.5 Hz), 1.46 (d, 3H, J = 6.5 Hz). 

 13C{1H} NMR (125 MHz, CDCl3): δ:192.6, 162.1, 104.8, 81.5, 78.6, 60.1, 17.0. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C7H10O3Na 165.0522, found. 165.0519. 
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(2R,3R,4R,5S,6S)-3-iodo-2,4,5-trimethoxy-6-methyltetrahydro-2H-pyran (23α) and 

(2S,3S,4R,5S,6S)-3-iodo-2,4,5-trimethoxy-6-methyltetrahydro-2H-pyran (23β): Compounds 

23α and 23β were synthesized from compound S826 and are the enantiomers of compounds 20α 

and 20β, respectively. Hence the spectroscopic data of 23α and 23β is same as reported for 20α 

and 20β. The NMR spectra of compounds 23α and 23β are provided in the supporting information. 

 

 

 

 

 

(2S,3S,6R)-3,4,6-trimethoxy-2-methyl-3,6-dihydro-2H-pyran (24): 

Compound 24 was synthesized from 23α (80 mg, 0.25 mmol) by following general procedure 

B. Yield: 37 mg, 78%, colorless oil, Rf: 0.4 (5% EtOAc/hexane). Compound 24 is an enantiomer 

of compound 21, hence all the spectral data are same as reported for 21 (The NMR spectra of 24 

is provided in the supporting information).   

(2S,3S)-3-methoxy-2-methyl-2,3-dihydro-4H-pyran-4-one (25):  

Compound 25 was synthesized from 24 (35 mg, 0.17 mmol) by following general procedure C. 

Yield: 17.6 mg, 67%, colorless oil, Rf: 0.5 (10% EtOAc/hexane). Compound 25 is an enantiomer 

of compound 22, hence all the spectral data are same as reported for 22 (The NMR spectra of 25 

is provided in the supporting information). 
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Compound 26α was synthesized from S927 (1 g, 1.75 mmol) by following general procedure A. 

Yield 99 % 1.26 gm, white solid, Rf: 0.5 (10% EtOAc/hexane), []
25
𝐷

= -3.6 (c 0.5, CHCl3). 

 

(2R,3R,4S,5S,6S)-3,4-bis(benzyloxy)-5-iodo-6-methoxy-2-((trityloxy)methyl)tetrahydro-2H-

pyran (26α):  

1H NMR (500 MHz, CDCl3): δ 7.20-7.58 (m, 23H), 6.89-6.90 (m, 2H), 5.21 (s, 1H), 4.73 (d, 1H, 

J = 10.0 Hz), 4.71 (d, 1H, J = 11.0 Hz), 4.55 (dd, 1H, J = 1.0 Hz, 4.0 Hz), 4.54 (d, 1H, J = 11.5 

Hz), 4.26 (d, 1H, J = 10.5 Hz), 4.06 (t, 1H, J = 9.5 Hz), 3.82-3.85 (m, 1H), 3.54 (dd, 1H, J = 2.0 

Hz, 10.0 Hz), 3.39 (s, 3H), 3.30 (dd, 1H, J = 4.0 Hz, 8.5 Hz), 3.27 (dd, 1H, J = 4.0 Hz, 10.0 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ.144.1, 138.0, 137.8, 128.8, 128.4 , 128.1, 128.0, 127.8, 

127.5, 126.8, 102.3, 86.3, 77.0, 76.0, 75.1, 71.9, 71.0, 62.4, 54.9, 33.6. 

HRMS (ESI-TOF) m/z: [M+K] calcd for C40H39 IO5K  765.1479, found 765.1464. 

  

(2R,3R,6S)-3,4-bis(benzyloxy)-6-methoxy-2-((trityloxy)methyl)-3,6-dihydro-2H-pyran (27): 

Compound 27 was synthesized from 26α (600 mg, 0.82 mmol) by following general procedure 

B. Yield: 484.4 mg, 98%, white solid, Rf: 0.3 (10% EtOAc/hexane), []
25
𝐷

= +55.4 (c 0.5, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.48-7.50 (m, 6H), 7.12-7.35 (m, 17H), 6.94-6.95 (m, 2H), 5.13 

(d, 1H, J = 3.5 Hz), 4.90 (d, 1H, J = 3.5 Hz), 4.85 (d, 1H, J = 11.0 Hz), 4.76 (1H, J = 11.5 Hz), 

4.1 (d, 1H, J = 10.5 Hz), 4.31 (d, 1H, J = 10.5 Hz), 4.15-4.21 (m, 2H), 3.49 (s, 3H), 3.45 (dd, 1H, 

J = 2.0 Hz, 10.0 Hz), 319 (dd, 1H, J = 5.0 Hz, 10.0 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ.158.0, 144.1, 138.0, 136.4, 128.8, 128.5, 128.2, 128.1, 

128.0, 127.7, 127.6, 127.4, 126.9, 96.7, 96.0, 86.4,  74.0, 71.5, 70.0, 69.4, 63.3, 55.2. 

HRMS (ESI-TOF) m/z: [M+Na] calcd for C40H38 O5Na  621.2617, found 621.2611 

 

(2R,3R)-3-(benzyloxy)-2-((trityloxy)methyl)-2,3-dihydro-4H-pyran-4-one (28):  
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Compound 28 was synthesized from 27 (300 mg, 0.50 mmol) by following general procedure 

C. Yield: 212 mg, 89%, colorless oil, Rf: 0.6 (20% EtOAc/hexane), []
25
𝐷

= +105.7 (c 0.4, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.43-7.45 (m, 5H), 7.38 (d, 1H, J = 6.0 Hz), 7.24-730 (m, 13H), 

7.12-7.14 (m, 2H), 5.41 (d, 1H, J = 6.0 Hz), 4.97 (d, 1H, J = 11.0 Hz), 4.49 (d, 1H, J = 11.0 Hz), 

4.41-4.45 (m, 1H), 4.32 (d, 1H, J = 11.5 Hz), 3.62 (dd, 1H, J = 2.5 Hz, 10.5 Hz), 3.36 (dd, 1H, J 

= 4.0 Hz, 11.0 Hz).  

13C{1H} NMR (100 MHz, CDCl3): δ.193.2, 162.4, 143.5, 137.3 , 128.7, 128.2, 128.2, 127.9, 

127.8, 127.7, 127.2, 105.1, 86.9, 81.3, 74.5, 74.4, 61.9.  

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C32H28O4 NH4  494.2331, found 494.2326. 

 

 

 

 

(2S,3S,4R,5R,6R)-4-(benzyloxy)-5-iodo-6-methoxy-2-methyltetrahydro-2H-pyran-3-ol 

(S10α):  

Compound S10α was synthesised from 3-O-benzyl L-rhamnal28 (500 mg, 2.26 mmol) by 

following general procedure A. Yield: 85%, 725 mg, colorless oil, Rf: 0.5 (20% EtOAc/hexane). 

[]
25
𝐷

= 31.0 (c 0.8, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.31-7.41 (m, 5H), 5.05 (s, 1H), 4.66 (d, 1H, J = 11.0 Hz), 4.49 

(dd, 1H, J = 1.0 Hz, 4.0 Hz), 3.73-3.79 (m, 1H), 3.60 (t, 1H, J = 9.0 Hz), 3.09 (s, 3H), 3.00-3.02 

(m, 1H), 2.36 (bs, 1H), 1.33 (d, 3H, J = 6.0 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ 137.2, 128.5, 128.2, 128.1, 102.6, 76.2, 73.4, 70.4, 68.4, 

54.9, 32.1, 17.7.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C14H19IO4Na 401.0226, found 401.0226. 

 

To a stirred solution of S10α (500 mg, 1.32 mmol) in pyridine (10 mL) was added Ac2O (3 Equiv) 

at room temperature and stirred for 6 hr. After completion of the reaction, reaction mixture was 
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concentrated under reduced pressure. The crude product was purified by column chromatography 

to obtain the product 29 as colorless oil, Rf: 0.5 (20% EtOAc/hexane), yield: 90%, 500 mg. 

(2S,3S,4R,5R,6R)-4-(benzyloxy)-5-iodo-6-methoxy-2-methyltetrahydro-2H-pyran-3-yl 

acetate (29α):  

1H NMR (500 MHz, CDCl3): δ 7.27-7.35 (m, 5H), 5.06 (t, 1H, J = 9.0 Hz), 5.03 (s, 1H), 4.64 

(d, 1H, J = 12.5 Hz), 4.44 (dd, 1H, J = 1.5 Hz, 4.0 Hz), 4.39 (d, 1H, J = 12.0 Hz), 3.77-3.83 (m, 

1H), 3.33 (s, 3H), 3.16 (dd, 1H, J = 4.5 Hz, 9.0 Hz), 2.02 (s, 3H), 1.21 (d, 3H, J = 6.5 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ 169.7, 137.5, 128.3, 127.6, 127.5, 102.3, 74.0, 73.8, 70.6, 

66.9, 55.1, 32.4, 20.8, 17.5.  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C16H21IO5 Na  443.0331, found 443.0320. 

 

  

 

 

(2S,3S,6R)-4-(benzyloxy)-6-methoxy-2-methyl-3,6-dihydro-2H-pyran-3-yl acetate (30): 

Compound 30 was synthesized from 29α (200 mg, 0.47 mmol) by following general procedure 

B. Yield: 127 mg, 92%, colorless oil, Rf: 0.5(20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.26-7.34 (m, 5H), 5.34 (d, 1H, J = 9.0 Hz), 5.03 (d, 1H, J = 3.5 

Hz), 4.87 (dd, 1H, J = 1.0 Hz, 3.0 Hz), 4.77 (d, 1H, J = 12.0 Hz), 4.73 (d, 1H, J = 12.0 Hz), 4.10-

4.16 (m, 1H), 3.41 (s, 3H), 2.05 (s, 3H), 1.25 (d, 3H, J = 6.5 Hz). 

13C{1H} NMR (100 MHz, CDCl3): δ 170.4, 154.2, 136.1, 128.3, 127.6, 126.7, 96.5(2), 69.4, 

69.0, 65.2, 55.2, 20.7, 17.7.  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C16H20O5 Na  315.1208, found 315.1201. 

 

(2S,3S)-2-methyl-4-oxo-3,4-dihydro-2H-pyran-3-yl acetate (31):  

Compound 31 was synthesized from 30 (100 mg, 0.34 mmol) by following general procedure 

C. Yield: 42.48 mg, 73%, colorless oil, Rf: 0.4 (20% EtOAc/hexane), []
25
𝐷

= +256.2 (c 0.4, 

CHCl3), m.p. 64-65 ˚C. 

 1H NMR (500 MHz, CDCl3): δ 7.30 (d, 1H, J = 6.0 Hz), 5.40 (d, 1H, J = 6.0 Hz), 5.21 (d, 1H, 

J = 12.5 Hz), 4.44-4.50 (m, 1H), 2.16 (s, 3H), 1.42 (d, 3H, J = 6.0 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ. 188.3, 169.4, 162.9, 105.1, 77.2, 73.1, 20.4, 17.4. 
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HRMS (ESI-TOF) m/z: [M+Na] calcd for C8H10O4 Na  193.0477, found 193.0475. 

 

Compound 32α was synthesized from S1129 (500 mg, 1.13 mmol) by following general 

procedure A. Overall yield: 96%, 671.0 mg. colorless oil, Rf: 0.5 (5% EtOAc/hexane).  

 

(((2R,3R,4S,5S,6S)-3,4-bis(benzyloxy)-5-iodo-6-methoxytetrahydro-2H-pyran-2-

yl)methoxy)(tert-butyl)dimethylsilane (32α):  

1H NMR (400 MHz, CDCl3): δ 7.30-7.42 (m, 10H), 5.08 (s, 1H), 4.91 (d, 1H, J = 10.8 Hz), 4.69 

(d, 1H, J = 11.6 Hz), 4.62 (d, 1H, J = 10.8 Hz), 4.51 (d, 1H, J = 11.6 Hz), 4.48 (dd, 1H, J = 1.2 

Hz, 4.0 Hz), 3.86-3.90 (m, 2H), 3.82 (dd, 1H, J = 2.0 Hz, 11.2 Hz), 3.66 (ddd, 1H, J = 2.0 Hz, 

4.4 Hz, 10.0 Hz), 3.32 (s, 3H), 3.30 (dd, 1H, J = 4.4 Hz, 8.8 Hz), 0.93 (s, 9H), 0.12 (s, 3H), 0.08 

(s, 3H).    

13C{1H} NMR (100 MHz, CDCl3): δ. 138.5, 137.8, 128.4, 128.3, 127.9 (2), 127.7, 127.6, 102.3, 

77.0, 75.7, 75.2, 73.1, 71.0, 62.2, 54.7, 33.3, 25.9, 18.3, -5.1, -5.4.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C27H39IO5SiNa 621.1502, found 621.1502. 

 

 

(((2R,3R,6S)-3,4-bis(benzyloxy)-6-methoxy-3,6-dihydro-2H-pyran-2-yl)methoxy)(tert-

butyl)dimethylsilane (33):  

Compound 33 was synthesized from 32 (250 mg, 0.41 mmol) by following general procedure 

B. Yield: 171.0 mg, 87% colorless gum, Rf: 0.5 (10% EtOAc/hexane), []
25
𝐷

= +49.2 (c 0.4, 

CHCl3). 

1H NMR (400 MHz, CDCl3): δ 7.26-7.37 (m, 10H), 5.06 (d, 1H, J = 3.6 Hz), 4.85-4.91 (m, 3H), 

4.76 (d, 1H, J = 11.6 Hz), 4.57 (d, 1H, J = 10.8 Hz), 4.13 (d, 1H, J = 9.6 Hz), 4.03 (ddd, 1H, J = 
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2.0 Hz, 5.2 Hz, 9.2 Hz), 3.85 (dd, 1H, J = 2.0 Hz, 11.2 Hz), 3.79 (dd, 1H, J = 5.2 Hz, 11.6 Hz), 

3.42 (s, 3H), 0.91 (s, 9H), 0.08 (s, 6H).  

13C{1H} NMR (100 MHz, CDCl3): δ.157.9, 138.3, 136.4, 128.4, 128.2, 128.0, 127.9, 127.6, 

127.5, 96.6, 96.0, 73.6, 71.1, 71.0, 69.4, 62.9, 55.2, 25.9, 18.4, -5.2, -5.3. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C27H38O5SiNa 493.2386, found 493.2385. 

 

(2R,3R)-3-(benzyloxy)-2-(((tert-butyldimethylsilyl)oxy)methyl)-2,3-dihydro-4H-pyran-4-

one (34): 

Compound 34 was synthesized from 33 (100 mg, 0.21 mmol) by following general procedure 

C. Yield: 50.3 mg, 68%, colorless oil, Rf: 0.4 (10% EtOAc/hexane), []
25
𝐷

= +187.3 (c 0.7, 

CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.29-7.41 (m, 6H), 5.35 (d, 1H, J = 5.5 Hz), 5.07 (d, 1H, J = 

11.0 Hz), 4.63 (d, 1H, J = 11.0 Hz), 4.32 (dt, 1H, J = 3.0 Hz, 11.0 Hz), 4.23 (d, 1H,  J = 11.0 

Hz), 3.95 (m, 2H), 0.90 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H). 

13C{1H} NMR (125 MHz, CDCl3): δ. 193.6, 162.2, 137.6, 128.4, 128.2, 127.9, 104.9, 82.4, 74.6, 

74.2, 61.4, 25.8, 18.3, -5.3, -5.4. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C19H28O4SiNa 371.1649, found 371.1640. 

 

 

 

 

 

(((2R,3R,4S,5R,6R)-3-(benzyloxy)-2-((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-2H-

pyran-4-yl)oxy)(tert-butyl)dimethylsilane (36):  

Compound 36 was synthesized from (((2R,3R,4R)-3-(benzyloxy)-2-((benzyloxy)methyl)-3,4-

dihydro-2H-pyran-4-yl)oxy)(tert-butyl)dimethylsilane13 (300 mg, 0.68 mmol) by following 

general procedure A. Overall yield: 84 %, 342.0 mg. Rf: 0.5 (5% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.24-7.37 (m, 10H), 5.08 (s, 1H), 4.82 (d, 1H, J = 11.0 Hz), 4.68 

(d, 1H, J = 12.0  Hz), 4.86-4.54 (m, 2H), 4.27 (dd, 1H, J = 1.5 Hz, J= 4.5 Hz), 3.77-3.83 (m, 2H), 

3.71-3.75 (m, 2H), 3.67 (dd, 1H, J = 1.5 Hz, 10.5 Hz), 3.35 (s, 3H), 0.96 (s, 9H), 0.12 (s, 3H), 

0.09 (s, 3H).  
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13C{1H} NMR (125 MHz, CDCl3): δ138.5, 138.3, 128.3(2), 127.7, 127.6, 127.5, 127.41, 102.5, 

77.6, 75.0, 73.4, 72.3, 70.2, 69.1, 55.0, 38.3, 26.0, 18.0, -4.4, -4.5. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C27H39IO5SiNa 621.1502, found 621.1505. 

 

 

 

 

(2S,3S,4R,5R)-4,5-bis(benzyloxy)-3-iodo-2-methoxytetrahydro-2H-pyran (37): Compound 

37 was synthesized from (3R,4S)-3,4-bis(benzyloxy)-3,4-dihydro-2H-pyran26 (500 mg, 1.68 

mmol) by following general procedure A. Overall yield: 90%, 689.9 mg. Rf: 0.2 (10% 

EtOAc/hexane), m.p. 77-78 ˚C.  

1H NMR (500 MHz, CDCl3): δ 7.26-7.42 (m, 10H), 4.73 (d, 1H, J = 12.5 Hz), 4.55-4.64 (m, 

3H), 4.44 (d, 1H, J = 8.5), 4.32 (dd, 1H, J = 8.5 Hz, J = 10.5 Hz), 4.12 (dd, 1H, J = 2.5 Hz, J = 

12.5 Hz), 3.62-3.63 (m, 1H), 3.52-3.55 (m, 4H), 3.36 (dd, 1H, J = 12.5 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ 137.8, 137.2, 128.3, 128.3 , 128.1, 127.9, 127.9, 127.7, 

104.8, 81.5, 71.9, 71.7, 71.1, 63.6, 56.9, 32.4. 

HRMS (ESI-TOF) m/z: [M+Na] calcd for C20H23I O4Na 477.0539, found 477.0530 

 

(2R,3R,4S,5S)-4,5-bis(benzyloxy)-3-iodo-2-methoxytetrahydro-2H-pyran (38): Compound 

38 was synthesized from (3S,4R)-3,4-bis(benzyloxy)-3,4-dihydro-2H-pyran26 (300 mg, 1.05 

mmol) by following general procedure A. Overall yield: 95%, 456.81 mg. Rf: 0.3 (10% 

EtOAc/hexane), m.p. 84-85 ˚C. 

1H NMR (500 MHz, CDCl3): δ 7.26-7.41(m, 10H), 4.72 (d, 1H, J = 12.5 Hz), 4.54-4.63 (m, 3H), 

4.43(d, 1H, J = 8.5), 4.31 (dd, 1H, J = 8.5 Hz, J = 10.5 Hz), 4.14 (dd, 1H, J = 2.5 Hz, J = 12.5 

Hz), 3.61-3.62 (m, 1H), 3.52-3.55 (m, 4H), 3.35 (dd, 1H, J = 12.5 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ 137.8, 137.3, 128.4, 128.4, 128.1, 127.9, 127.9, 127.7, 

104.8, 81.6, 72.0, 71.7, 71.2, 63.6, 56.9, 32.4. 
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HRMS (ESI-TOF) m/z: [M+K] calcd for C20H23I O4K 493.0273, found 493.0273. 

 

 

 

 

 

 

Compound 40α and 40β were synthesized from S1230 (400 mg, 0.471 mmol) by following 

general procedure A. Overall yield: 95%, 451.1 mg. 

 

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

((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-2H-pyran-3-yl)oxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran (40α):  

Yield 57 %, 270.60 mg, colorless oil, Rf: 0.5 (5% EtOAc/toluene).  

1H NMR (500 MHz, CDCl3): δ 7.22-7.39 (m, 30H), 5.09 (d, 1H, J = 2.5 Hz), 4.93 (d, 1H, 4.79 

(d, 1H, J = 11.0 Hz), 4.71-4.73 (m, 2H), 4.64-4.68 (m, 3H), 4.58 (d, 1H, J = 12.0 Hz), 4.56 (d, 

1H, J = 11.5 Hz), 4.42-4.45 (m, 3H), 4.39 (d, 1H, J = 2.5 Hz), 4.28 (d, 1H, J = 12.0 Hz), 4.11 

(dd, 1H, J = 7.0 Hz, 9.0 Hz), 3.82-3.85 (m, 2H), 3.78 (dd, 1H, J = 5.0 Hz, 10.5 Hz), 3.73 (dd, 1H, 

J = 7.5 Hz, 10.0 Hz), 3.69 (dd, 1H, J = 2.0 Hz, 11.0 Hz), 3.52 (dd, 1H, J = 6.5 Hz, 8.5 Hz), 3.44 

(dd, 1H, J = 5.5 Hz, 9.5 Hz), 3.40 (dd, 2H, J = 3.0 Hz, 10.0 Hz), 3.38 (s, 3H), 3.35 (d, 1H, J = 

6.5 Hz). 

 13C{1H} NMR (100 MHz, CDCl3): δ.138.8, 138.7, 138.6, 138.5, 138.3, 138.1, 128.3(3), 128.2, 

128.1(3), 128.1, 128.0, 127.9, 127.8, 127.6, 127.5(2), 127.4(2), 127.3, 127.2, 103.4, 102.3, 82.5, 

79.8, 76.2(2), 75.1, 74.5, 73.5(2), 73.4, 73.1, 72.7, 71.9, 71.7, 68.8, 68.7, 55.2, 32.3. 

 HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C55H59IO10NH4 1024.3497, found 1024.3492. 

 

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

((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-2H-pyran-3-yl)oxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran (40β):  

Yield 38 %, 180.44 mg, colorless oil, Rf: 0.4 (5% EtOAc/toluene), []
25
𝐷

= +22.5 (c 0.9, CHCl3). 
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1H NMR (500 MHz, CDCl3): δ 7.13-7.47 (m, 30H), 5.14 (d, 1H, J = 9.5 Hz), 5.01 (d, 1H, J = 

11.0 Hz), 4.85 (d, 1H, J = 11.0 Hz), 4.81 (d, 1H, J = 11.5 Hz), 4.74 (s, 1H), 4.73 (s, 1H), 4.66 (d, 

1H, J = 9.5 Hz), 4.57 (d, 2H, J = 11.5 Hz), 4.49 (d, 1H, J = 9.5 Hz), 4.42 (d, 1H, J = 8.0 Hz), 

4.40 (d, 1H, J = 12.0 Hz), 4.32 (d, 1H, J = 11.5 Hz), 4.20 (d, 1H, J = 11.5 Hz), 3.97 (dd, 1H, J = 

9.0 Hz, 10.0 Hz), 3.94 (d, 1H, J = 2.5 Hz), 3.84-3.90 (m, 2H), 3.80 (dd, 1H, J = 8.0 Hz, 10.0 Hz), 

3.74 (dd, 1H, J = 2.0 Hz, 10.5 Hz), 3.63 (dd, 1H, J = 9.0 Hz, 11.0 Hz), 3.5 (s, 3H), 3.52 (d, 1H, J 

= 8.5 Hz), 3.39-3.45 (m, 2H), 3.33-3.36 (m, 1H), 3.29 (dd, 1H, J = 5.0 Hz, 8.5 Hz).   

13C{1H} NMR (125 MHz, CDCl3): δ.139.0, 138.8, 138.5, 138.3, 138.2, 138.0, 128.6, 128.3(3), 

128.2(2), 128.2(2), 127.9, 127.8(2), 127.8(3), 127.6, 127.5, 127.4(2), 104.3, 102.8, 83.8, 82.4, 

81.0, 77.3, 75.5, 75.4, 75.3, 74.8, 73.7, 73.4, 73.1(2), 72.6, 68.0, 67.8, 57.2, 33.0. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C55H59IO10Na 1029.3051, found 1029.3052 

 

 

 

 

 

(2R,3S,6S)-4-(benzyloxy)-2-((benzyloxy)methyl)-6-methoxy-3-(((2S,3R,4S,5S,6R)-3,4,5-

tris(benzyloxy)-6-((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)-3,6-dihydro-2H-

pyran (41):  

Compound 41 was synthesized from 40α (150 mg, 0.14 mmol) by following general procedure 

B. Yield: 119.5 mg, 92%, colorless oil, Rf: 0.4 (20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.10-7.38 (m, 30H), 5.05 (d, 1H, J = 3.5 Hz), 4.95 (d, 1H, J = 

11.5 Hz), 4.83 (d, 1H, J = 3.0 Hz), 4.81 (d, 1H, J = 12.5 Hz), 4.77 (d, 1H, J = 11.0 Hz), 4.73 (d, 

1H, J = 11.5 Hz), 4.68-4.71 (m, 3H), 4.57 (d, 1H, J = 12.0 Hz), 4.54 (d, 1H, J = 10.5 Hz), 4.47 

(d, 1H, J = 9.5 Hz), 4.36 (d, 1H, J = 9.0 Hz), 4.34 (d, 1H, J = 9.5 Hz), 4.26 (d, 1H, J = 12.0 Hz), 

4.20 (d, 1H, J = 8.0 Hz), 4.09-4.12 (m, 1H), 3.87 (d, 1H, J = 3.0 Hz), 3.81 (dd, 1H, J = 3.5 Hz, 

10.5 Hz), 3.77 (dd, 1H, J = 7.5 Hz, 9.5 Hz), 3.60 (dd, 1H, J = 7.5 Hz, 8.5 Hz), 3.54 (dd, 1H, J = 

2.0 Hz, 10.5 Hz), 3.35-3.41 (m, 5H), 3.33 (dd, 1H, J = 3.0 Hz, 9.5 Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ 155.7, 139.1, 138.6, 138.3 , 138.1, 136., 129.0, 128.4, 

128.3, 128.3, 128.2, 128.1(2), 128.1(2), 128.1, 128.0, 127.8, 127.8, 127.7, 127.4(2), 127.2, 126.7, 
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125.3, 103.9, 97.0, 96.8, 82.5, 79.7, 75.0, 74.6, 73.9, 73.5, 73.2(2), 72.7, 71.6, 70.4, 68.9, 68.6, 

68.4, 55.3.   

 HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C55H58O10Na 901.3928, found 901.3925. 

 

(2R,3R)-2-((benzyloxy)methyl)-3-(((2S,3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)-2,3-dihydro-4H-pyran-4-one (42): 

Compound 42 was synthesized from 41 (100 mg, 0.34 mmol) by following general procedure 

C. Yield: 67.4 mg, 87%, colorless oil, Rf: 0.6 (40% EtOAc/hexane).  

1H NMR (500 MHz, CDCl3): δ 7.25-7.34 (m, 26H), 5.37 (d, 1H, J = 6.0 Hz), 4.92 (d, 1H, J = 

11.5 Hz), 4.83 (s, 2H), 4.71 (s, 2H), 4.59 (d, 1H, J = 11.5 Hz), 4.43-4.50 (m, 5H), 4.39-4.42 (m, 

2H), 3.88-3.92 (m, 2H), 3.82 (dd, 1H, J = 4.0 Hz, 11.0 Hz), 3.69 (dd, 1H, J = 2.5 Hz, 11.0 Hz), 

3.61 (dd, 1H, J = 7.5 Hz, 9.5 Hz), 3.54 (dd, 1H, J = 6.0 Hz, 9.5 Hz), 3.42-3.46 (m, 2H). 

 13C{1H} NMR (125 MHz, CDCl3): δ. 190.0, 161.6, 138.8, 138.7, 138.4, 138.0, 137.5, 128.4(2), 

128.3(2), 128.2, 128.1, 128.1, 127.9, 127.8(2), 127.7, 127.7, 127.5, 127.5, 127.4, 105.5, 103.2, 

82.5, 81.2, 79.3, 75.2, 75.0, 74.5, 73.6, 73.4(2), 73.3, 73.0, 68.5, 67.5. 

 HRMS (ESI-TOF) m/z: [M+Na] calcd for C47H48O9Na 779.3196, found 779.3194 

.  

 

 

 

 

 

Compound 43α and 43β were synthesized from S1331 (800 mg, 0.94 mmol) by following general 

procedure A. Overall yield: 89%, 844.40 mg. 

 

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

((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-2H-pyran-3-yl)oxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran (43α):  

Yield 53.4 %, 506.64 mg, colorless oil, Rf: 0.5 (30% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.30-7.47 (m, 26H), 7.15-7.21 (m, 4H), 5.80 (d, 1H, J = 3.5 Hz), 

5.23 (d, 1H, J = 1.5 Hz), 5.00 (d, 1H, J = 11.0 Hz), 4.85 (d, 1H, J = 11.0 Hz), 4.84 (d, 1H, J = 
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10.5 Hz), 4.82 (d, 1H, J = 11.5 Hz), 474 (d, 1H, J = 11.0 Hz), 4.61-4.63 (m, 3H), 4.59 (d, 1H, J= 

4.5 Hz), 4.46-4.49 (m, 3H), 4.37 (d, 1H, J = 11.5 Hz), 4.28 (d, 1H, J = 12.0 Hz), 4.05-4.08 (m, 

1H), 4.00 (dd, 1H, J = 4.5 Hz, 11.5 Hz), 3.93 (t, 1H, J = 9.5 Hz), 3.81 (dd, 1H, J = 1.5 Hz, 11.5 

Hz), 3.76-3.78 (m, 1H), 3.71 (dd, 1H, J = 8.5 Hz, 10.0 Hz), 3.58-3.63 (m, 2H), 3.54 (dd, 1H, J = 

4.0 Hz, 10.0 Hz), 3.45 (s, 3H), 3.40 (dd, 1H, J = 1.5 Hz, 10.5 Hz).    

 13C{1H} NMR (125 MHz, CDCl3): δ 138.8, 138.5, 138.3, 137.9, 137.8, 137.3, 128.2, 128.1(3), 

128.1(2), 128.1(2), 128.1(2), 127.9, 127.8, 127.6(2), 127.6(2), 127.4, 127.2, 102.0, 96.6, 81.6, 

79.2, 77.6, 77.3, 75.4, 74.8, 73.4, 73.2, 72.2, 71.5, 71.2, 70.8, 69.7, 69.1, 67.8, 54.9, 31.9.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C55H59IO10Na 1024.3497, found 1024.3492. 

 

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

((benzyloxy)methyl)-5-iodo-6-methoxytetrahydro-2H-pyran-3-yl)oxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran (43β):  

Yield 35.6 %, 337.76 mg, colorless oil, Rf: 0.4 (30% EtOAc/hexane). 

 1H NMR (500 MHz, CDCl3): δ 7.20-7.47 (m, 30H), 5.50 (d, 1H, J = 3.5 Hz), 5.03 (d, 1H, J = 

10.0 Hz), 4.97 (d, 1H, J = 11.0 Hz), 4.84-4.89 (m, 3H), 4.60-4.63 (m, 4H), 4.53-4.57 (m, 3H), 

4.23 (d, 1H, J = 11.5 Hz), 4.18 (t, 1H, J = 9.0 Hz), 4.08 (dd, 1H, J = 9.0 Hz, 11.0 Hz), 3.96-4.00 

(m, 3H), 3.88-3.90 (m, 1H), 3.84 (dd, 1H, J = 2.0 Hz, 11.5 Hz), 3.68 (dd, 1H, J = 9.0 Hz, 10.0 

Hz), 3.64 (dd, 1H, J = 3.5 Hz, 10.5 Hz), 3.61 (s, 3H), 3.57-3.62 (m, 1H), 3.53-3.58 (m, 2H). 

 13C{1H} NMR (125 MHz, CDCl3): δ 138.8, 138.5, 138.3, 137.9, 137.8, 137.3, 128.2, 128.1(3), 

128.1(2), 128.1(2), 128.1(2), 127.9, 127.8, 127.6(2), 127.6(2), 127.4, 127.2, 102.0, 96.6, 81.6, 

79.2, 77.6, 77.3, 75.4, 74.8, 73.4, 73.2, 72.2, 71.5, 71.2, 70.8, 69.7, 69.1, 67.8, 54.9, 31.9.  

 HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C55H59IO10Na 1024.3497, found 1024.3492. 

 

 

 

 

(2R,3S,6S)-4-(benzyloxy)-2-((benzyloxy)methyl)-6-methoxy-3-(((2S,3R,4S,5R,6R)-3,4,5-

tris(benzyloxy)-6-((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)-3,6-dihydro-2H-

pyran (44): 
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Compound 44 was synthesized from 43α (300mg, 0.29 mmol) by following general procedure 

B. Yield: 238.4 mg, 91%, colorless gum, Rf: 0.4 (30% EtOAc/hexane).  

.1H NMR (500 MHz, CDCl3): δ 7.06-7.30 (m, 30H), 5.74 (d, 1H, J = 3.5 Hz), 5.09-5.11 (m, 1H), 

4.88-4.91 (m, 2H), 4.66-4.77 (m, 5H), 4.48-4.56 (m, 3H), 4.43 (d, 1H, J = 11.0 Hz), 4.36 (d, 1H, 

J = 10.5 Hz), 4.16-4.26 (m, 3H), 3.81-3.88 (m, 2H), 3.68-3.72 (m, 2H), 3.61 (dd, 1H, J = 8.5 Hz, 

9.5 Hz), 3.35-3.51 (m, 6H).  

13C{1H} NMR (125 MHz, CDCl3): δ. 157.9, 138.9, 138.5, 138.2, 138.2, 137.8, 135.9, 128.5, 

128.2, 128.2(2), 128.2(3), 128.0, 128.0, 127.8, 127.7(2), 127.6, 127.4, 127.3, 127.3, 127.3(2), 

96.7, 96.6, 96.5, 81.3, 79.4, 77.25, 75.4, 74.9, 73.4, 73.2, 71.6, 70.9, 69.9, 69.8, 69.4, 68.1, 66.7, 

55.2. 

 HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C55H58O10Na 901.3928, found 901.3917. 

 

(2R,3S)-2-((benzyloxy)methyl)-3-(((2S,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)-2,3-dihydro-4H-pyran-4-one (45): 

Compound 45 was synthesized from 44 (100 mg, 0.11 mmol) by following general procedure 

C. Yield: 73.1 mg, 83%, colorless oil, Rf: 0.5 (30% EtOAc/hexane). 

1H NMR (400 MHz, CDCl3): δ 7.22-7.48 (m, 24H), 7.11-7.14 (m, 2H), 5.90 (d, 1H, J = 3.6 Hz), 

5.40 (d, 1H, J = 6.0 Hz), 5.05 (d, 1H, J = 11.6 Hz), 5.00 (d, 1H, J = 10.8 Hz), 4.82 (d, 1H, J = 

10.8 Hz), 4.77 (d, 1H, J = 2.8 Hz), 4.74 (d, 1H, J = 3.6 Hz), 4.71 (d, 1H, J = 12.0 Hz), 4.55-4.60 

(m, 3H), 4.49 (d, 1H, J = 12.4 Hz), 4.43 (d, 1H, J = 10.8 Hz), 4.26 (d, 1H, J = 12.4 Hz), 3.87-

3.93 (m, 2H), 3.82 (dd, 1H, J = 2.0 Hz, 7.2 Hz), 3.64-3.69 (m, 3H), 3.49 (dd, 1H, J = 2.4 Hz, 10.8 

Hz), 3.31-3.34 (m, 1H).  

 13C{1H} NMR (125 MHz, CDCl3): δ. 193.3, 162.2, 138.9, 138.5, 137.9, 137.9, 137.5, 128.6, 

128.4, 128.3, 128.3, 128.3, 128.2, 127.9(4), 127.7, 127.7, 127.6, 127.6, 127.5, 105.2, 96.3, 81.5, 

80.6, 79.2, 77.2, 75.6, 75.1, 73.6, 73.4, 72.3, 71.2, 68.8, 68.0, 67.8.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C47H48O9Na 779.3196, found 779.3194. 

 

General procedure for HBr.PPh3 mediated Glycosylation (general procedure D): 

To a stirred solution of donor sugar (1 mmol) and acceptor sugar (2 mmol) in anhydrous Toluene 

(10 mL/mmol) under inert atmosphere was added 4Å moleculae sieves and stirred for 1 hour. 

HBr.PPh3 (0.2 mmol) was added to the above stirred solution and continued stirring for 24 hours. 
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After complete conversion of starting material, solvent was concentrated under reduced pressure 

to obtain crude product which was purified by column chromatography using hexane and ethyl 

acetate to obtain the glycosylated product. 

 

 

 

 

 

(((2R,3R,4S,6S)-6-(((2R,3S,4S,5S,6S)-4-(benzyloxy)-5-iodo-6-methoxy-2-methyltetrahydro-

2H-pyran-3-yl)oxy)-2-methyltetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-

butyldimethylsilane) (46):  

Compound 46 was synthesized from compound S1432 (500 mg, 1.39 mmol) and S15α33 (580 mg, 

1.53 mmol) following the general procedure D. Yield: 816 mg, 80 %, colorless oil, Rf: 0.5 (10% 

EtOAc/hexane). []
25
𝐷

= +29.4 (c 0.8, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.42 (d, 2H, J = 7.5 Hz), 7.31 (t, 2H, J = 7.5 Hz), 7.24-7.27 (m, 

1H), 5.09 (dd, 1H, J = 2.0 Hz, 9.5 Hz), 4.99 (d, 1H, J = 2.0 Hz), 4.66 (d, 1H, J = 12.0 Hz), 4.64 

(d, 1H, J = 12.0 Hz), 4.40 (dd, 1H, J = 2.0 Hz, 4.0 Hz), 3.96-3.97 (m, 1H), 3.82 (dd, 1H, J = 6.5 

Hz, J = 9.0 Hz), 3.75 (dd, 1H, J = 6.0 Hz, 9.0 Hz), 3.56 (dd, 1H, J = 8.0 Hz, 9.0 Hz), 3.32 (s, 

3H), 3.28 (dd, 1H, J = 4.0 Hz, 7.0 Hz), 3.22 (dd, 1H, J = 2.0 Hz, 9.0 Hz), 1.94-1.98 (m, 1H), 

1.59-1.62 (m, 1H), 1.29 (d, 3H, J = 6.5 Hz), 1.10 (d, 3H, J = 6.5 Hz), 0.88 (s, 9H), 0.87 (s, 9H), 

0.06 (s, 3H), 0.05 (s, 3H), 0.04 (s, 3H), 0.03 (s, 3H).    

 13C{1H} NMR (125 MHz, CDCl3): δ.138.5, 128.1, 127.4, 127.3, 102.3, 99.1, 80.5, 76.6, 75.2, 

71.5, 70.0, 69.8, 67.9, 55.0, 39.9, 33.3, 26.0, 25.8, 18.4, 18.2, 18.1, 18.1, -3.5, -4.2, -4.6, -4.7.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C32H57IO7Si2Na 759.2585, found 759.2582. 

 

 

(((2R,3R,4S,6S)-6-(((2R,3S,6S)-4-(benzyloxy)-6-methoxy-2-methyl-3,6-dihydro-2H-pyran-

3-yl)oxy)-2-methyltetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) 

(47):  
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Compound 47 was synthesized from 46 (230mg, 0.31 mmol) by following general procedure B. 

Yield: 174.1 mg, 92%, colorless oil, Rf: 0.4(10% EtOAc/hexane). []
25
𝐷

= +70.0 (c 0.8, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.27-7.34 (m, 5H), 5.09 (d, 1H, J = 4.5 Hz), 4.98 (d, 1H, J = 3.5 

Hz), 4.76 (d, 1H, J = 3.0 Hz), 4.74 (d, 1H, J = 11.5 Hz), 4.69 (d, 1H, J = 11.0 Hz), 4.23 (dd, 1H, 

J = 6.5 Hz, 8.5 Hz), 3.96-4.02 (m, 1H), 3.93 (d, 1H, J = 9.0 Hz), 3.86 (q, 1H, J = 3.0 Hz), 3.40 

(s, 3H), 3.22 (dd, 1H, J = 2.5 Hz, J = 9.0 Hz), 1.95 (ddd, 1H, J = 1.5 Hz, 4.0 Hz, 14.5 Hz), 1.65 

(ddd, 1H, J = 3.0 H, 5.5 Hz, 14.5 Hz), 1.35 (d, 3H, J = 6.0 Hz), 1.13 (d, 3H, J = 6.5 Hz), 0.89 (s, 

18H), 0.05 (s, 3H), 0.02 (s, 6H), 0.00 (s, 3H).  

13C{1H} NMR (125 MHz, CDCl3): δ.158.6, 136.6, 128.4, 127.8, 127.4, 98.1, 96.8, 95.0, 75.2, 

74.6, 69.2, 68.4, 66.1, 64.5, 55.1, 36.8, 26.0, 25.9, 18.2, 18.1, 18.1, 17.9, -3.6, -3.9, -4.7, -4.8.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C32H56O6Si2Na 631.3457, found 631.3455. 

 

(2R)-3-(((2S,4S,5R,6R)-4,5-bis((tert-butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-

2-yl)oxy)-2-methyl-2,3-dihydro-4H-pyran-4-one (48):  

Compound 48 was synthesized from 47 (90 mg, 0.14 mmol) by following general procedure C. 

Yield: 63.36 mg, 88%, colorless oil, Rf: 0.5 (20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.23 (d, 1H, J = 5.5 Hz), 5.38 (d, 1H, J = 6.0 Hz), 4.99 (dd, 1H, 

J = 2.0 Hz, 9.5 Hz), 4.46-4.52 (m, 1H), 4.07 (d, 1H, J = 10.5 Hz), 3.99-4.00 (m, 1H), 3.83-3.88 

(m, 1H), 3.31 (dd, 1H, J = 2.5 Hz, 9.0 Hz), 2.01 (ddd, 1H, J = 2.0 Hz, 4.0 Hz, 13.5 Hz), 1.75 

(ddd, 1H, J = 2.0 Hz, 9.5 Hz, 13.0 Hz), 1.47 (d, 3H, J = 6.5 Hz), 1.16 (d, 3H, J = 6.0 Hz), 0.88 

(s, 18H), 0.08 (s 3H), 0.06 (s, 3H), 0.05 (s, 3H), 0.03 (s, 3H).  

 13C{1H} NMR (125 MHz, CDCl3): δ.191.1, 161.8, 105.5, 98.0, 78.8, 78.4, 74.8, 69.9, 69. 9, 

39.4, 26.0, 25.8, 18.2, 18.1, 18.0, 17.1, -3.5, -4.3, -4.6, -4.7. 

 HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C24H46O6Si2Na  509.2725, found 509.2724. 

 

 

 

 

(2S,3S,4R,5R,6R)-4-(benzyloxy)-3-(((2S,4S,5R)-4,5-bis(benzyloxy)tetrahydro-2H-pyran-2-

yl)oxy)-5-iodo-6-methoxy-2-methyltetrahydro-2H-pyran (49):  
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Compound 59 was synthesized from compound (3R,4S)-3,4-bis(benzyloxy)-3,4-dihydro-2H-

pyran26 (500 mg, 1.68 mmol) and S10α (702 mg, 1.85 mmol) following the general procedure 

D. Yield:1.02 g, 90 %, colorless gum, Rf: 0.3(10% EtOAc/hexane). []
25
𝐷

= -10.8 (c 0.5, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.29-7.39 (m, 15H), 5.37 (t, 1H, J = 3.5 Hz), 5.04 (s, 1H), 4.62-

4.71 (m, 3H), 4.48-4.50 (m, 3H), 4.38 (d, 1H, J = 11.0 Hz), 3.83-3.87 (m, 2H), 3.73-3.76 (m, 2H), 

3.66-3.70 (m, 2H), 3.35 (s, 3H), 3.17 (dd, 1H, J = 4.5 Hz, 8.5 Hz), 2.19 (dtd, 1H, J = 3.5 Hz, 10.0 

Hz, 13.0 Hz), 1.76 (dt, 1H, J = 3.5 Hz, 13.0 Hz), 1.34 (d, 3H, J = 6.5 Hz).  

13C{1H} NMR (125 MHz, CDCl3): δ. 138.5, 138.4, 137.3, 128.4, 128.2(2), 127.9, 127.8, 127.6, 

127.5, 127.4(2), 102.2, 99.4, 78.9, 76.8, 72.7, 72.2, 71.0, 70.4, 70.2, 67.6, 61.5, 54.9, 33.0, 32.5, 

18.2.  

 HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C33H39IO7Na 697.1638, found 697.1636. 

 

 

 

 

(2R,3R,6S)-4-(benzyloxy)-3-(((2S,4S,5R)-4,5-bis(benzyloxy)tetrahydro-2H-pyran-2-yl)oxy)-

6-methoxy-2-methyl-3,6-dihydro-2H-pyran (50):  

Compound 50 was synthesized from 49 (200 mg, 0.29 mmol) by following general procedure 

B. Yield: 149.19 mg, 92%, colorless oil, Rf: 0.5 (20% EtOAc/hexane). []
25
𝐷

= -126.3 (c 0.7, 

CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.27-7.38 (m, 15H), 5.36 (t, 1H, J = 3.5 Hz), 5.01 (d, 1H, J = 

3.5 Hz), 4.85 (d, 1H, J = 3.5 Hz), 4.80 (d, 1H, J = 11.5 Hz), 4.68-4.73 (m, 3H), 4.47 (d, 1H, J = 

12.0 Hz), 4.43 (d, 1H, J = 12.0 Hz), 3.97-4.01 (m, 2H), 3.80-3.85 (m, 2H), 3.75-3.77 (m, 1H), 

3.67 (s, 1H), 3.42 (s, 3H), 2.12-2.18 (dtd, 1H, J = 3.5 Hz, 10.5 Hz, 13.0 Hz), 1.86 (dt, 1H, J = 3.5 

Hz, 13.0 Hz), 1.33 (d, 3H,  J = 5.5 Hz).   

13C{1H} NMR (125 MHz, CDCl3): δ. 157.8, 138.5(2), 136.1, 128.5, 128.3(3), 128.0, 127.7, 

127.5, 127.4(2), 99.7, 96.6, 95.4, 74.7, 72.6, 72.2, 71.3, 70.0, 69.4, 66.1, 61.7, 55.2, 31.7, 18.6. 

HRMS (ESI-TOF) m/z: [M+K]+ calcd for C33H38O7K 585.2255, found 585.2248. 
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(2R,3R)-3-(((2S,4S,5R)-4,5-bis(benzyloxy)tetrahydro-2H-pyran-2-yl)oxy)-2-methyl-2,3-

dihydro-4H-pyran-4-one (51):  

Compound 51 was synthesized from 50 (50 mg, 0.09 mmol) by following general procedure C. 

Yield: 30.25 mg, 78%, colorless oil, Rf: 0.4 (20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.26-7.39 (m, 11H), 5.43 (t, 1H, J = 3.0 Hz),  5.35 (d, 1H, J = 

6.0 Hz), 4.72 (s, 2H), 4.69 (d, 1H, J = 5.0 Hz), 4.60 (d, 1H, J = 12.0 Hz), 4.54 (d, 1H, J = 12.0 

Hz), 4.35-4.41 (m, 1H), 4.08 (d, 1H, J = 11.5 Hz), 3.81-3.89 (m, 2H), 3.66-3.70 (m, 1H), 2.33 

(ddd, 1H, J = 3.5 Hz, 11.0 Hz, 14.5 Hz), 2.06-2.10 (m, 1H), 1.45 (d, 3H, J 6.5 Hz).  

13C{1H} NMR (125 MHz, CDCl3): δ. 193.1, 162.3, 138.5, 138.5, 128.6, 128.3(2), 127.8, 127.5, 

127.0, 105.1, 98.9, 78.4, 75.6, 72.6, 72.2, 71.5, 70.3, 62.1, 31.4, 17.8. 

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C25H28O6NH4 442.2230, found 442.2228 

 

 

 

 

(((3R,4S,6S)-6-(((2S,3S,4R,5R,6R)-4-(benzyloxy)-5-iodo-6-methoxy-2-methyltetrahydro-

2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) 

(52): 

Compound 52 was synthesized from compound S1634 (200 mg, 0.58 mmol) and S10α (241.60 

mg, 0.63 mmol) following the general procedure D. Yield: 377.67 mg, 90 %, colorless gum, Rf: 

0.6 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.21-7.31 (m, 5H), 5.14 (t, 1H, J = 4.0 Hz), 4.93 (s, 1H), 4.54 

(d, 1H, J = 12.0 Hz), 4.38 (d, 1H, J = 11.5 Hz), 4.32 (d, 1H, J = 3.5 Hz), 3.89-3.92 (m, 1H), 3.62-

3.67 (m, 3H), 3.54-3.59 (m, 2H), 3.25 (s, 3H), 3.02 (dd, 1H, J = 4.0 Hz, 8.5 Hz), 1.97 (dtd, 1H, J 

= 3.0 Hz, 8.5 Hz, 12.0 Hz), 1.50 (dt, 1H, J = 4.5 Hz, 8.5 Hz), 1.27 (d, 3H, J = 6.0 Hz), 0.82 (s, 

9H), 0.79 (s, 9H), 0.00 (s, 6H), -0.02 (s, 3H), -0.04 (s, 3H).  

13C{1H} NMR (125 MHz, CDCl3): δ. 137.6, 128.4, 127.9, 127.7, 102.4, 99.5, 79.1, 76.4, 70.5, 

70.0, 67.9, 67.7, 64.9, 55.0, 36.3, 33.4, 25.9(2), 18.2(2), 18.2, -4.4(2), -4.7, -4.8. 

 HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C31H55IO7Si2NH4

+ 740.2869, found 740.2873. 
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(((3R,4S,6S)-6-(((2R,3R,6S)-4-(benzyloxy)-6-methoxy-2-methyl-3,6-dihydro-2H-pyran-3-

yl)oxy)tetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) (53): 

Compound 53 was synthesized from 52 (200 mg, 0.27 mmol) by following general procedure 

B. Yield: 134.9 mg, 82%, colorless oil, Rf: 0.5 (10% EtOAc/hexane). []
25
𝐷

= -50.7 (c 0.5, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.28-7.35 (m, 5H), 5.18 (t, 1H, J = 3.5 Hz), 4.96 (d, 1H, J = 3.0 

Hz), 4.81 (d, 1H, J = 11.5 Hz), 4.76 (d, 1H, J = 3.5 Hz), 4.73 (d, 1H, J = 12.0 Hz), 3.93-4.01 (m, 

3H), 3.69-3.75 (m, 2H), 3.59 (dd, 1H, J = 5.0 Hz, 11.0 Hz), 3.39 (s, 3H), 1.98 (dtd, 1H, J = 3.0 

Hz, 9.0 Hz, 12.5 Hz), 1.60 (dt, 1H, J = 4.0 Hz, 13.0 Hz), 1.34 (d, 3H, J = 6.0 Hz), 0.88 (s, 9H), 

0.83 (s, 9H), 0.05 (s, 6H), 0.02 (s, 3H), -0.02 (s, 3H). 

13C{1H} NMR (125 MHz, CDCl3): δ. 157.8, 136.4, 128.5, 127.9, 127.3, 100.0, 96.7, 95.4, 75.2, 

70.0, 69.3, 67.4, 66.3, 65.0, 55.1, 35.5, 25.9(2), 18.5, 18.2, 18.1, -4.5(2), -4.7, -4.8. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C31H54O7Si2 Na 617.3300, found 617.3306. 

 

(2R,3R)-3-(((2S,4S,5R)-4,5-bis((tert-butyldimethylsilyl)oxy)tetrahydro-2H-pyran-2-yl)oxy)-

2-methyl-2,3-dihydro-4H-pyran-4-one (54):  

Compound 54 was synthesized from 53 (80 mg, 0.13 mmol) by following general procedure C. 

Yield: 45.81 mg, 72%, colorless oil, Rf: 0.6 (20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.25 (d, 1H, J = 5.5 Hz), 5.33 (d, 1H, J = 5.5 Hz), 5.31 (dd, 1H, 

J = 3.0 Hz, 4.5 Hz), 4.37-4.43 (m, 1H), 4.07 (d, 1H, J = 11.0 Hz), 4.00 (dt, 1H, J = 3.0 Hz, 8.0 

Hz), 3.71-3.73 (m, 1H), 3.63-3.64 (m, 2H), 2.12-2.17 (m, 1H), 1.72 (dt, 1H, J = 4.0 Hz, 13.0 Hz), 

1.48 (d, 3H, J = 6.5 Hz), 0.90 (s, 9H), 0.89 (s, 9H), 0.08 (s, 3H), 0.07 (s, 3H), 0.06 (s, 6H).  

13C{1H} NMR (125 MHz, CDCl3): δ. 193.0, 162.2, 105.1, 98.8, 78.5, 75.7, 69.9, 67.6, 65.1, 35.6, 

25.9, 25.9, 18.2(2), 17.6, -4.4, -4.5, -4.7, -4.8. . 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C23H44O6Si2H 473.2749, found 473.2746. 

 

General procedure for TMSOTf mediated Glycosylation (general procedure E): 
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To a stirred solution of donor sugar (1 mmol) and acceptor sugar (1.2 mmol) in anhydrous CH2Cl2 

(10 mL/mmol) under inert atmosphere was added 4Å molecular sieves and stirred for 1 hour at 

room temperature. The reaction mixture was further cooled to -40 ˚C. TMSOTf (0.5 mmol) was 

added dropwise to the above reaction mixture and continued stirring at -40 ˚C. The reaction was 

monitored by TLC and quenched by triethylamine (0.6 mmol) at same temperature and allowed 

to room temperature. Solvent was concentrated under reduced pressure to obtain crude product 

which was purified by column chromatography using hexane and ethyl acetate to obtain the 

glycosylated product. 

 

 

 

 

(2S,3S,4R,5R,6R)-4-(benzyloxy)-3-(((2S,4S,5R)-4,5-bis(benzyloxy)tetrahydro-2H-pyran-2-

yl)oxy)-5-iodo-6-methoxy-2-methyltetrahydro-2H-pyran (55):  

Compound 55 was synthesized from compound S1735 (250 mg, 0.41 mmol) and S10α (188.3 mg, 

0.49 mmol) following the general procedure E. Yield: 359.1 mg, 94 %, colorless oil, Rf: 0.8 

(20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.22-7.53 (m, 20H), 5.07 (s, 1H), 4.99 (d, 1H, J = 8.5 Hz), 4.94 

(d, 1H, J = 10.0 Hz), 4.84 (d, 1H, J = 10.0 Hz), 4.78 (d, 1H, J = 11.0 Hz), 4.67 (d, 1H, J = 10.5 

Hz), 4.64 (d, 1H, J = 11.0 Hz), 4.56-4.62 (m, 3H), 4.52 (dd, 1H, J = 1.0 Hz, 4.5 Hz), 3.71-3.82 

(m, 5H), 3.67 (t, 1H, J = 9.0 Hz), 3.61 (dd, 1H, J = 8.5 Hz, 10.5 Hz), 3.42-3.45 (m, 1H), 3.36-

3.38 (m, 4H), 1.36 (d, 3H, J = 6.0 Hz).  

 13C{1H} NMR (125 MHz, CDCl3): δ 138.2, 137.9, 137.9, 137.5, 128.7, 128.4, 128.3(2), 

128.3(2), 128.3, 128.0, 127.8(3), 127.5, 102.3, 102.0, 85.6, 79.7, 77.7, 76.7, 75.3, 74.9(2), 73.6, 

70.7, 68.6, 67.4, 55.1, 33.3, 32.9, 18.0. 

 HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C41H46I2O8NH4  938.1626, found 938.1620. 

 

 

(2R,3R,6S)-4-(benzyloxy)-3-(((2S,3R,4S,5R,6R)-4,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-

iodotetrahydro-2H-pyran-2-yl)oxy)-6-methoxy-2-methyl-3,6-dihydro-2H-pyran (56):  
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Compound 56 was synthesized from 55 (150 mg, 0.16 mmol) by following general procedure 

B. Yield: 116.2 mg, 90%, colorless oil, Rf: 0.4 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.21-7.46 (m, 20H), 5.01 (d, 1H, J = 3.5 Hz), 4.97 (d, 1H, J = 

9.0 Hz), 4.95 (d, 1H, J = 10.5 Hz), 4.92 (d, 1H, J = 12.0 Hz), 4.87 (d, 1H, J = 3.5 Hz), 4.83 (d, 

1H, J = 10.0 Hz), 4.79 (d, 1H, J = 11.0 Hz), 4.77 (d, 1H, J = 11.5 Hz), 4.55-4.62 (m, 3H), 4.15 

(d, 1H, J = 9.0 Hz), 4.05-4.11 (m, 1H), 3.78-3.82 (m, 1H), 3.71 (d, 2H, J = 3.0 Hz), 3.60-3.65 

(m, 2H), 3.42-3.44 (m, 4H), 1.37 (d, 3H, J = 6.0 Hz).   

13C{1H} NMR (125 MHz, CDCl3): δ. 157.3, 138.1, 137.8, 137.8, 136.3, 128.4, 128.4, 128.3(2), 

128.3, 128.0, 127.9, 127.9, 127.9, 127.8, 127.6, 127.5, 102.0, 96.7, 96.1, 85.8, 79.6, 75.3, 75.0, 

74.9, 73.6, 73.3, 69.5, 68.7, 66.3, 55.1, 31.5, 18.1.  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C41H45IO8NH4 810.2503, found 810.2505. 

 

(2R,3R)-3-(((2S,3R,4S,5R,6R)-4,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-iodotetrahydro-

2H-pyran-2-yl)oxy)-2-methyl-2,3-dihydro-4H-pyran-4-one (57): Compound 57 was 

synthesized from 56 (80 mg, 0.10 mmol) by following general procedure C. Yield: 54.1 mg, 

80%, colorless oil, Rf: 0.4 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.19-7.43 (m, 16H), 5.39 (d, 1H, J = 5.5 Hz), 5.02 (d, 1H, J = 

9.0 Hz), 4.99 (d, 1H, J = 10.5 Hz), 485 (d, 1H, J = 10.5 Hz), 4.80 (d, 1H, J = 11.0 Hz), 4.56-4.61 

(m, 3H), 4.52 (d, 1H, J = 12.0 Hz), 4.13 (d, 1H, J = 9.0 Hz), 3.82 (dd, 1H, J = 9.0 Hz, 10.5 Hz), 

3.73 (dd, 1H, J = 9.0 Hz, 11.0 Hz), 3.71 (d, 2H, J = 3.0 Hz), 3.64 (t, 1H, J – 9.5 Hz), 3.49 (dt, 

1H, J = 3.0 Hz, 9.5 Hz), 1.45 (d, 3H, J = 6.5 Hz). 

13C NMR (125 MHz, CDCl3): δ. 190.8, 162.2, 138.0, 137.8(2), 128.5, 128.4, 128.4(2), 128.1, 

127.9, 127.8, 127.7, 127.6, 105.1, 101.2, 85.6, 79.5, 78.3, 75.7, 75.6, 75.1, 74.9, 73.4, 68.4, 30.9, 

16.6. .  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C33H35IO7Na 693.1325, found 693.1320. 
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(2S,3R,4S,5R,6R)-5-(benzyloxy)-4-((tert-butyldimethylsilyl)oxy)-6-(((tert-

butyldimethylsilyl)oxy)methyl)-3-iodotetrahydro-2H-pyran-2-yl acetate (S18):  

2,4-di-O-tert-butyldimethylsilyl-3-O-benzyl D-glucal36 (1 g, 3.23 mmol) was dissolved in dry 

CH2Cl2 (15 mL) under nitrogen in a foil-covered round-bottom flask and 4Å MS was added and 

stirred for 30 mins. To the resulting solution, at room temperature, was added AcOH (1.8 mL, 

32.30 mmol) followed by N-iodosuccinimide (1.09 g, 4.84 mmol). After 1 h, the starting 

compound was consumed and the reaction was quenched by the addition of saturated aqueous 

Na2S2O3 (20 mL) and the resulting mixture was stirred vigorously for 5 min. The mixture was 

diluted with CH2Cl2 (30 mL). The organic phase was separated and, dried over Na2SO4, filtered, 

and concentrated. The residue was purified by silica gel column chromatography using hexane 

and ethyl acetate to obtain the product. 

Yield: 1.4 g, 80%, colorless gum, Rf: 0.5 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.27-7.36 (m, 5H), 6.36 (d, 1H, J = 2.0 Hz), 4.86 (d, 1H, J = 

11.0 Hz), 4.26 (dd, 1H, J = 1.5 Hz, 4.0 Hz), 3.93 (t, 1H, J = 9.5 Hz), 3.89 (dd, 1H, J = 3.5 Hz, 

11.5 Hz), 3.74-3.79 (m, 1H), 3.30 (dd, 1H, J = 4.0 Hz, 8.5 Hz), 2.07 (s, 3H), 0.97 (s, 9H), 0.93 (s, 

9H), 0.10-0.11 (m, 9H), 0.06 (s, 3H). 

13C{1H} NMR (100 MHz, CDCl3): δ. 168.6, 138.4, 128.4, 128.5, 128.2, 127.8, 127.8, 95.7, , 

76.8, 75.8, 75.2 , 77.0, 61.7, 36.0, 26.0, 25.9, 20.9, 18.3,  18.0, -4.4, -4.6, -5.0, -5.4. 

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C27H47IO6Si2NH4 668.2300, found 668.2301. 

 

 

 

 

 

 

 

Compound 58 were synthesized from compound S18 (300 mg, 0.46 mmol) and S10α (209 mg, 

0.55 mmol) following the general procedure D. Yield 45%, colorless gum, Rf: 0.9 (10% 

EtOAc/hexane). []
25
𝐷

= +17.5 (c 1.1, CHCl3). 
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(((2R,3R,4S,5R,6S)-3-(benzyloxy)-6-(((2S,3S,4R,5R,6R)-4-(benzyloxy)-5-iodo-6-methoxy-2-

methyltetrahydro-2H-pyran-3-yl)oxy)-2-(((tert-butyldimethylsilyl)oxy)methyl)-5-

iodotetrahydro-2H-pyran-4-yl)oxy)(tert-butyl)dimethylsilane (58): 

1H NMR (500 MHz, CDCl3): δ 7.25-7.42 (m, 10H), 5.37 (s, 1H), 5.03 (d, 1H, J = 1.5 Hz), 480 

(d, 1H, J = 11.0 Hz), 4.57 (d, 1H, J = 11.0 Hz), 4.53 (d, 1H, J = 10.5 Hz), 4.51 (dd, 1H, J = 1.5 

Hz, 4.5 Hz), 4.35 (d, 1H, J = 10.5 Hz), 4.23 (dd, 1H, J = 1.5 Hz, 4.5 Hz), 3.79-3.85 (m, 2H), 3.75 

(dd, 1H, J = 6.5 Hz, 9.0 Hz), 3.63 (t, 1H, J = 9.0 Hz), 3.41 (dd, 1H, J = 2.5 Hz, 11.5 Hz), 3.34-

3.35 (m, 4H), 3.26 (dd, 1H, J = 4.0 Hz, 8.0 Hz), 3.11 (dd, 1H, J = 4.5 Hz, 8.5 Hz), 1.31 (d, 3H, J 

= 6.5 Hz), 0/96 (s, 9H), 0.89 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H), 0.02 (s, 3H), -0.04 (s, 3H). 

 13C{1H} NMR (100 MHz, CDCl3): δ. 138.9, 137.2, 128.8, 128.3, 128.2, 127.9, 127.5, 127.3, 

102.3, 102.0, 79.5, 77.0, 74.9, 74.7, 73.5, 70.6, 70.0, 68.0, 61.3, 55.1, 38.5, 33.2, 26.0, 25.9, 

18.2(2), 18.0, -4.3, -4.5, -5.0, -5.5. . 

 HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C39H62I2O8Si2Na  991.1970, found 991.1966. 

 

 

 

(((2R,3R,4S,5R,6S)-3-(benzyloxy)-6-(((2R,3R,6S)-4-(benzyloxy)-6-methoxy-2-methyl-3,6-

dihydro-2H-pyran-3-yl)oxy)-2-(((tert-butyldimethylsilyl)oxy)methyl)-5-iodotetrahydro-2H-

pyran-4-yl)oxy)(tert-butyl)dimethylsilane (59): 

Compound 59 was synthesized from 58 (130 mg, 0.13 mmol) by following general procedure 

B. Yield: 101.5 mg, 90%, colorless oil, Rf: 0.5 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.26-7.35 (m, 10H), 5.21 (s, 1H), 5.00 (d, 1H, J = 3.0 Hz), 4.95 

(d, 1H, J = 3.5 Hz), 4.78 (d, 1H, J = 11.0 Hz), 4.71 (d, 1H, J = 10.5 Hz), 4.64 (d, 1H, J = 10.5 

Hz), 4.53 (d, 1H, J – 11.5 Hz), 4.13-4.18 (m, 2H), 3.98 (d, 1H, J = 9.0 Hz), 3.79-3.81 (m, 1H), 

3.70 (t, 1H, J = 9.0 Hz), 3.37-3.41 (m, 4H), 3.31 (dd, 1H, J = 1.5 Hz, 11.5 Hz), 3.20 (dd, 1H, J = 

4.0 Hz, 8.5 Hz), 1.28 (d, 3H, J = 6.0 Hz), 0.90 (s, 9H), 0.88 (s, 9H), 0.03 (s, 3H), 0.01 (s, 3H), -

0.02 (s, 3H), -0.07 (s, 3H).  

13C{1H} NMR (125 MHz, CDCl3): δ. 155.5, 138.9, 135.6, 128.8, 128.7, 128.4, 128.1, 127.6, 

127.3, 100.9, 97.5, 96.5, 77.2, 76.6, 74.8, 73.8, 70.0, 69.8, 66.0, 61.5, 55.2, 39.4, 26.0, 25.9, 18.4, 

18.3, 17.9, -4.5, -4.8, -5.0, -5.5.  
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HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C39H61IO8Si2Na 863.2847, found 863.2841. 

 

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

butyldimethylsilyl)oxy)methyl)-3-iodotetrahydro-2H-pyran-2-yl)oxy)-2-methyl-2,3-

dihydro-4H-pyran-4-one (60):  

Compound 60 was synthesized from 59 (50 mg, 0.05 mmol) by following general procedure C. 

Yield: 29.03 mg, 68%, colorless oil, Rf: 0.4 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.31-7.32 (m, 5H), 7.24  (d, 1H, J = 6.0 Hz), 5.35 (d, 1H, J = 6.0 

Hz), 5.25 (s, 1H), 4.83 (d, 1H, J = 11.5 Hz), 4.63 (d, 1H, J = 11.5 Hz), 4.47-4.52 (m, 1H), 4.36 

(dd, 1H, J = 1.5 Hz, 4.0 Hz), 4.15-4.17 (m, 1H), 3.98 (d, 1H, J = 10.0 Hz), 3.84 (dd, 1H, J = 4.0 

Hz, 11.5 Hz), 3.80 (dd, 1H, J = 8.5 Hz, 9.5 Hz), 3.71 (dd, 1H, J = 1.5 Hz, 11.5 Hz), 3.36 (dd, 1H, 

J = 4.0 Hz, 8.5 Hz), 1.45 (d, 3H, J = 6.5 Hz), 0.95 (s, 9H), 0.90 (s, 9H), 0.10 (s, 3H), 0.08 (s, 3H),  

0.07 (s, 3H), 0.00 (s, 3H).  

13C{1H} NMR (125 MHz, CDCl3): δ.190.3, 161.8, 138.7, 128.2, 127.5, 127.4, 105.4, 102.3, 78.2, 

78.1, 77.1, 74.7, 74.2, 69.9, 61.9, 38.1, 26.0, 25.9, 18.3, 18.0, 17.0, -4.4, -4.6, -5.0, -5.5.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C31H51IO7Si2Na 741.2116, found 741.2113. 

 

 

 

 

(2R,3S,4S)-3-(((2S,4S,5R,6R)-4,5-bis((tert-butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-

pyran-2-yl)oxy)-2-methyl-3,4-dihydro-2H-pyran-4-ol (61): 

To a stirred solution of α,β-unsaturated ketone 48 (30 mg, 0.06 mmol)  in anhydrous MeOH (5 

mL) under inert atmosphere was added CeCl3
.7H2O (20 mg, 0.061 mmol) and stirred for 15 

minutes at room temperature. The reaction mixture was then cooled to -78 ˚C and NaBH4 (2.38 

mg, 0.06 mmol) was added to the above reaction mixture and continued stirring for 1 h at same 

temperature. The reaction was monitored by TLC and quenched by saturated NH4Cl solution at 

same temperature and allowed to room temperature. Solvent was concentrated under reduced 

pressure and extracted with EtOAc and washed with brine. Organic layer was dried over 

anhydrous NaSO4, concentrated under reduced pressure and purified by column chromatography 

using hexane and ethyl acetate to obtain the alcohol 61. 
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Yield: 28.0 mg, 93%, white solid, Rf: 0.5 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 6.30 (dd, 1H, J = 2.0 Hz, 6.0 Hz), 4.92 (dd, 1H, J = 2.0 Hz, 10.5 

Hz), 4.78 (dd, 1H, J = 2.0 Hz, 6.0 Hz), 4.72 (s, 1H), 4.23 (dt, 1H, J = 2.0 Hz, 7.0 Hz), 3.99-4.04 

(m, 2H), 3.82-3.87 (m, 1H), 3.31 (dd, 1H, J = 2.0 Hz, 7.0 Hz), 3.27 (dd, 1H, J = 7.5 Hz, 10.0 Hz), 

2.03 (ddd, 1H, J = 2.0 Hz, 4.0 Hz, 13.5 Hz), 1.73 (ddd, 1H, J = 2.0 Hz, 9.5 Hz, 13.0 Hz), 1.32 (d, 

3H, J = 6.0 Hz), 1.24 (d, 3H, J = 6.5 Hz), 0.91 (s, 18H), 0.09 (s, 6H), 0.08 (s, 6H).  

13C{1H} NMR (125 MHz, CDCl3): δ. 143.6, 102.5, 99.7, 85.9, 74.8, 72.7, 70.1, 69.7, 68.1, 39.5, 

26.0, 25.7, 18.1, 18.1, 18.0, 17.1, -3.5, -4.4, -4.6, -4.8.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C24H48O6Si2 Na+ 511.2882, found 511.2884. 

 

 

 

 

 

(((2R,3R,4S,6S)-6-(((2R,3R,4S)-4-methoxy-2-methyl-3,4-dihydro-2H-pyran-3-yl)oxy)-2-

methyltetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) (62):  

To a stirred solution of alcohol 61 (20 mg, 0.04 mmol) in anhydrous THF (5 mL) under inert 

atmosphere was added NaH (60%) (2 mg, 0.04 mmol) at 0 ˚C and stirred for 15 minutes at same 

temperature. To reaction mixture was methyl iodide (33 µL, 0.05 mmol) dropwise at 0 ˚C and 

continued stirring for 10 hours at room temperature. The reaction was quenched by ice cold water, 

extracted with EtOAc and washed with brine. Organic layer was dried over anhydrous NaSO4, 

concentrated under reduced pressure and purified by column chromatography using hexane and 

ethyl acetate to obtain the product 62. 

Yield: 19.93 mg, 97%, colorless oil, Rf: 0.5 (10% Acetone/hexane). 

1H NMR (500 MHz, CDCl3): δ  6.35 (dd, 1H, J = 1.0 Hz, 6.0 Hz), 5.05 (dd, 1H, J = 2.0 Hz, 9.5 

Hz), 4.80 (dd, 1H, J = 3.0 Hz, 6.0 Hz), 3.99-4.01 (m, 2H), 3.96 (t, 1H, J = 7.0 Hz), 3.88-3.93 (m, 

1H), 3.66 (dd, 1H, J = 6.0 Hz, 8.0 Hz), 3.38 (s, 3H), 3.31 (dd, 1H, J = 2.5 Hz, 9.0 Hz), 1.95 (ddd, 

1H, J = 2.0 Hz, 4.0 Hz, 13.5 Hz), 1.69 (ddd, 1H, J = 2.0 Hz, 9.5 Hz, 13.5 Hz), 1.33 (d, 3H, J = 

6.5 Hz), 1.20 (d, 3H, J = 6.5 Hz), 0.90 (s, 9H), 0.89 (s, 9H), 0.07 (s, 6H), 0.06 (s, 6H).   

13C{1H} NMR (125 MHz, CDCl3): δ.144.8, 100.2, 98.3, 77.4, 75.3, 75.0, 73.6, 70.0, 69.5, 54.7, 

39.9, 26.0, 25.8, 18.4, 18.1, 18.0, 17.0, -3.5, -4.3, -4.6, -4.7.   
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HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C25H59O6Si2 Na 525.3044 found 525.3044. 

 

 

 

(2R,3R,4S)-6-acetoxy-4-methoxy-2-methyltetrahydro-2H-pyran-3-yl benzoate (63): 

4-O-Benzoyl 3-O-methyl-D-rhamnal (500 mg, 2.01 mmol) was dissolved in dry CH2Cl2 (2 mL) 

and purged with argon for 10 min, and cooled to 0 ˚C. Acetic acid (1.09 mL, 19.09 mmol) and 

acetic anhydride (1.63 mL, 17.28 mmol) were added, and the solution was stirred for 15 min. 33% 

HBr in acetic acid solution (109 µL, 0.3 Eq of HBr) was added, the solution was allowed to warm 

to room temperature, and stirred for 6 h. The reaction was quenched by the addition of ice-cold 

H2O (20 mL), diluted with CH2Cl2 (20 mL) and the organic layer was separated, and washed with 

ice-cold H2O (3 × 20 mL), ice-cold sat. aq. NaHCO3 (2 x 20 mL), and ice-cold brine (20 mL). 

The organic layer was dried over anhydrous NaSO4, the solvent was removed in vacuo, and the 

resulting residue was purified by silica gel column chromatography using hexane and ethyl acetate 

to obtain product as an anomeric mixture. 

Yield:  524 mg, 85%, colorless oil. Rf: 0.5 (15% EtOAc/hexane). 

Selected data for the major anomer. 1H NMR (500 MHz, CDCl3): δ 8.05-8.08 (m, 2H), 78.56-

7.59 (m, 1H), 7.45 (t, 2H, J = 7.5 Hz), 6.24 (m, 1H), 4.99 (t, 1H, J = 9.5 Hz), 3.97-4.02 (m, 1H), 

3.75-3.80 (m, 1H), 3.33 (s, 3H), 2.32 (ddd, 1H, J = 1.5 Hz, 5.0 Hz, 13.5 Hz), 2.14 (s, 3H), 1.84 

(dd, 1H, J = 3.5 Hz, 11.5 Hz, 15.0 Hz), 1.20 (d, 3H, J = 6.0 Hz).  

13C{1H} NMR (125 MHz, CDCl3): 169.2, 165.6, 133.1, 129.8, 128.3, 91.6, 76.1, 75.4, 71.2, 68.5, 

57.3, 33.8, 21.1, 17.6.  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C16H20O6NH4 326.1604, found 326.1605. 

 

 

 

 

 

(2R,3R,4R,6R)-6-(((2S,3S,4R,5R,6R)-4-(benzyloxy)-5-iodo-6-methoxy-2-methyltetrahydro-

2H-pyran-3-yl)oxy)-4-methoxy-2-methyltetrahydro-2H-pyran-3-yl benzoate (64): 



 
 

87 
 

Compound 64 was synthesized from compound 63 (350 mg, 1.13 mmol) and S10α (515 mg, 1.36 

mmol) following the general procedure D. Yield: 604.53 mg, 85 %, colorless gum, Rf: 0.5 (20% 

EtOAc/hexane). []
25
𝐷

= 40.0 (c 0.7, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.90 (d, 2H, J = 7.0 Hz), 7.51 (t, 1H, J = 7.0 Hz), 7.36-7.40 (m, 

4H), 7.11-7.18 (m, 3H), 4.99 (s, 2H), 4.76 (t, 1H, J = 9.5 Hz), 4.57 (d, 1H, J = 10.5 Hz), 4.50 (dd, 

1H, J = 1.0 Hz, 4.0 Hz), 4.30 (d, 1H, J = 11.0 Hz), 4.07-4.12 (m, 1H), 372-3.78 (m, 1H), 3.61-

3.67 (m, 2H), 3.29 (s, 3H), 3.23 (s, 3H), 3.08 (dd, 1H, J = 4.0 Hz, 8.5 Hz), 2.19 (dd, 1H, J = 5..0 

Hz, 13.0 Hz), 1.61 (td, 1H, J = 3.5 Hz, 12.5 Hz), 1.27 (d, 3H, J = 6.5 Hz), 0.71 (d, 3H, J = 6.5 

Hz). 

13C{1H} NMR (125 MHz, CDCl3): δ. 165.7, 137.2, 132.9, 130.2, 129.7, 128.6, 128.3, 128.3, 

127.8, 102.3, 97.5, 78.4, 76.8 , 75.8, 74.9, 70.5, 68.6, 66.5 , 57.2, 55.0, 35.0, 33.3, 18.4, 

16.9.  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C28H35IO8Na 649.1274, found 649.1275. 

 

 

 

 

(2R,3R,4R,6R)-6-(((2S,3S,6R)-4-(benzyloxy)-6-methoxy-2-methyl-3,6-dihydro-2H-pyran-3-

yl)oxy)-4-methoxy-2-methyltetrahydro-2H-pyran-3-yl benzoate (65): 

Compound 65 was synthesized from 64 (170 mg, 0.27 mmol) by following general procedure 

B. Yield: 128.41 mg, 95%, white solid. Rf: 0.4 (20% EtOAc/hexane). []
25
𝐷

= +28.1 (c 0.5, 

CHCl3). 

1H NMR (500 MHz, CDCl3): δ 7.99 (dd, 1H, J = 1.5 Hz, 8.5 Hz), 7.58-7.61 (m, 1H), 7.46-7.49 

(m, 2H), 7.36-7.38 (m, 2H), 7.21-7.24 (m, 2H), 7.14-7.17 (m, 1H), 5.03 (d, 1H, J = 3.5 Hz), 5.00 

(d, 1H, J = 3.0 Hz), 4.94 (dd, 1H, J = 1.0 Hz, 3.5 Hz), 4.77-4.81 (m, 2H), 4.69 (d, 1H, J = 10.5 

Hz), 4.07-4.15 (m, 2H), 3.99 (d, 1H, J = 9.5 Hz), 3.68-3.72 (m, 1H), 3.43 (s, 3H), 3.27 (s, 3H), 

2.28 (dd, 1H, J = 5.0 Hz, 12.5 Hz), 1.63-1.69 (m, 1H), 1.32 (d, 3H, J = 6.5 Hz), 0.68 (d, 3H, J = 

6.0 Hz). 

13C{1H} NMR (125 MHz, CDCl3): 165.7, 155.9, 135.8, 132.9, 130.2, 129.7, 128.7, 128.5, 

128.3(2), 97.8, 97.0, 96.7, 76.7, 76.0, 75.7, 70.0, 67.0, 66.6, 57.2, 55.2, 35.3, 18.4, 16.9.   
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HRMS (ESI-TOF) m/z: [M+Na] calcd for C28H34O8Na 521.2151, found 521.2152. 

 

(2R,3R,4R,6R)-4-methoxy-2-methyl-6-(((2S,3S)-2-methyl-4-oxo-3,4-dihydro-2H-pyran-3-

yl)oxy)tetrahydro-2H-pyran-3-yl benzoate (66): 

Compound 66 was synthesized from 65 (100 mg, 0.20 mmol) by following general procedure 

C. Yield: 52.8 mg, 70%, white solid, Rf: 0.5 (30% EtOAc/hexane). []
25
𝐷

= -13.5 (c 0.3, CHCl3). 

1H NMR (500 MHz, CDCl3): δ 8.08 (dd, 2H, J = 1.0 Hz, 8.5 Hz), 754-7.58 (m, 1H), 7.43-7.46 

(m, 2H), 7.28 (d, 1H, J = 6.0 Hz), 5.39 (d, 1H, J = 6.0 Hz), 5.02 (d, 1H, J = 3.0 Hz), 4.95 (t, 1H, 

J = 9.5 Hz), 4.54-4.59 (m, 1H), 4.47-4.53 (m, 1H), 4.03 (d, 1H, J = 10.0 Hz), 3.83 (ddd, 1H, J = 

5.0 Hz, 9.0 Hz, 14.0 Hz), 3.32 (s, 3H), 2.36 (dd, 1H, J = 1.0 Hz, 5.0 Hz, 13.0 Hz), 1.77 (ddd, 1H, 

J = 4.0 Hz, 11.5 Hz, J = 15.5 Hz), 1.48 (d, 3H, J = 6.5 Hz), 1.16 (d, 3H, J = 6.5 Hz).   

13C{1H} NMR (125 MHz, CDCl3): δ 191.2, 165.9, 162.1, 133.0 , 130.1, 129.8, 128.3, 105.5, 

98.3, 78.5, 78.0, 76.7, 75.7, 67.0, 57.5, 35.1, 17.3, 17.1  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C20H24O7Na 399.1420, found 399.1419. 

 

X-ray Crystal Structure and Details of Compound 66 

The absolute configuration of compound 66 was determined by X-ray crystallography analysis. 

Single crystal of 66 was recrystallized from mixed solvents of Ethyl acetate and Hexane. The data 

can be obtained free of charge via www.ccdc.cam.ac.uk/data_request/cif or by emailing 

data_request@ccdc.cam.ac.uk. X-ray reflections were collected on Rigaku Oxford diffraction 

XtaLAB Synergy and reduction was performed using Olex2 Software. The structure was solved 

and refined using Olex2. 
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Table S1: Crystal data and structure refinement for 66: CCDC: 2155604 

 

 

  

Identification code PRS26 

Empirical formula C20H24O7 

Formula weight 376.39 

Temperature/K 297(1) 

Crystal system Orthorhombic 

Space group P212121 

a/Å 8.3836(5) 

b/Å 9.3434(6) 

c/Å 24.9167(16) 

α/° 90 

β/° 90 

γ/° 90 

Volume/Å3 1951.8(2) 

Z 4 

ρcalcg/cm3 1.281 

μ/mm-1 0.097 

F(000) 800.0 

Crystal size/mm3 0.19 × 0.18 × 0.16 

Radiation Mo Kα (λ = 0.71073) 

2Θ range for data collection/° 4.656 to 50.044 

Index ranges -9 ≤ h ≤ 8, -11 ≤ k ≤ 11, -29 ≤ l ≤ 29 

Reflections collected 8951 

Independent reflections 3352 [Rint = 0.0443, Rsigma = 0.0617] 

Data/restraints/parameters 3352/0/247 

Goodness-of-fit on F2 0.954 

Final R indexes [I>=2σ (I)] R1 = 0.0497, wR2 = 0.1083 

Final R indexes [all data] R1 = 0.0834, wR2 = 0.1271 

Largest diff. peak/hole / e Å-3 0.12/-0.16 

Flack parameter -0.3(10) 
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Figure S1: ORTEP diagram of compound 66 
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Chapter 3 

Synthesis of 2C-branched sugars via 

Claisen rearrangement 

 

 

 

 

 

 
 

Abstract:  

This chapter encompasses the Claisen rearrangement of carbohydrate-derived allyl-vinyl ethers 

for effective construction of 2-C-branched sugar derivatives. A suitable 3-O-alkenylated glycal is 

synthesized as the key precursor. The methodology is designed with 3 key steps: 1) iodo-

benzoxylation 2) dehydrohalogenation and 3) Claisen rearrangement. 2-C-branched sugar 

derivates were obtained as mixtures in excellent yield. The substrates were subjected to iodo-

benzoxylation using NIS-BnOH to give the corresponding 2-iodo glycoside with high α-anomeric 

stereoselectivity. DBU mediated dehydrohalogenation of this glycoside provided the 2,3-

unsaturated vinyl ether derivative. Finally, subjecting this vinyl ether substrate to Claisen 

rearrangement in the presence of N,N-dimethyl aniline as catalyst, nitrobenzene as solvent, 

provided the glycal-derived 2-C-branched sugar derivative as inseparable mixtures in good yield. 

The applicability of the reaction was showcased by performing Claisen rearrangement over the 

disaccharide substrates. 
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3.1 Introduction 

Carbohydrates, like proteins and nucleic acids, play critical roles in biological processes. This 

includes cell-cell and cell-viral recognition, cell adhesion, cell development, inflammation, and 

other features that have been well studied in the fields of glycochemistry and glycobiology.1 These 

carbohydrates exist in oligomeric forms as glycolipids and glycoproteins, which are referred to 

collectively as glycoconjugates. Another major endeavour is the design and synthesis of 

carbohydrate mimics with the goal of discovering superior or alternate biological features.2 Carbon 

branched sugars are one among the mimicking compound which are present in a variety of natural 

compounds, in which the hydroxyl groups on the pyranose/furanose ring are substituted with 

carbon. C-branched carbohydrates, which are abundant in nature and serve as major subunits in 

numerous antibiotics, bacterial polysaccharides, and macrolides, are of current interest in 

glycochemistry. One of the most important and demanding aims in organic synthesis is the 

development of stereocontrolled carbon-carbon bonds. Large efforts have been directed in this 

arena for the synthesis of carbon branched sugars employing the main class of carbohydrates as 

synthons. Carbohydrate-derived synthons, in turn, enabled the effective formation of structurally 

complex, wide-ranging, highly oxygenated natural compounds,3, 4, 5 as well as significant 

carbohydrate mimetics 6, 7, 8. 

There are numerous ways for constructing C-glycosides in the literature, but forming a C-C bond 

at places other than the anomeric centre (at C-1) is quite challenging. Amid them, syntheses of 2-

C-branched sugars have proven particularly appealing because they allow for manipulation of the 

anomeric core. Furthermore, in many circumstances, 2-C-branched sugars can serve as valuable 

precursors to produce some biologically important compounds.9 The synthetic protocols involve 

pool of reactions for the construction of 2-C-branched sugars. Among the different techniques 

available, heteroatom addition,10 epoxidation,11 acid-mediated rearrangements12 and cycloaddition 

reactions,13 are the most significant procedures to produce 2-C-branched sugars. Similarly, The 

classic Claisen rearrangement, discovered by Claisen in 1912 14, which represents a broad class of 

the [3, 3]-sigmatropic reaction, is recognised as one of the most efficient stereoselective carbon-

carbon bond-forming synthetic techniques. The thermal Claisen rearrangement of allyl vinyl ether 

1 is considered to occur in a stereocontrolled manner through a chair-like transition state, yielding 

γ,δ-unsaturated carbonyl system 2 (Scheme 1). 
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Scheme 1: Claisen rearrangement 

 

To broaden the scope of the previous rearrangement process, a number of modifications were 

incorporated, including the approach established by Ireland and colleagues in 1972.15 It involved 

the base-promoted O-sialylation of allyl ester 3 to obtain silyl ketene acetal 4, followed by its 

rearrangement to afford γ,δ-unsaturated silyl ester 5 (Scheme 2). 

 

 

Scheme 2: The Ireland-Claisen rearrangement of silyl ketene acetal 

 

Claisen rearrangement has proven to be a valuable method for the construction of complex sugar 

framework.16 Our group has done enormous work and built several C-branched sugars, C-

glycosides and fused molecular frameworks by implementing Claisen rearrangement on the 

perfectly designed glycal derivative (Scheme 3).17 For example, allyl vinyl ether derivative 6 under 

heating condition in nitrobenzene/N,N-dimethylaniline underwent Claisen [3,3]-sigmatropic 

rearrangement provided the expected 3-C-branched glucal derivative 7 (Scheme 3a). Similarly in 

another work, when 2-vinyloxymethyl glucal derivative 8 was heated to 180 °C in toluene for 6 h, 

the reaction provided the expected C-2-methylene-C-glycosides 9 and 9 in 84:16 ratio, 

respectively (Scheme 3b) 
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Scheme 3: Claisen rearrangement on the perfectly designed glycal derivative. 

 

In this view, we further concentrate on the synthesis of pyranoid sugars with C-2 branching using 

the Claisen rearrangement involving a 2,3-unsaturated sugar derivative as the synthons.  

 

3.2 Results and Discussions  
 

Towards this, we started our investigation by employing tribenzyl-D-glucal 10 as the initial 

substrate. Compound 10 was haloalkoxylation using NIS and BnOH in acetonitrile, provided the 

α-anomer 11 in 92% yield as the only product. Further, this iodo-acetal was subjected to 

dehydrohalogenation using DBU to obtain vinyl ether compound 12 in 96% yield. Finally, 

compound 12 was subjected to Claisen rearrangement reaction under heating conditions in 

nitrobenzene/N,N-dimethylaniline provided the unexpected 3-oxo-glucal 14 as the only product 

(Scheme 4). 
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Scheme 4. Unexpected product 3-oxo-glucal 13 from tribenzyl glucal by Claisen rearrangement 

 

It was noticed that the olefin of the benzene ring did not participate in the rearrangement and 

instead underwent ketalyzation to give the corresponding 3-oxo-glucal 13. As the phenylic double 

bond was not suitable for Claisen rearrangement, reactivity of allylic double bond was investigated 

for the rearrangement reaction. 

At the onset of our investigation, 3-OH-4,6-dibenzyl glucal 14 was subjected to allylation using 

NaH and allyl bromide in the presence of dry THF. The 3-O-allylated product 15 was obtained in 

90% yield.  Subsequently, compound 6 was subjected to iodoacetalization using NIS/BnOH in 

acetonitrile which gave compound 16 in 90% yield as a single anomeric isomer. In the next step, 

2-iodo-glycoside 16 was subjected to DBU mediated dehydrohalogenation which gave the 

corresponding vinyl ether 17 in excellent yield of 93%.  Ultimately, the Claisen [3,3]-sigmatropic 

rearrangement of compound 17 effected by heating in nitrobenzene/N,N-dimethylaniline provided 

the expected product 18, the 2C-branched sugar, as the isomeric mixture (18a:18b=1:1) in 80% 

overall yield (Scheme 5).  
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Scheme 5. Expected Claisen product 18 from 17 by Claisen rearrangement. 

 

It is worth noting that the methodology effectively uses the 2,3-unsaturated vinyl ether type of 

molecule for the construction of 2C-branched sugars. After the successful formation of Claisen 

adduct, the methodology was explored for the substrate scope.  In this regard, several 3-O-

alkenylated glucal (19, 23 and 27) was synthesized from 14. Firstly, 3-O-prenylated glucal 19 was 

synthesised from 14 in 92% yield. Further, 19 was subjected to iodoacetalyzation using NIS/BnOH 

to get the 2-iodo-glycoside 20 in 95% yield.  Then DBU mediated dehydrohalogenation was 

performed over 20 to obtain the vinyl ether 21 in excellent yield. Further, the thermal, [3,3]-

sigmatropic Claisen rearrangement of 21 gave the corresponding 2C-branched sugar 22 as 

(22α:22β = 1:1) mixture in 88% yield. Similarly, the alkenylated glucal substrates 23 and 27 

underwent iodoacetalyzation in the presence of NIS/BnOH and provided the corresponding benzyl 

2-deoxy-2-iodo glycosides 24 and 28 in good yield. Subsequent DBU mediated 

dehydrohalogenation resulted in vinyl ethers 25 and 29 respectively, which upon reaction with a 

catalytic amount of N,N-dimethyl aniline in nitrobenzene solvent under heating condition led to 

the formation of the 2C-branched sugar derivatives 26a:26b and 30a:30b respectively in good 

yields (Table 1, entry 2-3). Next, the 3-O-akynylated substrate 31 was specially synthesised from 

14 to see the substrate effect. When the substrate 31 was subjected to iodoacetalyzation using 

NIS/BnOH in acetonitrile provided compound 32 in 80% yield. The obtained halo-glycoside 32 

was subjected to DBU mediated dehydrohalogenation to get the corresponding vinyl ether 33 in 
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90% yield. Finally, this Claisen precursor 33 was subjected to Claisen rearrangement under 

optimised condition. However, in this case the Claisen adduct was not observed instead a diene 

compound 34 was formed in 67% yield (Table 1, entry 4) and the reason behind its formation is 

unknown. 

 

 

a Yield refers to pure and isolated products; bIsolated as mixtures. 

 

 

Table 1: Synthesis of 2C-Branched sugars via Claisen rearrangements of 3-O-alkenylated 2,3-

unsaturated Glucal derivative. 

 

Having synthesized the library of 2C-branched sugar derivatives from 3-O-alkenylated 2,3-

unsaturated glucal derivatives, we focused on the generality and efficacy of this methodology on 

a variety of 3-O-alkenylated L-rhamnal derivatives (Table 2, entry 1-3). The substrates 35, 39 and 

43 were synthesised from L-rhamnal derived glycal S1. The allylated, gernylated and 

cinnamylated L-rhamnal substrates 35, 39 and 43 respectively, underwent iodo-benzoxylation in 

the presence of NIS/BnOH and provided the corresponding 2-iodo glycosides 36, 40, and 44 in 

good yield. Subsequent DBU mediated dehydrohalogenation of these, resulted in vinyl ethers 37, 
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41, and 45 respectively which upon reaction under Claisen rearrangement conditions, product 

38a:38b, 42a:42b and 46a:46b, respectively in good yields (Table 2, entry 1-3). 

 

a Yield refers to pure and isolated products; bIsolated as mixtures. 

 

Table 2: Synthesis of 2C-Branched sugars via Claisen rearrangements of 3-O-alkenylated 2,3-

unsaturated Rhamnal derivative. 

 

Having success in the case of monosaccharides, our vision focused on evaluating the protocol for 

the synthesis of carbon branched sugars in disaccharide derivatives. To initiate this, structurally 

diverse disaccharides 47, 50, 53 and 56 having non-reducing and reducing end, were synthesized 

(Scheme 6 and Scheme 7). 

The donor S2 and acceptor S3 was subjected to TMSOTf mediated glycosylation at 0 °C in toluene 

to obtain the disaccharide 47, with non-reducing end, in 95% yield (Scheme 6a). Under the similar 

glycosylation conditions, another disaccharide 50, with a non-reducing end, was synthesised in 

80% yield using S4 alcohol acceptor (Scheme 6b).  
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Scheme 6: Synthesis of disaccharide precursors with non-reducing end for Claisen 

rearrangement 

 

Having obtained the disaccharides 47 and 50, these substrates were subjected to DBU mediated 

dehydrohalogenation which provided the vinyl ethers 48 and 51 respectively in excellent yield. 

Finally, these 2,3-unsaturated vinyl ethers were subjected to the key step, the [3,3]-sigmatropic 

Claisen rearrangement reaction, using catalytic amount of N,N-dimethyl aniline in nitrobenzene 

solvent under heating condition. As a result, the Claisen adducts 49a:49b and 52a:52b were 

obtained as a mixture at the newly formed C-C bond which were separable by column 

chromatography (Table 3, entry 1-2).  
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a Yield refers to pure and isolated products; bIsolated as mixtures. 

 

Table 3: Application of Claisen rearrangement on the disaccharides with non-reducing ends. 

 

Hence, for the first time, we successfully applied the Claisen rearrangement over the disaccharide 

substrate to obtain the C-branched sugar derivatives. 

 

In a similar way, we successfully showcased the applicability of the methodology over the 

disaccharides with the reducing end. In this view, the disaccharides 53 and 56 were synthesised 

(Scheme 7).  

 

Scheme 7: Synthesis of disaccharide precursors with reducing end for Claisen rearrangement 
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The donor S6 and alcohol acceptor S7 were subjected to TMSOTf mediated glycosylation at 0 °C 

in toluene to obtain the disaccharide 53, with reducing end, in 90% yield (Scheme 7a). 

Disaccharide 56 was synthesised via  PPh3
.HBr mediated glycosylation reaction using S8 as the 

glycosyl donor (Scheme 7b). The synthesized disaccharides 53 and 56 were treated with DBU to 

give the corresponding vinyl ether 54 and 57 in excellent yield. Ultimately, under thermal 

conditions in the presence of catalytic amount of N,N-dimethyl aniline in nitrobenzene solvent, the 

2,3-unsaturated disaccharide systems were efficiently transformed to the corresponding carbon 

branched sugars 55a:55b and 58a:58b as mixtures. These transformations over the disaccharides 

clearly indicates the potential applicability of the Claisen rearrangement (Table 4, entry 1-2). 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

a Yield refers to pure and isolated products; bIsolated as mixtures. 

Table 4: Application of Claisen rearrangement on the disaccharides with reducing ends. 

 

3.3 Conclusion 
 

In conclusion, we reported a general, efficient, and convenient methodology for synthesizing 2C-

branched sugar derivatives via Claisen rearrangement. The methodology adopts one of the most 

powerful tools, that is the [3,3]-sigmatropic rearrangement. The substrate opportunity and 

approachability of the current protocol were successfully shown by synthesizing 2C-branced sugar 

derivatives of mono- and disaccharides. 
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3.4 Experimental Section 

3.4.1 General Information: 

All the reactions were carried out under nitrogen or argon atmosphere and monitored by thin layer 

chromatography (TLC) using silica gel GF254 plates with detection by charring with 5% (v/v) 

H2SO4 in methanol or by phosphomolybdic acid (PMA) stain or by ultra violet (UV) detection. 

All the chemicals were purchased from local suppliers and Sigma-Aldrich Chemicals Company. 

Solvents used in the reactions were distilled over dehydrated agents. Silica-gel (100-200 mesh) 

was used for column chromatography. 1H, 13C, DEPT, COSY, NOESY spectra were recorded on 

Bruker 400 MHz and 500 MHz spectrometer in CDCl3. 
1H NMR chemical shifts were reported 

in ppm (δ) with TMS as internal standard (δ 0.00) and 13C NMR were reported in chemical shifts 

with solvent reference (CDCl3, δ 77.00). High resolution mass spectra (HRMS) were obtained in 

the ESI mode. 

 

Iodo-acetalyzation of glycals (General Procedure A): 

To a stirred solution of protected glycal in anhydrous ACN (10 mL/mmol) under inert atmosphere 

was added Bn-OH (5 eq) followed by NIS (1.5 eq) at 0°C. The reaction was allowed to raise to 

room temperature and further stirred until starting material is disappeared. The reaction was 

quenched with saturated solution of sodium thiosulphate and extracted with EtOAc. dried over 

anhydrous Na2SO4 and concentrated under reduced pressure to obtain crude product. Purification 

of the crude product by column chromatography over silica gel using hexanes and ethyl acetate 

provided Iodo compounds. 

 

Dehydrohalogenation-synthesis of vinyl ether (General procedure B): 

To a stirred solution of compound in anhydrous Toluene (10 mL/mmol) under inert atmosphere 

was added DBU (1.1 eq) at room temperature. The reaction mass was further heated at 80°C for 

24 hours. After complete conversion of starting material, solvent was concentrated under reduced 

pressure to obtain crude product which was purified over basic alumina to obtain vinyl ether.  

 

Claisen rearrangement of vinyl ether (General procedure C): 

Vinyl glycoside 4 (2.4 mmol, 1 equiv.) was mixed with N,N-dimethylaniline (0.2 mL) in 

nitrobenzene (10 mL), and the mixture was heated at 150–170 °C until the starting material was 
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completely consumed (5–6 h). The resulting mixture was instantly loaded onto a silica gel column, 

and the product was purified by eluting with hexanes and ethyl acetate to obtain the 2-C-branched 

3-oxo-glycal derivative in a respectable yield. 

 

General procedure for alkylation of benzyl protected glycal derivatives (D): The benzyl 

protected C-3-OH glycal was dissolved in anhydrous THF (3 mL/mmol) under an inert 

atmosphere and the mixture was cooled to 0 oC.  NaH (1.5 eq, 60%) was added portion wise with 

stirring over a period of 20 minutes. After continues stirring for a further 1 hour at 0 oC, alkyl 

halide (1.25 eq) and TBAI (0.1 eq) were added at 0 oC and the mixture was stirred overnight at 

25 oC. After completion of the reaction (monitored by TLC cold water was added dropwise and 

the obtained solution was extracted with ethyl acetate. The combined organic layer were dried 

over anhydrous Na2SO4 and concentrated under reduced pressure to obtain the crude alkyl 

protected glycal derivatives. 

 

3.4.2 Experimental procedures and spectral data 

 

 

 

 

 

 

(2S,3S,4S,5R,6R)-2,4,5-tris(benzyloxy)-6-((benzyloxy)methyl)-3-iodotetrahydro-2H-pyran 

(11): Compound 11 was synthesised from Tribenzylglucal 10 (1g, 2.402 mmol) by following 

general procedure A. 

Yield: 1.43g, 92 % colourless gel. Rf: 0.5 (10% EtOAc/Hx). 

1H NMR (500 MHz, CDCl3): δ 7.30-7.44 (m, 20H), 5.14 (s, 1H), 4.88-4.92 (m, 1H), 4.78 (d, 1H, 

J = 15.0 Hz), 4.75 (s, 1H), 4.72 (s, 1H), 4.58-4.61 (m, 2H), 4.53-4.56 (m, 2H), 4.51 (d, 1H, J= 

15.0 HZ), 3.97-3.99 (m, 2H), 3.83-3.86 (m, 1H), 3.75 (8, 1H, J= 13.5 Hz), 3.40-3.43 (m, 1H).    

13C NMR (125 MHz, CDCl3): δ 138.3, 138.1, 137.6, 136.8 , 128.4, 128.3, 128.3, 128.2, 

128.0, 128.0, 127.9, 127.9, 127.7, 127.6, 127.6, 127.4, 100.6, 76.7, 75.8, 75.2, 73.3, 72.3, 70.9, 

69.4, 68.7, 33.4  

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C34H35IO5NH4 668.1873, found 668.1871. 
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(2R,3R,6S)-3,4,6-tris(benzyloxy)-2-((benzyloxy)methyl)-3,6-dihydro-2H-pyran (12): 

Compound 12 was synthesised from 11 (1 g, 1.53 mmol) by following general procedure B. 

Yield: 771.1 mg, 96%, colureless gel . Rf: 0.4 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.27-7.41 (m, 20H), 5.36 (d, 1H, J = 4.5 Hz), 4.88-4.96 (m, 3H), 

4.81 (t, 2H, J = 16.0 Hz), 4.67 (d, 1H, J = 15.5 Hz), 4.63 (d, 1H, J = 14.5 Hz), 4.52 (d, 1H, J = 

15.0 Hz), 4.47 (d, 1H, J = 14.0 Hz), 4.34 (d, 1H, J = 12.0 Hz), 4.21- 4.25 (m, 1H), 3.72-3.76 (m, 

1H), 3.64 (dd , 1H, J1 = 2.5, J2 = 27 Hz ). 

13C NMR (125 MHz, CDCl3): δ 158.0, 138.2, 138.2, 138.1 , 136.4 , 128.4 , 128.3(2), 

128.2, 128.1, 128.0, 127.9, 127.9, 127.6, 127.6, 127.6, 127.5, 95.8, 95.4, 74.1, 73.3, 71.1, 69.8, 

69.7, 69.4, 68.6  

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C34H34O5NH4 540.2750, found 540.2755 

 

 

 

 

 

 

(2R,3R)-3-(benzyloxy)-2-((benzyloxy)methyl)-2,3-dihydro-4H-pyran-4-one (13): 

Compound 13 was synthesised from 12 (500 mg, 0.95 mmol) by following general procedure C. 

Yield: 139.6 mg, 45%, colureless gel . Rf: 0.6 (15% EtOAc/hexane). 

IR (neat): 2968, 1738, 1366, 1215 cm-1. 

1H NMR (500 MHz, CDCl3): δ 7.28-7.35 (m, 11H), 5.38 (d, 1H, J = 6.0 Hz), 5.07 (d, 1H, J = 

11.0 Hz), 4.57-4.61 (m, 2H), 4.52 (d, 1H, J = 12.0 Hz), 4.43 (dt, 1H, J =3.0 Hz, 11.5 Hz), 4.24 

(d, 1H, J = 12.0 Hz), 3.80 (m, 2H).   

13C NMR (125 MHz, CDCl3): δ 193.5, 162.2, 137.5, 137.4, 128.5, 128.4, 128.3, 128.0, 127.9, 

127.8, 105.2, 81.0, , 74.6, 74.1, 73.6, 67.9.  

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C20H20O4H 325.1431, found 325.1431. 
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(2R,3S,4R)-4-(allyloxy)-3-(benzyloxy)-2-((benzyloxy)methyl)-3,4-dihydro 

-2H-pyran (15): 

Compound 15 was synthesised from 14 (500 mg, 1.53 mmol) by following general procedure D. 

Yield: 505.2 mg, 90%, colureless gel. Rf: 0.8 (10% EtOAc/hexane). 

IR (neat): 3028, 2920, 2860, 1737, 1646 cm-1 

1H NMR (500 MHz, CDCl3): δ 7.28-7.36 (m, 10H), 6.43 (dd, 1H, J1 = 0.5 Hz, J2 = 6.0 Hz), 5.90-

5.98 (m, 1H), 5.24 (dd, 1H, J1 = 1.5 Hz, J2 = 17.0 Hz), 5.20 (dd, 1H, J1 = 3.0 Hz, J2 = 10.5 Hz), 

4.85-4.87 (m, 2H), 4.67 (d, 1H, J = 11.5 Hz), 4.57-4.64 (m, 2H), 4.12-4.16 (m, 2H), 4.03-4.09 (m, 

2H), 3.83- 3.84 (m 1H), 3.80 (d, 1H, J = 4.5 Hz), 3.77-3.80 (m, 1H). 

13C NMR (125 MHz, CDCl3): δ 144.6, 138.2, 138.0, 134.8, 128.4, 128.3 , 127.9, 127.8, 127.7, 

127.6, 116.8, 100.1, 76.7, 75.7, 74.3, 73.7, 73.5, 69.4, 68.5. 

HRMS (ESI-TOF) m/z: [M+Na] calcd for C23H26O4Na 389.1729, found 389.1724. 

 

 

 

 

 

 

(2S,3S,4S,5R,6R)-4-(allyloxy)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-iodotetrahydro-

2H-pyran (16): Compound 16 was synthesised from 15 (300 mg, 0.81 mmol) by following 

general procedure A. Yield: 442.5 mg, 90%, colureless gel. Rf: 0.8 (10% EtOAc/hexane). 

IR (neat): 3027, 2920, 1738, 1452 cm-1. 

1H NMR (500 MHz, CDCl3): δ 7.24-7.7.40 (m, 15H), 5.94-6.0 (m, 1H), 5.37 (d, 1H, J = 17.5 

Hz), 5.33 (s, 1H), 5.22 (d, 1H, J = 10.0 Hz), 4.89 (d, 1H, J = 11.0 Hz), 4.70 (d, 1H, J = 12.5 Hz), 

4.70 (d, 1H, J = 11.5), 4.49-4.58 (m, 4H), 4.182 (dd, 1H, J1 = 5.5 Hz, J2 = 12.5 Hz),    4.04 (dd, 

1H, J1 = 5.5 Hz, J2 = 13.0 Hz), 3.89-3.95 (m 2H), 3.80 (dd, 1H, J1 = 7.0 Hz, J2 = 10.5 Hz), 3.71 

(d, 1H, J = 10.5 Hz),  3.26-3.29 (m, 1H). 
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13C NMR (125 MHz, CDCl3): δ, 138.4, 138.2, 136.9, 134.3, 128.4, 128.3, 128.3, 128.1, 128.0, 

128.0, 127.7, 127.6, 127.4, 117.3, 100.7, 76.7, 76.0, 75.2, 73.4, 72.4, 70.0, 69.5, 68.9, 33.7. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H33IO5Na 623.1265, found 623.1266. 

 

 

 

 

 

 

 

(2R,3R,6S)-4-(allyloxy)-3,6-bis(benzyloxy)-2-((benzyloxy)methyl)-3,6-dihydro-2H-

pyran(8): Compound 17 was synthesised from 16 (300 mg, 0.49 mmol) by following general 

procedure B. Yield: 219.5 mg, 93%, colureless gel . Rf: 0.7 (10% EtOAc/hexane. 

IR (neat): 3027, 2918, 1738, 1665 cm-1. 
1H NMR (500 MHz, CDCl3): δ 7.27-7.7.38 (m, 15H), 5.98-6.0 (m, 1H), 5.37-5.41 (m, 1H), 5.32 

(d, 1H, J = 3.5 Hz), 5.26-5.29 (m, 1H), 4.92 (d, 1H, J = 11.0 Hz), 4.82 (d, 1H, J = 3.5 Hz), 4.79-

4.81 (m, 1H), 4.65 (d, 1H, J = 12.5), 4.60 (d, 1H, J = 12.0 Hz), 4.49 (s, 2H, J = 12.5 Hz), 4.5-4.38 

(m 1H), 4.29-4.38 (m, 1H), 4.27 (s, 1H),  4.1-4.20 (m, 1H). 3.71 (dd, 1H, J1 = 4.0 Hz, J2 = 10.5 

Hz), 3.61 (dd, 1H, J1 = 2.5 Hz, J2 = 11.0 Hz),     

13C NMR (125 MHz, CDCl3): δ 157.7, 138.4, 138.2, 138.1, 132.7, 128.3(3), 128.2, 128.1, 128.0, 

127.9, 127.6, 127.5, 117.5, 95.7, 95.3, 74.0, 73.3, 71.1, 69.7, 69.7, 68.7, 68.1 .  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C30H32O5NH4 490.2588, found 495.2589 

 

 

 

 

 

 

(2S,5R,6R)-3-allyl-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)tetrahydro-4H-pyran-4-one 

(18a:18b): Compound (18a:18b) was synthesised from 17 (200mg, 0.42 mmol) by following 

general procedure C. Yield: 159.9 mg, 80%, colureless gel . Rf: 0.7. (10% EtOAc/hexane). 

IR (neat): 3027, 2968, 2922, 1734 cm-1. 
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1H NMR (500 MHz, CDCl3): δ 7.30-7.7.36 (m, 15H), 5.68-5.75 (m, 1H), 5.20 (d, 1H, J = 3.5 

Hz), 4.99-5.04 (m, 2H), 4.91(d, 1H, J = 11.0 Hz), 4.67 (t, 2H, J = 12.0 Hz), 4,53-4.55 (m, 1H), 

4.47 (d, 1H, J = 12.0 Hz), 4.41 (d, 1H, J = 11.0 Hz), 4.25 (d, 1H, J = 10.0 Hz), 4.07 (d, 1H, J = 

9.5 Hz), 3.79-3.82 (m 1H), 3.72 (d, 1H, J = 10.5 Hz), 2.80-2.84 (m, 1H),  2.57-2.62 (m, 1H),  

2.18-2,24(m, 1H).  

13C NMR (125 MHz, CDCl3): δ 204.5, 137.9, 137.5, 136.8, 135.0, 128.4, 128.3(2), 128.2, 128.0, 

127.9, 127.8, 127.8, 127.7, 116.9, 100.0, 79.0, 73.6, 73.3, 73.3, 69.3, 68.5, 53.3, 28.1 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H32O5Na 495.2147, found 495.2145 

 

(2R,3S,4R)-3-(benzyloxy)-2-((benzyloxy)methyl)-4-((3-methylbut-2-en-1-yl)oxy)-3,4-

dihydro-2H-pyran (19): Compound 19 was synthesised from 14 (400 mg, 1.22 mmol) by 

following general procedure D. Yield: 444.7 mg, 92%, colureless gel . Rf: 0.5 (10% 

EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.30-7.37 (m, 10H), 6.44 (d, 1H, J = 6.0 Hz), 5.38 (t, 1H, J = 5.5 

Hz), 4.88-4.90 (m, 2H), 4.58-4.69 (m, 3H), 4.11-4.15 (m, 2H), 4.02-4.11 (m, 2H), 3.78-3.84 (m, 

3H), 1.77 (s, 3H), 1.69 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 144.4, 138.3, 138.0, 136.8, 128.3 , 128.3 , 127.8, 127.7, 127.6, 

127.6, 121.1, 100.3, 76.7, 75.4, 74.3, 73.6, 73.4, 68.6, 64.9, 25.7, 18.0  

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C25H30O4H 395.2222, found 395.2217 

 

 

 

 

 

 

(2S,3S,4S,5R,6R)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-iodo-4-((3-methylbut-2-en-1-

yl)oxy)tetrahydro-2H-pyran(11): Compound 20 was synthesised from 14 (300 mg, 0.76 mmol) 
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by following general procedure A. Yield: 454.1 mg, 95%, colureless gel . Rf: 0.6 (10% 

EtOAc/hexane). 

IR (neat):  2922, 2016, 1738 cm−1 

1H NMR (500 MHz, CDCl3): δ 7.25-7.41 (m, 15H), 5.43-5.47 (m, 1H), 5.35 (s, 1H), 4.93 (d, 1H, 

J = 10.5 Hz), 4.72-4.77 (m, 2H), 4.56-4.60 (m, 2H), 4.51-4.53 (m, 2H) 4.17-4.21 (m, 1H), 3.93-

4.00 (m, 2H), 3.89 (s, 1H, J = 8.5 Hz), 3.82 (dd, 1H, J1 = 4.5 Hz, J = 11.0Hz), 3.74 (dd, 1H, J1 = 

2 Hz, J = 11.0Hz),  3.26-3.28 (m, 1H), 1.74 (s, 3H), 1.71 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 138.4(2), 137.5, 136.9, 128.4, 128.3, 128.3(2), 128.0, 128.0, 

127.9, 127.6, 127.4, 120.6, 100.7, 76.5, 75.8, 75.2, 73.3, 72.4, 69.4, 68.9, 65.3, 34.0, 25.8, 18.1. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C32H37 IO5Na 651.1583, found 651.1578. 

 

 

 
 

 

(2R,3R,6S)-3,6-bis(benzyloxy)-2-((benzyloxy)methyl)-4-((3-methylbut-2-en-1-yl)oxy)-3,6-

dihydro-2H-pyran (21): Compound 21 was synthesised from 20 (350 mg, 0.55 mmol) by 

following general procedure B. Yield: 270.3 mg, 97%, colureless gel . Rf: 0.5 (10% 

EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.23-7.34 (m, 15H), 5.39-5.42 (m, 1H), 5.29 (d, 1H, J = 3.5 Hz), 

4.85 (d, 1H, J = 11.0 ), 4.75-4.79 (m, 2H), 4.61 (d, 1H, J = 12.0 Hz), 4.57 (d, 1H, J = 11.5 Hz), 

4.44 (d, 1H, J = 12.0 Hz), 4.44 (d, 1H, J = 11.0 Hz), 4.27-4.31 (m, 1H), 4.21-4.24 (m, 2H), 4.14-

4.17 (m, 1H), 3.67 (dd, 1H, J1 = 4.0 Hz, J = 10.5 Hz), 3.58 (dd, 1H, J1 = 2 Hz, J = 10.5 Hz),  1.76 

(s, 3H), 1.67 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 158.0, 138.5, 138.3, 138.2, 137.7, 128.3 (2), 128.2, 128.1, 

128.1, 127.9, 127.6, 127.5, 127.5, 119.3, 95.5, 95.2, 73.7, 73.3, 71.1, 69.7, 69.6, 68.7, 64.3, 25.7, 

18.2.  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C 32H36O5NH4 518.2906, found 518.2901. 
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(2S,3S,5R,6R)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-(2-methylbut-3-en-2-

yl)tetrahydro-4H-pyran-4-one (22a:22b): Compound (22a:22b) was synthesised from 21 (200 

mg, 0.399 mmol) by following general procedure C. Yield: 175.9 mg, 88%, colureless gel . Rf: 

0.5. (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3):  mixture δ 7.30-7.35 (m, 15H), 5.90-5.97 (m, 1H) 4.89-4.94 (m, 

2H), 4.84 (d, 1H, J = 11.0 Hz), 4.69 (d, 1H, J = 12.5 Hz), 4.63-4.66 (m, 2H), 4.51 (d, 1H, J = 2.5 

Hz), 4.24 (d, 1H, J = 10.0 Hz), 4.09-4.14 (m, 1H), 3.73-3.78 (m, 2H), 3.67-3.71 (m, 1H), 1.20 (d, 

2H, J = 17.0 Hz), 1.70 (s, 3H), 1.09 (s, 3H).  

13C NMR (125 MHz, CDCl3) Mixture: δ 206.3, 203.9, 146.7, 145.3, 138.2, 137.9, 137.5, 137.3, 

137.1, 136.4, 128.5, 128.4, 128.3, 128.3, 128.3, 128.0, 127.9, 127.9, 127.8, 127.8, 127.7, 127.6, 

127.5, 127.4, 112.5, 111.1, 100.1, 99.0, 79.5, 78.5, 73.6, 73.5, 73.4, 73.3, 73.2, 72.2, 69.2, 69.0, 

68.8, 68.5, 65.9, 61.3, 37.8, 37.0, 27.7, 26.4, 24.6, 23.7  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C32H36O5NH4 518.2906, found 518.2950. 

 

 

 

 

 

 

 

(2R,3S,4R)-3-(benzyloxy)-2-((benzyloxy)methyl)-4-(cinnamyloxy)-3,4-dihydro-2H-pyran 

(23): Compound 14 was synthesised from 23 (400 mg, 1.22 mmol) by following general 

procedure D. Yield: 488.1 mg, 90%, colureless gel. Rf: 0.6 (10% EtOAc/hexane). 

IR (neat):  3025, 2968, 2924,1738 cm-1 
1H NMR (500 MHz, CDCl3): δ 7.27-7.39 (m, 15H), 6.63 (d, 1H, J = 15.5 Hz), 6.46 (d, 1H, J = 

6.0 Hz), 6.27-6.33 (m, 1H), 4.88-4.91 (m, 2H), 4.67-4.76 (m, 1H), 4.62 (q, 2H, J = 12.0 Hz), 4.28-

4.32 (m, 1H), 4.20-4.24 (m, 2H), 4.08-4.12 (m, 1H), 3.86-3.89 (m, 1H), 3.83-3.85 (m, 1H), 3.80-

3.83 (m, 1H). 
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13C NMR (125 MHz, CDCl3): δ 144.7, 138.2, 137.9, 136.6, 132.2 , 128.5, 128.4, 128.3, 127.9, 

127.7, 127.7, 127.6, 127.6, 126.4, 126.1,100.1, 76.7, 75.7, 74.4, 73.8,73.5, 69.1 ,68.5 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C29H30O4Na 465.2036, found 465.2035. 

 

 

 

 

 

 

 

(2S,3S,4S,5R,6R)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-4-(cinnamyloxy)-3-

iodotetrahydro-2H-pyran (24): Compound 24 was synthesised from 23 (400 mg, 0.90 mmol) 

by following general procedure A. Yield: 587.1 mg, 96%, colureless gel . Rf: 0.7 (10% 

EtOAc/hexane). 

IR (neat):  3026, 2922, 1738 ,1449 cm-1. 

1H NMR (500 MHz, CDCl3): δ 7.27-744 (m, 20H), 6.69 (d, 1H, J = 16.0 Hz), 6.33-6.38 (m, 1H), 

5.36 (s, 1H), 4.95 (d, 1H, J = 11.0 Hz), 4.70 (d, 1H, J = 12.5 Hz), 4.73 (d, 1H, J = 11.5 Hz), 5.46-

4.61 (m, 3H), 4.52 (d, 1H, J = 12.0 Hz), 4.35-4.38 (m, 1H), 4.21-4.25 (m, 1H), 3.97 (d, 2H, J = 

5.0 Hz), 3.83-3.86 (m, 1H), 3.75 (d, 1H, J = 10.5 Hz), 1.64 (s, 1H). 

13C NMR (125 MHz, CDCl3): δ 138.3, 138.2, 136.8, 136.5, 132.8, 128.5 , 128.4(2), 128.3, 

128.3, 128.0, 128.0, 127.9, 127.7, 127.6, 127.5, 126.5, 125.5, 100.7, 76.7, 75.2, 73.4, 72.4, 69.8, 

69.4(2), 68.8, 33.9.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C36H37IO5Na 699.1578, found 699.1578 

 

 

 

 

(2R,3R,6S)-3,6-bis(benzyloxy)-2-((benzyloxy)methyl)-4-(cinnamyloxy)-3,6-dihydro-2H-

pyran (25): Compound 25 was synthesised from 24 (400 mg, 0.59 mmol) by following general 

procedure B. Yield: 308.1 mg, 95%, colureless gel . Rf: 0.6 (10% EtOAc/hexane). 

IR (neat): 3025, 2968, 2925, 1737 ,1599 cm-1. 
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1H NMR (500 MHz, CDCl3): δ 7.27-7.38 (m, 20H), 6.69 (d, 1H, J = 16.0 Hz), 6.32-6.38 (m, 

1H), 5.33 (d, 1H, J = 3.5 Hz), 4.92 (d, 1H, J = 11.5 Hz), 4.88 (d, 1H, J = 3.5 Hz), 4.80 (d, 1H, J 

= 11.5 Hz), 4.65 (d, 1H, J = 12.5 Hz), 4.61 (d, 1H, J = 11.5 Hz), 4.49-4.54 (m, 3H), 4.20-4.45 (m, 

1H), 4.30 (d, 1H, J = 9.5 Hz), 4.19-4.22 (m, 1H), 3.72 (dd, 1H, J1 = 4.0 Hz, J2 = 10.5 Hz), 3.62 

(dd, 1H, J1 = 2.0 Hz, J2 = 10.5 Hz), 

13C NMR (125 MHz, CDCl3): δ 157.8, 138.4, 138.3, 138.2, 136.4, 133.0, 128.6, 128.3, 128.2, 

128.1, 128.0, 127.9, 127.9, 127.6, 127.6, 127.5, 126.5, 123.9, 95.9, 95.4, 74.0, 73.4, 71.3, 69.8, 

68.8, 68.0  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C36H36O5Na 571.2455, found 571.2454 

 

 
 

 

 

(2S,5R,6R)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-(1-phenylallyl)tetrahydro-4H-

pyran-4-one (26a:26b): Compound (26a:26b) was synthesised from 25 (245.9 mg, 0.54 mmol) 

by following general procedure C. Yield: 245.9 mg, 82%, colureless gel . Rf: 0.6. (10% 

EtOAc/hexane). 

IR (neat):  3026, 2968, 2922, 1736 cm-1. 

1H NMR (500 MHz, CDCl3): δ 7.19-7.37 (m, 20H), 5.88-5.97 (m, 2H),  5.03-5.50 (m, 1H), 4.88 

(d, 1H, J = 14.0 Hz), 4.76 (s, 1H), 4.70 (d, 1H, J = 15.0 Hz), 4.60 (d, 1H, J = 15.0 Hz), 4.55 (d, 

1H, J = 15.0 Hz), 4.43 (d, 1H, J = 14.0 Hz), 4.33-4.38 (m, 2H), 4.08-4.11 (m, 1H), 3.83 (dd, 1H, 

J1 = 4.5 Hz, J2 = 13.5 Hz), 3.72-3.77 (m, 2H), 3.11 (d, 1H, J = 14.5 Hz). 

13C NMR (125 MHz, CDCl3): δ 205.6, 140.6, 138.3, 138.1, 137.4, 136.9, 129.0, 128.4, 128.4, 

128.4, 128.3, 128.0, 127.6(2), 127.5(3), 127.2, 116.2, 99.9, 77.4, 73.6, 73.4, 73.1, 69.3, 68.8, 61.9, 

50.6 . 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C36H36O5Na 571.2455, found 571.2454 

 



 
 

271 
 

 

. 

 

 

 
 

(2R,3S,4R)-3-(benzyloxy)-2-((benzyloxy)methyl)-4-(((E)-3,7-dimethylocta-2,6-dien-1-

yl)oxy)-3,4-dihydro-2H-pyran (27): Compound 27 was synthesised from 14 (500 mg, 1.53 

mmol) by following general procedure D. Yield: 673.24 mg, 95%, colorless gel. Rf: 0.6 (10% 

EtOAc/hexane). 

IR (neat):  2968,2932, 1738 ,1647 cm-1. 

1H NMR (500 MHz, CDCl3): δ 7.32-7.39 (m, 10H), 6.46 (dd, 1H, J1 = 1.0 Hz, J2 = 6.0 Hz), 5.39-

5.42 (m, 1H), 5.13-5.16 (m, 1H), 4.91-4.92 (m, 1H), 4.90 (d, 1H, J = 2.5 Hz), 4.70 (d, 1H, J = 

11.5 Hz), 4.65 (d, 1H, J = 12.5 Hz), 4.16-4.20 (m, 2H), 4.07-4.12 (m, 2H), 3.82-3.87 (m, 3H), 

2.12-2.18 (m, 2H), 2.07-2.10 (m, 2H), 1.73 (d, 3H, J = 1.0 Hz), 1.70 (s, 3H), 1.65 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 144.5, 140.1, 138.4, 138.1, 131.7, 128.4, 128.4, 127.9, 127.8, 

127.7, 127.7, 124.0, 121.0, 100.5, 76.8, 75.6 , 74.4, 73.7, 73.5, 68.7, 65.1, 39.6, 26.4, 25.8, 

17.8, 16.6.  

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C28H30O5H 463.2843, found 463.2844. 

 

 

 
 

 

 

(2S,3S,4S,5R,6R)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-4-(((E)-3,7-dimethylocta-2,6-

dien-1-yl)oxy)-3-iodotetrahydro-2H-pyran(28): Compound 28 was synthesised from 27 (500 

mg, 1.08 mmol) by following general procedure A. Yield: 677.7 mg, 90%, colureless gel . Rf: 

0.6 (10% EtOAc/hexane). 

IR (neat):  3025, 2968, 1738 ,1451 cm−1. 



 
 

272 
 

1H NMR (500 MHz, CDCl3): δ 7.21-7.7.41 (m, 15H), 5.44 (t, 1H, J = 6.5 Hz), 5.34 (s, 1H), 5.11 

(t, 1H, J = 6.5 Hz), 4.92 (d, 1H, J = 10.5 Hz), 4.70-4.76 (m, 1H), 4.56 (d, 2H, J = 12.0 Hz), 4.49-

4.52 (m, 2H), 4.19-4.23 (m, 1H), 3.99-4.03 (m, 1H), 3.92-3.95 (m, 1H), 3.86-3.90 (m, 1H), 3.81 

(dd, 1H, J1 = 4.5 Hz, J2 = 10.5 Hz) 3.71-3.73 (m, 1H), 3.25-3.27 (m, 1H), 2.09-2.12 (m, 2H), 2.04-

2.07 (m, 2H), 1.69 (s, 6H), 1.61 (s, 2H), 1.59 (s, 1H) 

13C NMR (125 MHz, CDCl3): δ 140.8, 138.5, 137.0, 131.7, 128.5, 128.3, 128.3(2), 128.1, 128.0, 

128.0, 127.6(2), 127.5, 123.9, 120.4, 100.8, 76.6, 75.9, 75.2, 73.4, 72.5, 69.5, 69.0, 65.5, 39.6, 

34.2, 26.4,25.7, 17.7, 16.6 

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C37H45IO5H 714.2655, found 714.2650. 

 

 
 

 

 

 

 

 

(2R,3R,6S)-3,6-bis(benzyloxy)-2-((benzyloxy)methyl)-4-(((E)-3,7-dimethylocta-2,6-dien-1-

yl)oxy)-3,6-dihydro-2H-pyran(29): Compound 29was synthesised from 28 (500 mg, 0.71 

mmol) by following general procedure B. Yield: 399.9 mg, 98%, colureless gel . Rf: 0.6 (10% 

EtOAc/hexane). 

IR (neat):  3026, 2968, 1738, 1661 cm−1. 

1H NMR (500 MHz, CDCl3): δ 7.23-7.35 (m, 15H), 5.40-5.43 (m, 1H), 5.29 (d, 1H, J = 4.0 Hz), 

5.07-5.10 (m, 1H), 4.86 (d, 1H, J = 10.5 Hz), 4.78-4.79 (m, 1H), 4.75 (s, 1H), 4.61 (d, 1H, J = 

12.5 Hz), 4.57 (d, 1H, J = 12.0 Hz), 4.43 (d, 1H, J = 11.0 Hz), 4.30-4.33 (m, 1H), 4.24-4.26 (m, 

1H), 4.22 (d, 1H, J = 9.5 Hz), 4.14-4.17 (m, 1H),  3.67 (dd, 1H, J1 = 4.0 Hz, J = 10.5 Hz), 2.08-

2.11 (m, 2H), 2.03-2.06 (m, 2H), 1.03 (s, 6H), 1.59 (s, 3H), 

13C NMR (125 MHz, CDCl3): δ 158.0, 141.0, 138.5, 138.3, 138.2, 131.8 , 128.4, 128.2  

128.2, 128.1, 127.9, 127.6, 127.6, 127.6, 123.8, 119.1, 95.5, 95.3, 77.3, 73.8, 73.4, 71.1, 69.8, 

69.7, 68.8, 64.3, 39.5, 26.4, 25.7, 17.7, 16.6 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C37H44O5NH4 586.3532, found 586.3509. 
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(2S,5R,6R)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-(3,7-dimethylocta-1,6-dien-3-

yl)tetrahydro-4H-pyran-4-one(30a:30b,1:1): Compound (30a,30b,1:1) was synthesised from 

29 (250 mg, 0.43 mmol) by following general procedure C. Yield: 217.4 mg, 87%, colureless 

gel . Rf: 0.5. (10% EtOAc/hexane). 

IR (neat):  2923 ,1955, 1736 cm−1. 

1H NMR (500 MHz, CDCl3): Mixture: δ 7.29-7.36 (m, 15H), 5.85-5.92 (m, 1H), 5.22 (d, 1H, J 

= 13.0 Hz), 5.04-5.07 (m, 2H), 4.88-4.93 (m, 1H), 4.83-4.87 (m, 1H), 4.83-493 (m, 2H), 4.64-

4.71 (m, 2H), 4.53 (d, 1H, J = 3.5 Hz), 4.50 (d, 1H, J = 4.0 Hz), 4.42 (d, 1H, J = 14.0 Hz), 4.18 

(d, 1H, J = 12.5 Hz), 4.07-4.12 (m, 1H), 3.75-3.79 (m, 1H), 3.70-3.73 (m, 1H), 2.75 (s, 1H), 1.93-

12.03 (m, 1H), 1.82-1.93 (m, 1H), 1.63-1.70 (m, 4H), 1.59 (d, 3H, J = 11.5 Hz),  1,14 (s, 2H). 

13C NMR (125 MHz, CDCl3): δ 158.0, 141.0, 138.5, 138.3, 138.2, 131.8 , 128.4, 128.2  

128.2, 128.1, 127.9, 127.6, 127.6, 127.6, 123.8, 119.1, 95.5, 95.3, 77.3, 73.8, 73.4, 71.1, 69.8, 

69.7, 68.8, 64.3, 39.5, 26.4, 25.7, 17.7, 16.6 

HRMS (ESI-TOF) m/z: [M+H] calcd for C37H44O5H 569.3262, found 569.3267. 

 

 

 

 

 

 

 

(2R,3S,4R)-3-(benzyloxy)-2-((benzyloxy)methyl)-4-(prop-2-yn-1-yloxy)-3,4-dihydro-2H-

pyran(31): Compound 31 was synthesised from 14 (400 mg, 1.22 mmol) by following general 

procedure D. Yield: 410.8 mg, 92%, colureless gel . Rf: 0.5 (10% EtOAc/hexane). 

IR (neat):  3288, 2863, 1647,1495 cm−1. 
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1H NMR (500 MHz, CDCl3): δ 7.31-7.38 (m, 10H), 6.46 (dd, 1H, J = 1.5 Hz, J = 7.5 Hz), 4.90-

4.91 (m, 1H), 4.88 (d, 1H, J = 5.0 Hz), 4.67-4.70 (m, 1H), 4.62 (s, 1H), 4.61 (s, 1H), 4.33-4.36 

(m, 1H), 4.25-4.26 (m, 2H), 4.08-4.13 (m, 1H), 3.85-3.87 (m, 1H), 3.83 (d, 1H, J = 7.0 Hz), 3.81 

(d, 1H, J = 4.0), 2.46 (t, 1H, J = 5.0). 

13C NMR (125 MHz, CDCl3): δ 145.1, 138.2, 138.0, 128.4(2), 128.0, 127.8, 127.8, 127.7, 99.4, 

80.0, 76.8, 75.4, 74.5, 74.2, 73.7, 73.5, 68.5, 55.9  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C23H24O4NH4 382.2013, found 382.2013 

 

 

 

 

 

(2S,3S,4S,5R,6R)-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)-3-iodo-4-(prop-2-yn-1-

yloxy)tetrahydro-2H-pyran(32): Compound 32 was synthesised from 31 (300 mg, 0.82 mmol) 

by following general procedure A. Yield: 394.19 mg, 80%, colureless gel . Rf: 0.6 (10% 

EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.27-7.41 (m, 15H), 5.32-5.33 (m, 1H), 5.39 (d, 1H, J = 11.0 

Hz), 7.14 (d, 1H, J = 12.0 Hz), 4.72 (d, 1H, J = 12.0 Hz), 4.56-4.60 (m, 2H), 4.50-4.54 (m, 2H), 

4.36 (dd, 1H, J1 = 2.0 Hz, J = 15.5), 4.27 (dd, 1H, J = 2.5, J = 16.0 Hz), 3.91-3.94 (m, 2H), 3.80-

3.83 (m, 1H), 3.70- 3.73 (m, 1H), 3.48-3.51 (m, 1H),  2.48 (t, 1H, J = 2.5 Hz).  

13C NMR (125 MHz, CDCl3): δ 138.4, 138.2, 136.9, 128.5, 128.4, 128.3, 128.2, 128.1, 128.0, 

127.8, 127.7, 127.5, 100.7, 79.3, 76.7, 76.0, 75.3, 75.1, 73.4, 72.4, 69.5, 68.8, 56.8, 33.1 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H31IO5Na 621.1108, found 621.1107. 

 
 

 

 

 

(2R,3R,6S)-3,6-bis(benzyloxy)-2-((benzyloxy)methyl)-4-(prop-2-yn-1-yloxy)-3,6-dihydro-

2H-pyran (33): Compound 33 was synthesised from 32 (300 mg, 0.50 mmol) by following 

general procedure B. Yield: 212.2 mg, 90%, colureless gel . Rf: 0.5 (10% EtOAc/hexane). 
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1H NMR (500 MHz, CDCl3): δ 7.28-7.37 (m, 15H), 5.32-5.34 (m, 1H,), 4.88-4.93 (m, 2H,), 4.79 

(d, 1H, J = 12.0 Hz), 4.59-4.65 (m, 2H), 4.54 (dd, 1H, J = 24 Hz, J = 50.5), 4.45-4.51 (m, 3H), 

4,28 (d, 1H, J = 9.0 Hz), 4.16-4.21 (m, 1H), 3.70 (dd, 1H, J1 = 4.0 Hz, J2 = 10.5 hz), 3.61 (dd, 1H, 

J1 = 2.0 Hz, J2 = 10.5 Hz), 2.54 (s, 1H, 2.5). 
13C NMR (125 MHz, CDCl3): δ 156.9, 138.3, 138.1(2), 128.4(3), 128.3, 128.2, 128.1, 127.9, 

127.7, 127.6, 96.7, 95.1, 77.9, 75.7, 74.1, 73.4, 71.0, 69.9, 69.7, 68.6, 55.2  

 HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H30O5Na 493.1985, found 493.1986. 

 

 

(2S,5R,6R,Z)-3-allylidene-2,5-bis(benzyloxy)-6-((benzyloxy)methyl)tetrahydro-4H-pyran-

4-one (34): Compound 34 was synthesised from 33 (200 mg, 0.42 mmol) by following general 

procedure C. Yield: 133.9 mg, 67%, colureless gel . Rf: 0.5. (10% EtOAc/hexane). 

IR (neat): 2921, 2853 ,2230, 1729 cm-1. 

1H NMR (500 MHz, CDCl3): δ 7.31-7.36 (m, 15H), 7.17 (d, 1H, J = 15.0 Hz), 6.30-6.39 (m, 

1H), 5.77 (t, 2H, J = 11.5 Hz), 5.65 (d, 1H, J = 12.5 Hz), 5.10 (d, 1H, J = 13.5 Hz), 4.81 (d, 1H, 

J = 15.0 Hz), 4.63-4.69 (m, 2H), 4.53-4.4.62 (m, 2H), 4.35-4.39 (m, 1H), 4.12 (d, 1H, J = 13.0 

Hz), 3.76 (dd, 1H, J1 = 5.0 Hz, J2 = 13.0),  3.68 (dd, 1H, J1 = 2.5 Hz, J2 = 13.5),   

13C NMR (100 MHz, CDCl3): δ 197.1, 139.4(2), 137.9, 137.7, 137.0, 132.1, 130.6, 129.7, 128.4, 

128.4, 128.4, 128.3, 128.3, 128.0, 127.8, 127.7, 95.2, 77.2, 74.7, 73.5, 69.3, 69.1, 68.7 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H30O5Na 493.1985, found 493.1985. 

 

 

 

 

 

 

(2S,3S,4S)-4-(allyloxy)-3-(benzyloxy)-2-methyl-3,4-dihydro-2H-pyran(35): Compound 35 

was synthesised from S1 (500 mg, 2.27 mmol) by following general procedure D. Yield: 460.9 

mg, 78%, colureless gel . Rf: 0.7 (10% EtOAc/hexane). 
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1H NMR (500 MHz, CDCl3): δ 7.29-7.37 (m, 5H), 6.34 (dd, 1H, J1 = 1.0 Hz, J2 = 6.0 Hz), 5.90-

5.98 (m, 1H), 5.28-5.33 (m, 1H), 5.17-5.19 (m, 1H), 4.88 (d, 1H, J = 11.5 Hz), 4.82 (dd, 1H, J1 = 

2.5 Hz, J2 = 6.0 Hz), 4.70 (d, 1H, J = 11.5 Hz), 4.12-4.15 (m, 2H), 4.02-4.06 (m, 1H), 3.91-3.96 

(m, 1H), 3.41-3.44 (m, 1H), 1.37 (d, 3H, J = 6.0 Hz).  

13C NMR (125 MHz, CDCl3): δ 144.7, 138.3 , 135.0, 128.4, 128.0, 127.8, 116.8, 100.3, 79.5, 

76.5, 74.1, 74.0, 69.5, 17.5 

HRMS (ESI-TOF) m/z: [M+H] calcd for C16H20O3H 261.1491, found 261.1493. 

 

 

 

 

 

(2R,3R,4R,5S,6S)-4-(allyloxy)-2,5-bis(benzyloxy)-3-iodo-6-methyltetrahydro-2H-pyran(36): 

Compound 36 was synthesised from 35 (400 mg, 1.15 mmol) by following general procedure A. 

Yield: 607.7 mg, 80%, colureless gel . Rf: 0.5 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.33-7.39 (m, 10H), 5.93-6.00 (m, 1H), 5.33-5.38 (m, 1H), 5.21 

(s, 2H), 4.94 (d, 1H, J = 11.0 Hz), 4.66 (d, 1H, J = 12.0 Hz), 4.63 (d, 1H, J = 10.5 Hz), 4.52 (dd, 

1H, J = 1.0 Hz, J = 4.0 Hz), 4.46 (d, 1H, J = 11.5 Hz), 4.13-4.17 (m, 1H), 4.00-4.03 (m, 1H), 

3.83-3.89 (m, 1H),  3.47 (t, 1H, J = 9.0 Hz), 3.18-3.20 (m, 1H), 1.32 (d, 3H, J = 6.0 Hz). 

13C NMR (125 MHz, CDCl3): δ 138.3, 137.0 , 134.3, 128.6, 128.5, 128.4(2), 128.3, 128.1(2), 

128.0, 128.0, 127.8, 117.3, 100.7, 81.7, 76.6, 75.5, 70.0, 69.4, 68.5, 34.5, 18.0 

HRMS (ESI-TOF) m/z: [M+Na] calcd for C23H27IO4Na 5170852, found 5170856. 

 

 

 

 

 

(2S,3S,6R)-4-(allyloxy)-3,6-bis(benzyloxy)-2-methyl-3,6-dihydro-2H-pyran(37): Compound 

37 was synthesised from 36 (300 mg, 0.60 mmol) by following general procedure B. Yield: 173.4 

mg, 78%, colureless gel . Rf: 0.4 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.32-7.36 (m, 10H), 5.96-6.03 (m, 1H), 5.36 (dd, 1H, J1 = 1.5 

Hz, J2 = 17.5), 5.25 (dd, 1H, J1 = 1.0 Hz, J2 = 10.5 Hz), 5.20 (d, 1H, J = 3.5 Hz), 4.93 (d, 1H, J = 
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11.0 Hz), 4.78 (d, 1H, J = 3.0 Hz), 4.74 (d, 1H, J = 12.0 Hz), 4.56-4.61 (m, 2H), 4.32-4.35 (m, 

1H), 4.24-4.28 (m, 1H), 4.12-4.16 (m, 1H),  3.77 (d, 1H, J = 9.0 Hz), 1.24 (d, 3H, J = 6.5 Hz), 

13C NMR (125 MHz, CDCl3): δ 157.7, 138.4, 138.3, 132.7, 128.5, 128.3, 128.2, 128.1, 127.9, 

127.6, 127.5, 117.5, 95.8, 95.2, 73.8, 69.6, 68.1, 66.1, 18.2 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C23H26O4NH4 384.2174, found 384.2175. 

 

 

 

 
 

 

 

(2R,5S,6S)-3-allyl-2,5-bis(benzyloxy)-6-methyltetrahydro-4H-pyran-4-one(29a,29b): 

Compound (38a,38b ) was synthesised from 37 (100 mg, 0.27 mmol) by following general 

procedure C. Yield: 57.9 mg, 58%, colureless gel . Rf: 0.4 (10% EtOAc/hexane). 
1H NMR (500 MHz, CDCl3): δ 7.29-7.40 (m, 10H), 5.66-5.77 (m, 1H), 5.06-5.09 (m, 1H),  5.036 

(d, 1H, J = 6.5 Hz), 4.94-5.00 (m, 2H), 4.874.90-4.92 (m, 1H, J = 11.0 ), .65-4.69 (m, 1H, J = 

11.5), 4.6.43-4.505 (m, 2H), 3.66-3.67 (m, 1H), 2.72-2.76 (m, 1H), 2.55-2.61 (m, 1H), 2.17-2.23  

(m, 1H), 1.24 (d, 3H, J = 6.5 Hz). 

13C NMR (125 MHz, CDCl3): δ 206.3, 204.0, 137.6, 137.0, 135.2, 128.4(2), 128.4, 128.3, 128.0, 

116.9, 99.8, 84.6, 73.1, 70.2, 69.2, 53.7, 28.2, 19.0  

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C23H26O4NH4 384.2174, found 384.2172 

 
 

 

 

(2S,3S,4S)-3-(benzyloxy)-4-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-2-methyl-3,4-dihydro-

2H-pyran(39): Compound 39 was synthesised from S1 500 mg, 2.27 mmol) by following general 

procedure D. Yield: 728.32 mg, 90%, colureless gel . Rf: 0.6 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.31-7.40 (m, 5H), 4.87 (d, 1H, J = 5.5 Hz), 5.39-5.42 (m, 1H), 

5.11-5.12 (m, 1H), 4.91-4.94 (m, 1H), 4.85-4.88 (m, 1H), 4.72-4.75 (m, 1H), 4.13-4.20 (m, 2H), 

4.0-4.10 (m, 1H), 3.93-3.98 (m, 1H), 3.42-3.46 (m, 1H), 2.11-2.16 (m, 2H), 2.07-2.08 (m, 2H), 

1.70 (s, 6H), 1.63 (s, 3H), 1.38-1.40 (m, 3H). 
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13C NMR (125 MHz, CDCl3): δ 144.5, 140.0, 138.4, 131.6, 128.3, 127.9, 127.6, 123.9, 121.0, 

100.6, 79.5, 76.2, 73.9(2), 65.0, 39.6, 26.3, 25.6, 17.7, 17.5, 16.5  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C23H32O3Na 379.2249, found 379.2252  

 
 

 

 

 

 

 

(2R,3R,4R,5S,6S)-2,5-bis(benzyloxy)-4-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-3-iodo-6-

methyltetrahydro-2H-pyran(40): Compound 40 was synthesised from39 (400 mg, 1.12 mmol) 

by following general procedure A. Yield: 627.7 mg, 95%, colureless gel . Rf: 0.7 (10% 

EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.30-7.36 (m, 10H), 5.42-5.45 (m, 1H), 5.22 (s, 1H), 5.09-5.11 

(m, 1H), 4.97 (d, 1H, J = 11.0 Hz), 4.66-4.69 (m, 1H), 4.63 (d, 1H, J = 11.0 Hz), 4.56 (dd, 1H, J1 

= 1.5 Hz, J2 = 4.0 Hz), 4.47 (d, 1H, J = 12.0 Hz), 4.19 (dd, 1H, J1 = 7.0 Hz, J2 = 11.5 Hz), 3.97-

4.01 (m, 1H), 3.84-3.88 (m, 1H), 3.45 (t, 1H, J = 9.0 Hz), 3.17-3.19 (m, 1H), 2.08-2.13 (m, 2H), 

2.03-2.06 (m, 2H), 1.68 (s, 6H), 1.60 (s, 3H), 1.33 (d, 3H, J = 6.5 Hz), 

13C NMR (125 MHz, CDCl3): δ 140.6, 138.5, 137.0, 131.6 , 128.4, 128.3, 128.0, 127.9, 127.9, 

127.6, 123.9, 120.4, 100.7, 81.6, 76.4, 75.4, 69.4, 68.5, 65.4, 39.6, 35.0, 26.3, 25.6, 18.0, 17.7, 

16.6  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C30H39IO4Na 613.1791, found 613.1790  
. 

 

 
 

 

 

 

 

(2S,3S,6R)-3,6-bis(benzyloxy)-4-(((E)-3,7-dimethylocta-2,6-dien-1-yl)oxy)-2-methyl-3,6-

dihydro-2H-pyran(41): Compound 41 was synthesised from 31 450 mg, 0.76 mmol) by 
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following general procedure B. Yield: 328.1 mg, 96%, colureless gel . Rf: 0.6 

(10%EtOAc/hexane). 
1H NMR (500 MHz, CDCl3): δ 7.28-7.36 (m, 10H), 5.41-5.44 (m, 1H), 5.20 (d, 1H, J = 3.5 Hz), 

5.08-5.11 (m, 1H), 4.88 (d, 1H, J = 11.0 Hz), 4.78 (d, 1H, J = 3.0 Hz), 4.74 (d, 1H, J = 12.0 Hz), 

4.58 (d, 1H, J = 3.5 Hz), 4.56 (d, 1H, J = 4.5 Hz), 4.30-4.34 (m, 1H), 4.25 (dd, 1H, J1 = 6.5, J2 = 

11.5 Hz), 4.10-4.16 (m, 1H), 3.75 (d, 1H, J = 9.0 Hz),  2.09-2.12 (m, 2H), 2.04-2.07 (m, 2H), 1.67 

(s, 6H), 1.60 (s, 3H), 1.24 (d, 3H, J = 6.0 Hz), 
13C NMR (125 MHz, CDCl3): δ 157.9, 140.9, 138.5, 138.4, 131.8, 128.3(2), 128.2(3), 128.0, 

127.6, 127.5, 123.8, 119.1, 95.3, 73.5, 69.6, 66.1, 64.3, 39.5, 26.3, 25.7, 18.2, 17.7, 16.6  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C30H38O4Na 485.2668, found 485.2666 

 

 
 

 

 

 

(2R,5S,6S)-2,5-bis(benzyloxy)-3-(3,7-dimethylocta-1,6-dien-3-yl)-6-methyltetrahydro-4H-

pyran-4-one(42a,42b 7:3) Compound (42a,42b,7:3) was synthesised from 41 (300 mg, 0.64 

mmol) by following general procedure C. Yield: 269.9 mg, 90%, colureless gel . Rf: 0.6 (10% 

EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): Mixture δ 7.29-7.34 (m, 15H), 5.79-5.85 (m, 1H), 5.40-5.43 (m, 

1H), 5.19 (d, 1H, J = 3.5 Hz), 5.07-5.10 (m, 1H), 5.05 (s, 1H), 5.01-5.04 (m, 1H), 4.86-4.89 (m, 

2H), 4.71-4.77 (m, 2H), 4.30-4.33 (m, 1H), 4.23-4.26 (m, 1H), 4.23-4.26 (m, 1H), 4.63 (d, 1H, J 

= 12.5 Hz), 4.57 (dd, 1H, J1 = 4.5 Hz, J2 = 11.0 Hz), 4.44-4.48 (m, 2H), 4.30-4.33 (m, 1H), 4.23-

4.26 (m, 1H), 4.11-4.15 (m, 1H), 3.99-4.05 (m, 1H),  3.71-3.76 (m, 1H), 3.62 (d, 1H, J = 9.5), 

1.66-1.67 (m, 9H), 1.58 (d, 6H, J = 11.5 Hz),  1.28 (d, 3H, J = 6.5 Hz),  1.23 (d, 3H, J = 6.5 Hz). 

13C NMR (125 MHz, CDCl3):Inseparable Mixture δ 205.7, 158.0, 144.1, 143.7, 141.0, 138.6, 

138.4 , 137.4, 137.2, 134.6, 131.8, 131.7, 129.3, 129.2, 128.6, 128.6, 128.5, 128.4, 128.4, 128.2, 

128.0, 127.7, 127.7, 127.6, 127.5, 127.0, 124.1, 123.8, 123.5, 119.1, 113.3, 112.5, 112.4, 98.6, 

95.4, 84.0, 73.5, 73.0, 69.6, 68.9, 68.8, 66.1, 65.3, 64.3, 40.5, 39.5, 39.4, 29.7, 26.4, 25.7, 22.5, 

21.8, 18.9, 18.2, 17.7, 17.6, 16.6 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C30H38O4NH4 480.3114, found 480.3120 
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(2S,3S,4S)-3-(benzyloxy)-4-(cinnamyloxy)-2-methyl-3,4-dihydro-2H-pyran(43): Compound 

43 was synthesised from S1 (500 mg, 2.27 mmol) by following general procedure D. Yield: 

702.5 mg, 92%, colureless gel . Rf: 0.7 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.30-7.39 (m, 10H), 6.55 (d, 1H, J = 1.0 Hz), 6.37 (dd, 1H, J1 = 

1.0 Hz, J2 = 6.0 Hz), 6.28-6.33 (m, 1H), 4.92 (d, 1H, J = 11.0 Hz), 4.87 (dd, 1H, J1 = 2.5 Hz, J2 = 

6.0 Hz), 4.75 (d, 1H, J = 11.0 Hz), 4.29-4.33 (m, 1H), 4.19-4.29 (m, 2H), 3.93-3.99 (m, 1H), 3.47 

(dd, 1H, J1 = 6.5 Hz, J2 = 9.0 Hz), 1.40 (d, 3H, J = 6.5 Hz). 

13C NMR (125 MHz, CDCl3): δ 144.8, 138.3, 136.7, 132.2, 128.5(2), 128.4(2), 127.9, 127.7, 

127.6, 126.5(2), 126.2, 100.3, 79.6, 76.4, 74.1, 74.0, 69.2, 17.5  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C22H24O3Na 359.1623, found 359.1622 
 

 

 

 
 

(2R,3R,4R,5S,6S)-2,5-bis(benzyloxy)-4-(cinnamyloxy)-3-iodo-6-methyltetrahydro-2H-

pyran(44): Compound 44 was synthesised from 43 (400 mg, 1.18 mmol) by following general 

procedure A. Yield: 644.4 mg, 95%, colureless gel . Rf: 0.7 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.27-7.38 (m, 15H), 6.67 (d, 1H, J = 16.0 Hz), 6.30-6.35 (m, 

1H), 5.23 (s, 1H), 5.49 (d, 1H, J = 0.01 Hz), 4.68 (d, 1H, J = 1.0 Hz), 4.66 (d, 1H, J = 2.5 Hz),  

4.57-4.58 (m, 1H), 4,47 (d, 1H, J = 11.5 Hz),  4.31-4.35 (m, 1H), 4.18-4.22 (m, 1H), 3.86-3.92 

(m, 1H),  3.51 (t, 1H, J= 9.0 Hz), 3.26-3.29 (m, 1H), 1.35 (d, 3H, J = 6.5 Hz). 

13C NMR (125 MHz, CDCl3): δ 138.4, 137.0, 136.6, 132.7, 128.5(2), 128.4(2), 128.4, 128.0(2), 

127.9(2), 127.9, 127.7, 127.7, 126.5(2), 125.6, 100.7, 81.7, 77.2, 76.6, 75.5, 69.7, 69.4, 68.6, 34.7, 

18.0 

HRMS (ESI-TOF) m/z: [M+Na] calcd for C29H31IO4Na 593.1165, found 593.1161 
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(2S,3S,6R)-3,6-bis(benzyloxy)-4-(cinnamyloxy)-2-methyl-3,6-dihydro-2H-pyran(45):  

Compound 44 was synthesised from 44 (400 mg, 0.70 mmol) by following general procedure B. 

Yield: 288.5 mg, 93%, colureless gel . Rf: 0.6 (10% EtOAc/hexane). 
1H NMR (500 MHz, CDCl3): δ 7.26-7.38 (m, 15H), 6.68 (d, 1H, J = 16.0 Hz), 6.31-6.37 (m, 

1H), 5.22 (d, 1H, J = 3.5 Hz), 4.94 (d, 1H, J = 11.5 Hz), 4.85 (d, 1H, J = 3.5 Hz), 4.76 (d, 1H, J 

= 12.0 Hz), 4.63 (d, 1H, J = 11.0 Hz), 4.58 (d, 1H, J = 12.0 Hz),  4.48-4.52 (m, 1H), 4.39-4.43 

(m, 1H), 4.14-4.19 (m, 1H), 3.80 (d, 1H, J = 9.0 Hz), 1.26 (d, 3H, J = 6.5 Hz). 

13C NMR (125 MHz, CDCl3): δ 157.7, 138.4, 138.3, 136.4, 133.0, 128.6(3), 128.3(3), 128.3, 

128.1, 128.0(2), 127.9, 127.6, 127.5, 126.5(2), 123.9, 95.9, 95.2, 77.1, 73.7, 69.6, 67.9, 66.1, 18.2 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C29H30O5Na 469.1997, found 469.1985.  

 

 

 

 

 

 

 

(2R,5S,6S)-2,5-bis(benzyloxy)-6-methyl-3-(1-phenylallyl)tetrahydro-4H-pyran-4-one(46a, 

46b): Compound (46a,46b 1:1) was synthesised from 45 (200 mg, 0.45 mmol) by following 

general procedure C. Yield: 175.9 mg, 88%, colureless gel . Rf: 0.6 (10% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.18-7.39 (m, 15H), 5.90-5.97 (m, 1H), 5.07 (s, 1H), 5.05 (d, 1H, 

J = 4.0 Hz), 4.94 (d, 1H, J = 12.0 Hz), 4.66 (s, 1H), 4.57 (d, 1H, J = 12.0 Hz), 4.47 (d, 1H, J = 

12.0Hz), 4.31 (d, 1H, J = 12.0 Hz),  4.06-4.12 (m, 1H), 3.88 (d, 1H, J = 9.5 Hz), 3.62-3.66 (m, 

1H), 3.10 (d, 1H, J = 12.0 Hz), 1.41 (d, 3H, J = 6.0 Hz). 

13C NMR (125 MHz, CDCl3): Inseparable Mixture δ 205.2, 140.6, 138.1, 137.4, 136.9, 

129.0(3), 128.4(2), 128.3, 128.3, 128.2(2), 128.0, 127.6, 127.5, 127.3(2), 127.2, 116.1, 99.6, 83.0, 

72.8, 69.8, 69.2, 62.0, 50.9, 18.9 

HRMS (ESI-TOF) m/z: [M+Na] calcd for C29H30O4Na 465.2042, found 465.2045 

.  
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(3aR,5aS,8aS,8bR)-3a-((((2S,3R,4R,5S,6S)-4-(allyloxy)-5-(benzyloxy)-3-iodo-6-

methyltetrahydro-2H-pyran-2-yl)oxy)methyl)-2,2,7,7-tetramethyltetrahydro-5H-

bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran(47): 
1H NMR (500 MHz, CDCl3): δ 7.29-7.36 (m, 5H), 5.91-5.99 (m, 1H), 5.32 (dd, 1H, J1 = 1.5Hz, 

J2 = 17.0 Hz), 5.22 (s, 1H), 5.15 (dd, 1H, J1 = 1.5 Hz, J = 10.5 Hz), 4.93 (d, 1H, J = 11.0 Hz), 

4.63 (d, 1H, J = 10.5 Hz), 4.56-4.58 (m, 1H), 4.52 (d, 1H, J = 4.0 Hz), 4.31 (d, 1H, J = 2.5 Hz), 

4.20-4.22 (m, 1H), 4.13-4.17 (m, 1H), 4.00-4.03 (m, 1H), 3.88-3.91 (m, 1H), 3.68-3.79 (m, 3H), 

3.56 (d, 1H, J = 11 Hz), 3.463 (t, 1H), 3.07-3.10 (m, 1H), 1.53 (s, 3H), 1.43 (s, 3H), 1.37 (s, 3H), 

1.31 (s, 3H), 1.29 (d, 3H, J = 6.5 Hz), 
13C NMR (125 MHz, CDCl3): δ 138.3, 134.4, 128.5, 128.3, 127.9, 117.6, 108.9, 108.5, 102.1, 

101.6, 81.5, 76.5, 75.7, 70.9, 70.1, 69.9, 69.8, 68.7, 67.7, 61.1, 33.7, 26.6, 25.8, 25.4, 23.9, 17.8 

HRMS (ESI-TOF) m/z: [M+Na] calcd for C28H39IO9Na 669.1536, found 669.1537. 

 

 

 

 

 

 

 

 

(3aR,5aS,8aS,8bR)-3a-((((2R,5S,6S)-4-(allyloxy)-5-(benzyloxy)-6-methyl-5,6-dihydro-2H-

pyran-2-yl)oxy)methyl)-2,2,7,7-tetramethyltetrahydro-5H-bis([1,3]dioxolo)[4,5-b:4',5'-

d]pyran(48): Compound 48 was synthesised from 47 (150 mg, 0.232 mmol) by following general 

procedure B. Yield: 116.6 mg, 97%, colureless gel . Rf: 0.5 (20% EtOAc/hexane). 
1H NMR (500 MHz, CDCl3): δ 7.28-7.38 (m, 5H), 5.95-6.02 (m, 1H), 5.36 (dd, 1H, J1 = 1.5Hz, 

J2 = 17.5 Hz), 5.29 (dd, 1H, J1 = 1.5 Hz, J2 = 10.5 Hz), 5.14 (d, 1H, J = 3.5 Hz), 4.94 (d, 1H, J = 

11.0 Hz), 4.76 (d, 1H, J = 3.0 Hz), 4.59 (d, 1H, J = 11.0 Hz), 4.56 (dd, 1H, J1 = 2.5 Hz, J = 8.0 

Hz), 4.38 (d, 1H, J = 2.5 Hz), 4.20-4.32 (m, 3H), 4.00-4.06 (m, 1H), 3.90 (dd, 1H, J1 = 2.0 Hz, J2 

= 13.0 Hz), 3.71-3.79 (m, 3H), 3.62 (d, 1H, J = 10.5 Hz), 1.53 (s, 3H), 1.46 (s, 3H), 1.40 (s, 3H), 

1.32 (s, 3H), 1,26 (d, 3H, J = 6.5 Hz), 
13C NMR (125 MHz, CDCl3): δ 157.6, 138.3, 132.7, 128.3(3), 127.7, 117.5, 108.8, 108.4, 102.6, 

95.7, 95.6, 76.7, 74.4, 71.0, 70.1, 70.0, 68.1, 66.2, 61.0, 26.6, 25.9, 25.5, 24.0, 18.0 
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HRMS (ESI-TOF) m/z: [M+Na] calcd for C28H38O9Na 541.2414, found 541.2419. 

 

 

 

 

 

 

 

 

 

(2R,5S,6S)-3-allyl-5-(benzyloxy)-6-methyl-2-(((3aR,5aS,8aS,8bR)-2,2,7,7-

tetramethyltetrahydro-3aH-bis([1,3]dioxolo)[4,5-b:4',5'-d]pyran-3a-

yl)methoxy)tetrahydro-4H-pyran-4-one(49a:49b= 1:1): Compound (49a,49b 1:1) was 

synthesised from 48 (100 mg, 0.19 mmol) by following general procedure C. Yield: 94.9 mg, 

95%, colureless gel . Rf: 0.5. (20% EtOAc/hexane). 

1H NMR (500 MHz, CDCl3): δ 7.33-7.41 (m, 5H), 5.74-5.79 (m, 1H), 5.11-5.16 (m, 1H), 5.07 

(d, 1H, J = 10.5 Hz), 5.03 (d, 1H, J = 4.0 Hz), 4.95 (d, 1H, J = 11.5 Hz), 4.56 (dd, 1H, J1 = 2.5 

Hz, J = 8.0 Hz), 4.50 (d, 1H, J = 11.5 Hz), 4.30 (d, 1H, J = 2.5 Hz),  4.22 (dd, 1H, J1 = 1.0 Hz, J 

= 8.0 Hz), 3.98-4.02 (m, 1H), 3.94 (dd, 1H, J1 = 1.5 Hz, J = 13.0 Hz), 3.77 (d, 1H, J = 10.0 Hz), 

3.96-3.374 (m, 2H), 3.43 (d, 1H, J = 10.0 Hz), 2.75-2.79 (m, 1H), 2.49-2.55 (m, 1H), 2.25-2.32 

(m, 1H),  1.54 (s, 3H), 1.45 (s, 3H), 1.40 (s, 3H), 1.36 (d, 3H, J = 6.5 Hz), 1.32 (s, 3H). 
13C NMR (125 MHz, CDCl3): Spot 1 δ 204.0, 137.4, 134.9, 128.5, 128.4, 128.1, 117.4, 108.8, 

108.8, 101.7, 100.7, 84.6, 73.1, 71.0, 70.4, 69.8, 69.5, 67.9, 61.0, 53.5, 27.9, 26.6, 25.9, 25.7, 

23.8, 18.8  
13C NMR (125 MHz, CDCl3): Spot 2 δ 206.2, 137.2, 133.6, 128.5, 128.4, 128.1, 118.0, 108.8, 

108.7, 102.0, 101.5, 82.0, 73.2, 70.9, 69.8, 69.7, 69.6, 67.2, 61.0, 56.2, 34.4, 26.6, 25.8, 25.3, 

23.9, 18.7  

HRMS (ESI-TOF) m/z: [M+Na] calcd for C28H38O9Na 541.2414, found 541.2419 
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(2S,3S,4R,5R,6R)-4-(allyloxy)-3-(benzyloxy)-5-iodo-2-methyl-6-(((3R,4S,5R,6S)-3,4,5-

tris(benzyloxy)-6-methoxytetrahydro-2H-pyran-2-yl)methoxy)tetrahydro-2H-pyran(50): 

IR (neat):  2928, 2246, 1730 ,195 cm−1. 

1H NMR (500 MHz, CDCl3): δ 7.32-7.36 (m, 20H), 5.92-6.00 (m, 1H),  5.34 (dd, 1H, J1 = 1.5 

Hz, J2 = 17.5 Hz), 5.19 (dd, 1H, J1 = 1.0 Hz, J2 = 10.0 Hz),  5.50 (d, 2H, J = 0.01 Hz), 4.93 (d, 

1H, J = 11.0 Hz), 4.89 (d, 1H, J = 11.0 Hz), 4.78-4.83 (m, 2H), 2.37 (d, 1H, J = 12.0 Hz), 4.61 

(d, 1H, J = 11.0 Hz), 4.54-4.57 (m, 2H), 4.34-4.35 (m, 1H), 4.11-4.15 (m, 1H), 3.97-4.01 (m, 2H), 

3.77-3.80 (m, 2H), 3.69-3.72 (m, 1H), 3.50 (dd, 1H, J1 = 3.5 Hz, J2 = 13.5 Hz), 3.40-3.46 (m, 3H),  

3.35 (t, 3H, J = 14.0 Hz), 3.09 (dd, 1H, J1 = 4.0 Hz, J2 = 8.5 Hz), 1.27 (d, 3H, J = 6.5 Hz).    

13C NMR (125 MHz, CDCl3): δ 138.6, 138.3, 138.0, 134.4, 128.4, 128.4(2), 128.4, 128.4, 128.1, 

128.1, 128.0, 127.9, 127.9, 127.7, 127.7, 117.3, 101.3, 97.8, 82.1, 81.6, 80.0, 77.4  

76.3, 75.8, 75.4, 74.8, 73.3(2), 69.9, 69.8, 68.2, 66.4, 55.0, 34.3, 17.9 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C44H51IO9NH4 868.2932, found 868.2932. 

 

 

 

 

 

 

 

 

 

 

(2S,3S,6R)-4-(allyloxy)-3-(benzyloxy)-2-methyl-6-(((3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)methoxy)-3,6-dihydro-2H-pyran(51): Compound 51 was 

synthesised from 50 (100 mg, 0.11 mmol) by following general procedure B. Yield: 80.7 mg, 

95%, colureless gel . Rf: 0.5 (20% EtOAc/hexane). 

IR (neat):  3028, 2927, 2254, 1738 ,1647 cm−1. 

1H NMR (500 MHz, CDCl3): δ 7.30-7.38 (m, 20H), 5.98-6.05 (m, 1H),  5.40 (dd, 1H, J1 = 1.5 

Hz, J2 = 17.5 Hz), 5.27 (dd, 1H, J1 = 1.5 Hz, J2 = 12.0 Hz),  5.01-5.04 (m, 2H), 4.90-4.95 (m, 2H), 

4.80-4.85 (m, 2H), 4.67-4.70 (m, 2H), 4.59-4.61 (m, 2H), 4.30-4.34 (m, 1H), 4.23-4.27 (m, 1H), 

4.08-4.13 (m, 1H), 4.03 (t, 1H, J = 9.0 Hz), 3.93 (dd, 1H, J1 = 2.0 Hz, J2 = 11.0 Hz), 3.73-3.79 

(m, 2H), 3.62 (dd, 1H, J1 = 5.0 Hz, J2 = 11.0 Hz), 3.51-3.57 (m, 2H), 3.39 (s, 3H),  1.29 (s, 1H), 

1.26 (d, 3H, J = 6.5 Hz).    
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13C NMR (125 MHz, CDCl3): δ 157.5, 138.8, 138.5, 138.3, 138.2, 132.8, 128.4, 128.4, 128.4(3), 

128.2(3), 128.1(3), 128.1(3), 127.9, 127.9, 127.8, 127.7, 127.6, 127.5, 117.5, 98.0, 96.2, 95.6, 

82.1, 80.0, 77.9, 77.0, 75.7, 74.9, 74.0, 73.3, 70.1, 68.0, 66.5, 66.1, 55.1, 18.2 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C44H50O9NH4  740.3799, found 740.3799. 

 

 (2R,3S,5S,6S)-3-allyl-5-(benzyloxy)-6-methyl-2-(((3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)methoxy)tetrahydro-4H-pyran-4-one(52a,52b,1:1): 

Compound (52a,52b 1:1) was synthesised from 51 (70 mg, 0.09 mmol) by following general 

procedure C. Yield: 60.8 mg, 87%, colureless gel . Rf: 0.5 (20% EtOAc/hexane). 

IR (neat):  2929, 2247, 1729, 1495 cm−1 
1H NMR (500 MHz, CDCl3): δ 7.30-7.36 (m, 20H), 5.61-5.68 (m, 1H), 5.04-5.08 (m, 2H),    4.98 

(d, 1H, J = 11.0 Hz), 4.88 (dd, 2H, J1 = 3.0 Hz, J2 = 11.5 Hz),  4.76-4.80 (m, 2H), 4.73 (s, 1H), 

4.64 (d, 1H, J = 12.0 Hz), 4.50-4.52 (m, 2H), 4.44-4.47 (m, 1H), 4.03-4.07 (m, 1H), 3.94-3.99 (m, 

1H), 3.77-3.80 (m, 1H), 3.69-3.72 (m, 1H), 3.65 (d, 1H, J = 10.0 Hz), 3.45-3.50 (m, 3H), 3.33 (s, 

3H), 2.63 (t, 1H, J = 8.0 Hz), 2.31-2.39 (m, 2H), 1.30 (d, 3H, J = 6.5 Hz).    

13C NMR (125 MHz, CDCl3): Spot 1 206.1, 138.7, 138.3, 138.1, 137.3, 133.8, 128.4, 128.4, 

128.1, 128.0, 127.9, 127.9, 127.7, 127.7, 127.5, 117.8, 101.4, 97.8, 82.0, 82.0, 80.0, 77.7  

77.2, 75.7, 74.9, 73.4, 73.1, 69.7, 69.0, 66.2, 56.0, 55.1, 34.4, 18.7  

13C NMR (125 MHz, CDCl3): Spot 2 206.8, 138.7, 138.3, 138.1, 137.2, 134.6, 128.5, 128.5, 

128.4(2), 128.4, 128.1, 128.1(2), 127.9, 127.8, 127.7, 117.2, 101.1, 98.2, 82.5, 82.0, 80.0, 77.6, 

75.9, 75.2, 73.5, 73.2, 71.9, 69.9, 67.1, 56.1, 55.2, 29.7, 29.6, 19.0  

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C44H50O9NH4  740.3799, found 740.3794. 
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(2R,3R,4R,6S)-4-(allyloxy)-2-(benzyloxy)-5-(((2R,4R,5S,6R)-4,5-bis(benzyloxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)-3-iodo-6-methyltetrahydro-2H-

pyran(53): 

IR (neat):  3028, 2915, 1738 ,1495 cm−1. 

1H NMR (500 MHz, CDCl3): δ 7.23-7.38 (m, 20H), 5.90-5.98 (m, 1H), 5.28-5.32 (m, 1H),  5.23 

(d, 1H, J = 1.5 Hz), 5.18 (d, 1H, J = 3.0 Hz),  5.15 (dd, 1H, J1 = 5.5 Hz, J2 = 10.0 Hz ), 4.91 (d, 

1H, J = 11.0 Hz), 4.68-4.72 (m, 4H), 4.55 (d, 1H, J = 11.0 Hz),  4.48-4.54 (m, 3H), 4.14-4.17 (m, 

1H), 4.01-4.06 (m, 1H), 3.91-3.986 (m, 2H), 3.84-3.88(m, 1H), 3.81 (dd, 1H, J1 = 3.0 Hz, J2 = 

10.5 Hz ), 3.67-3.74 (m, 3H), 3.08 (dd, 1H, J1 = 4.0 Hz, J2 = 8.5 Hz ), 2.27-2.31(m, 1H), 1.73-

1.79 (m, 1H), 1.31 (d, 3H, J = 6.5 Hz).    

13C NMR (125 MHz, CDCl3): δ 138.9, 138.7, 138.3, 137.0 , 134.2, 128.5, 128.3, 128.2, 

128.2(2), 127.9, 127.9, 127.6, 127.5, 127.5, 127.3, 117.8, 100.5, 97.9, 78.4, 78.2, 77.3, 75.2, 74.7, 

73.4, 71.8, 71.0, 69.9, 69.5, 68.9, 68.9, 35.5, 33.9, 18.3 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C43H49IO8NH4  838.2816, found 838.2816. 

 

 

 

 

 

 

 

 

(2S,6R)-4-(allyloxy)-6-(benzyloxy)-3-(((2R,4R,5S,6R)-4,5-bis(benzyloxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)-2-methyl-3,6-dihydro-2H-pyran(54): 

Compound 54 was synthesised from 53 (170 mg, 0.20 mmol) by following general procedure B. 

Yield: 133.4 mg, 93%, colureless gel . Rf: 0.5 (20% EtOAc/hexane). 
1H NMR (500 MHz, CDCl3): δ 7.27-7.37 (m, 20H), 5.89-5.94 (m, 1H), 5.30 (dd, 1H, J1 = 1.0 

Hz, J2 = 17.0 Hz ), 5.17-5.20 (m, 2H),  5.09 (d, 1H, J = 3.0 Hz), 4.90 (d, 1H, J = 11.0 Hz),  4.84 

(d, 1H, J = 2.5 Hz), 4.75 (d, 1H, J = 12.0 Hz), 4.65 (t, 3H, J = 12.0 Hz), 4.57 (t, 2H, J = 12.5 Hz), 

4.48 (d, 1H, J = 12.5 Hz),  4.19-4.26 (m, 4H), 3.96-4.00 (m, 2H), 3.79 (dd, 1H, J1 = 3.0 Hz, J2 = 
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10.5 Hz ), 3.69 (t, 1H, J = 9.5 Hz), 3.60-3.61 (m, 1H), 2.29-2.32 (m, 1H), 1.74 (td, 1H, J1 = 3.5 

Hz, J2 = 12.5 Hz ), 1.25 (d, 3H, J = 6.5 Hz).    

13C NMR (125 MHz, CDCl3): δ 155.7, 139.0, 138.8, 138.4, 138.3, 132.6, 128.4, 128.4, 128.3, 

128.2, 128.0, 127.9, 127.6, 127.6(2), 127.5, 127.5, 127.4, 118.5, 97.9, 96.9, 95.1, 78.3, 77.5, 75.9, 

74.6, 73.5, 72.0, 71.3, 69.6, 69.0, 68.5, 67.0, 35.9, 18.4   

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C43H48O8NH4  710.3693, found 710.3693. 

 
 

 

 

 

 

 

 

(2R,6S)-3-allyl-2-(benzyloxy)-5-(((2R,4R,5S,6R)-4,5-bis(benzyloxy)-6-

((benzyloxy)methyl)tetrahydro-2H-pyran-2-yl)oxy)-6-methyltetrahydro-4H-pyran-4-

one(46a,46b 9:1): Compound (55a,55b 9:1) was synthesised from 54 (100 mg, 0.14 mmol) by 

following general procedure C. Yield: 86.65 mg, 87%, colureless gel . Rf: 0.5 (20% 

EtOAc/hexane). 

IR (neat):  3028, 2914, 1732 ,1495 cm−1. 

1H NMR (500 MHz, CDCl3): δ 7.27-7.37 (m, 20H), 5.59-5.67 (m, 1H), 5.06 (dd, 1H, J1 = 1.5 

Hz, J2 = 17.0 Hz ), 4.97-4.99 (m, 2H),  4.89 (d, 2H, J = 11.0 Hz), 4.65-4.67 (m, 3H),   4.59 (d, 

1H, J = 12.0 Hz),  4.54 (d, 1H, J = 11.0 Hz), 4.48 (d, 1H, J = 12.5 Hz), 4.44 (d, 1H, J = 12.0 Hz),  

4.33-4.36 (m, 1H), 4.03-4.10 (m, 2H), 3.96 (d, 1H, J = 9.5 Hz), 3.78 (dd, 1H, J1 = 3.0 Hz, J2 = 

13.5 Hz ),  3.66 (t, 1H, J = 9.5 Hz), 3.49 (dd, 1H, J1 = 2.0 Hz, J2 = 10.5 Hz ), 2.71 (t, 1H, J = 8.0 

Hz), 2.33-2.44 (m, 3H), 1.74-1.80 (m, 1H), 1.33 (d, 3H, J = 6.0 Hz).    

13C NMR (125 MHz, CDCl3): δ 204.1, 138.8, 138.8, 138.1, 137.0, 133.8, 128.4(2), 128.3, 

128.3(2), 128.2, 127.9(2), 127.8, 127.7, 127.6, 127.6, 127.5(2), 127.5, 127.3, 117.8, 100.5, 99.4, 

82.0, 78.2, 77.4, 74.5, 73.4, 72.1, 71.3, 69.8, 69.1, 68.6   

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C43H48O8NH4  710.3693, found 710.3695. 
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(((3R,4S,6S)-6-(((2S,4R,5R,6R)-4-(allyloxy)-6-(benzyloxy)-5-iodo-2-methyltetrahydro-2H-

pyran-3-yl)oxy)tetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane)(56): 

IR (neat):  2952, 2927, 2884, 2855, 1461 cm−1 
1H NMR (500 MHz, CDCl3): δ 7.29-7.37 (m, 5H), 5.89-5.93 (m, 1H), 5.28-5.31 (m, 1H), 5.16-

5.19 (m, 3H),  4.67 (d, 1H, J = 11.5 Hz), 4.45-4.48 (m, 2H),   4.05-4.09 (m, 1H),  3.97-4.00 (m, 

1H), 3.89-3.93 (m, 1H), 3.76-3.81 (m, 1H),  3.69-3.71 (m, 1H), 3.60-3.66 (m, 4H), 3.00 (dd, 1H, 

J1 = 4.0 Hz, J2 = 8.5 Hz ),  2.01-2.06 (m, 1H), 1.34 (d, 3H, J = 6.5 Hz), 0.90 (s, 9H), 0.89 (s, 9H), 

0.06-0.07 (m, 12H),   
13C NMR (125 MHz, CDCl3): δ 137.1, 134.4, 128.5, 128.0, 117.4, 100.7, 99.6, 79.3, 76.3, 70.0, 

69.6, 69.4, 68.3, 68.1, 64.8, 33.8, 26.0, 26.0, 18.3, 18.3, 18.2, -4.4, -4.7, -4.8   

 HRMS (ESI-TOF) m/z: [M+NH4] calcd for C33H57IO7Si2NH4  766.3031, found 766.3029. 

. 

 

 

 

 

 

 

 

 

 

(((3R,4S,6S)-6-(((2S,6R)-4-(allyloxy)-6-(benzyloxy)-2-methyl-3,6-dihydro-2H-pyran-3-

yl)oxy)tetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane)(57): Compound 

57 was synthesised from 56 (200 mg, 0.285 mmol) by following general procedure B. Yield: 

147.11 mg, 90%, colureless gel . Rf: 0.6 (10% EtOAc/hexane). 

 
1H NMR (500 MHz, CDCl3): δ 7.29-739 (m, 5H), 5.90-5.98 (m, 1H), 5.30 (dd, 1H, J1 = 1.5 Hz, 

J2 = 17.5 Hz ), 5.20-5.24 (m, 3H),  4.76 (d, 1H, J = 11.5 Hz), 4.72 (d, 1H, J = 3.5 Hz), 4.58 (d, 

1H, J = 12.0 Hz), 4.21-4.30 (m, 2H),   4.03-4.07 (m, 1H),  3.99-4.02 (m, 1H),  3.93 (d, 1H, J = 

9.0 Hz),  3.69-3.74 (m, 2H), 3.65 (dd, 1H, J1 = 6.0 Hz, J2 = 11.0 Hz),  2.04-2.09 (m, 1H), 1.64-

1.69 (m, 1H), 1.32 (d, 3H, J = 6.5 Hz),  0.92 (s, 9H), 0.91 (s, 9H), 0.07-0.09 (m, 12H). 
13C NMR (125 MHz, CDCl3): δ157.6, 138.4, 132.8, 128.4(2), 128.0(2), 127.5, 117.6, 99.9, 95.2, 

95.2, 75.2, 70.1, 69.6, 68.1, 68.0, 66.5, 64.8, 26.0, 26.0, 18.4, 18.3, 18.2, -4.4, -4.7, -4.8 

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C33H56O7Si2NH4  638.3908, found 638.3908. 
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(2R,6S)-3-allyl-2-(benzyloxy)-5-(((2S,4S,5R)-4,5-bis((tertbutyldimethylsilyl)oxy)tetrahydro-

2H-pyran-2-yl)oxy)-6-methyltetrahydro-4H-pyran-4-one (58): Compound (58a, 58b 9:1) was 

synthesised from 57 (100 mg, 0.61 mmol) by following general procedure C. Yield: 89.9 mg, 

90%, colureless gel . Rf: 0.5 (10% EtOAc/hexane). 

 IR (neat):  2952, 2928, 2886, 2856, 11731 cm−1 
1H NMR (500 MHz, CDCl3): δ 7.27-7.34 (m, 5H), 5.60-5.68 (m, 1H), 5.08 (dd, 1H, J1 = 1.5 Hz, 

J2 = 17.0 Hz ), 5.03-5.05 (m, 1H),  4.95-4.98 (m, 1H),   4.90 (s, 1H),  4.66 (d, 1H, J = 12.0 Hz), 

4.48 (d, 1H, J = 12.0 Hz),   3.99-4.08 (m, 3H),  3.71-3.73 (m, 1H), 3.64 (dd, 1H, J1 = 2.5 Hz, J2 = 

11.5 Hz), 3.57-3.61 ( m, 1H), 2.94-2.95 ( m, 1H), 2.71 (t, 1H, J = 8.0 Hz), 2.38-2.43 ( m, 1H), 

2.12-2.17 ( m, 1H), 1.71-1.75 ( m, 1H),  1.39 (d, 3H, J = 6.0 Hz), 0.89 (s, 9H), 0.89 (s, 9H), 0.06-

0.08 (m, 12H). 
13C NMR (125 MHz, CDCl3): δ 205.8, 137.1, 133.7, 128.4(2), 127.8, 127.7(2), 117.8, 100.6, 

97.9, 69.9, 69.2, 69.0, 65.2, 56.1, 34.3, 25.9, 25.9, 19.0, 18.2, 18.2, -4.4, -4.5, -4.7, -4.8  

HRMS (ESI-TOF) m/z: [M+NH4] calcd for C33H56O7Si2NH4  638.3908, found 638.3906. 
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Chapter 4 

An Efficient Method for the Synthesis of 

Digoxose Trisaccharide Glycal Donor via 

Mislow-Evans Rearrangement   

 

 

 

 

 

 

 

 

 

 

 

 

 

Abstract 

 

The Mislow-Evans rearrangement was used as a key reaction to construct digitoxose-derived 

glycal. The same rearrangement was iteratively performed on di- and tri-saccharides to form the 

digoxose glycal donor component present in cardenolides digitoxin, digoxin and gitoxin. The 

scalability of the trisaccharide synthesis was shown by carrying out the reactions on a multigram 

scale. Glycosylation reactions were also performed between the synthesized digoxin glycal donor 

and aglycons, digoxigenin and gitoxigenin, to synthesize novel cardenolide derivatives. 

 

 

 

a 

i) R1 = OH, R2 =H 

ii) R1 = H, R2 = OAc 

Digoxose trisaccharide 

Digoxin 

Gitoxin 
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4.1 Introduction 

Oligosaccharides possessing deoxy sugar subunits are integral part of various pharmacologically 

relevant antibiotics, vaccines, and anticancer medications.1 Among these natural products, cardiac 

glycosides (CGs), a family of the steroid glycosides, attracted considerable attention due to their 

importance in treating congestive heart failure and cardiac arrhythmias for over last 300 years.  

CGs exert their predominant action through inhibition of the enzyme Na+/K+-ATPase resulting in 

improved concentration of intracellular Ca2+ that leads to faster and powerful contraction of heart 

muscles. While increasing the cardiac output, CGs also help in reducing the heart rate without 

abnormal blood pressure which allows them to be used as a medication for cardiac arrhythmias.2 

Structurally, a couple of cardiac glycosides, digitoxin (1), digoxin (2) and gitoxin (3) etc.,3 possess 

a common trisaccharide unit called digoxose that is linked with the aglycone digitoxigenin, 

digoxigenin and gitoxigenin, respectively (Figure 1). In terms of the structure-activity relationship 

(SAR), cardiac glycosides provide a great illustration of the interaction between the steroidal 

aglycone, a pharmacophore that is generally inactive without the attachment of the digoxose sugar 

moiety.3 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1. Representative structures of digitoxin, digoxin and gitoxin 

 

To date, there are very few reports on the synthesis of cardiotonic glycosides (1-3),4 its analogues5 

and neoglycosides.6 These protocols involve the featured linear construction of the natural product 
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by sequential glycosylation of aglycon or its derivative with protected-digitoxose monosaccharide   

glycosyl   donors. Despite the remarkable accomplishments, there are only two convergent 

syntheses protocol reported for the synthesis of digoxose trisaccharide, a common glycan unit 

present in a couple of CGs.7-8 Eventually the synthesized trisaccharide was coupled with the 

digitoxigenin to synthesize the natural CG digitoxin 1. Firstly, McDonald and co-workers7 

reported the synthesis of 6-deoxy-D-allal derivative and digoxose trisaccharide glycal donor 

involving tungsten carbonyl catalyzed endo-selective cycloisomerization of an appropriate 

alkynol substrate as the key step. Secondly, Jianglong Zhu and co-workers8 reported the Re(V)-

catalyzed stereoselective β-glycosylation as the key step to synthesize β-D-digoxosides from 6-

deoxy-D-allal derivative as glycal donor. In this view, it was envisioned that 6-deoxy-D-allal 

derivative could also play an important role as a donor in the synthesis of several other natural 

products. It was found that compound 6-deoxy 3,4-di-O-tert-butyldimethylsilyl D-allal 129 served 

as a key precursor in the total synthesis of altromycin B disaccharide10 and α-lipomycin.9b In view 

of the importance of 6-deoxy-D-allal derivative, a thorough investigation was conducted on the 

previously developed methods for its synthesis. Following our observations, the Mislow-Evans 

rearrangement11 was found to be fruitfully applied by Danishefsky’s group12 in the synthesis of 

D-allal derivative from D-glucal derived anomeric sulfoxide. Furthermore, this rearrangement has 

been used very often for the synthesis of prostaglandins, bioactive natural products and steroids 

and projects evidence for a good transfer of stereochemical information through an ordered 

transition state.13 However, the rearrangement was not evaluated by any research group for the 

synthesis of oligosaccharides.  

 

Major interests of our group include the development of new techniques for the construction and 

synthesis of natural products and application in carbohydrate chemistry.14 Hence, in continuation 

with our previous research work, we decided to focus our attention towards the synthesis of 6-

deoxy-D-allal-derivative. Herein we report the synthesis of 6-deoxy 3,4-di-O-tert-

butyldimethylsilyl D-allal via the [2,3]-sigmatropic rearrangement of sugar derived-allylic 

anomeric sulfoxides.  Additionally, the same methodology is extended for the synthesis of di- and 

trisaccharide. The orthogonally protected digoxose trisaccharide is synthesized in a multigram 

scale with smaller number of steps and high yield. It is worth mentioning that this is the first report 

to perform the Mislow-Evans [2,3]-sigmatropic rearrangement on a higher order oligosaccharide 
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till date. Also, this methodology has been successfully extended for convergent synthesis of 

orthogonally protected digoxin and gitoxin. 

 

4.2 Results and Discussion 

In this view, the investigation started with the study of choosing a more reliable and convenient 

protocol for synthesizing digoxose monosaccharide donor 12 from readily available starting 

materials and inexpensive reagents. Hence, two new methods were investigated to prepare 

compound 12 starting from the commercially inexpensive 3,4,6-tri-O-acetyl-D-glucal 4. In route 

A (Scheme 1), compound 4 was deacetylated in the presence of K2CO3 and MeOH as solvent to 

obtain the D-glucal. This triol was subjected to primary hydroxyl tosylation followed by 

secondary hydroxyls acetylation reaction in a sequential one-pot manner to give compound 515 in 

excellent yield over two steps. Substitution of the tosylate with iodide by using potassium iodide 

followed by deiodination using VA-061 as radical initiator and hypophosphorous acid (H3PO2) 

as the reducing agent provided the 6-deoxy 4,5-di-O-acetyl D-glucal 6 in excellent yield. Ferrier 

rearrangement of 6 with thiophenol and hydrolysis of the obtained mono-acetate resulted the 2,3-

unsaturated thio-glycoside 7. The TBS protection of the free hydroxyl group of this thioglycoside 

gave compound 8 in 98% yield. In the due course, it was predicted that, 8 could be an appropriate 

substrate to be subjected to Danishefsky’s application of the Mislow−Evans rearrangement to 

prepare 6-deoxy D-allal derivative. Also, it was anticipated that dimethyl dioxirane (DMDO) will 

be the more appropriate oxidant for the controlled oxidation of 8 to the corresponding sulfoxide. 

Hence, 8 was subjected to DMDO mediated oxidation at -78   ͦC to form the allylic sulfoxide 

which subsequently underwent [2,3]-sigmatropic rearrangement resulting C3 sulfenate ester. 

Cleavage of the O−S bond in this ester with the thiophilic nucleophile diethylamine,16 provided 

6-deoxy 4-O-tert-butyldimethylsilyl D-allal in 84% yield. Ultimately, the route A ended with the 

TBS protection of the 3-OH to give the 6-deoxy 3,4-di-O-tert-butyldimethylsilyl D-allal, 

compound 12, in 95% yield. This route accounted for the overall yield of 52.4% over 9 steps 

(Scheme 1, route A).   
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Scheme 1. Synthesis of 6-deoxy 3,4-di-O-tert-butyldimethylsilyl D-allal donor 12 -route A 

 

In route B (scheme 2), 4 was subjected to Ferrier rearrangement with thiophenol and the obtained 

diester was hydrolysed with K2CO3 to give 2,3-unsaturated thio-glycoside 9. Selective 

sulfonylation of the primary alcohol with 2,4,6-triisopropylbenzene sulfonyl chloride provided 

the compound 10 in 96% yield. The 4-OH was protected with TBS to give 11 and then subjecting 

it to LiAlH4 reduction provided the compound 8. Finally, compound 12 was obtained in excellent 

yield via oxidative rearrangement followed by TBS protection of 3-OH (Scheme 2, route B). 

Consequently, it is worth to mention a multigram scale synthesis of compound 12 was 

successfully accomplished using this protocol with 63.5% overall yield over 7 steps.  
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Scheme 2. Synthesis of 6-deoxy 3,4-di-O-tert-butyldimethylsilyl D-allal donor 12 -route B. 

 

The design of both the strategies deserves to be highlighted equally because both the donor 12 

and the acceptot 7 can be synthesised from one of the very common glucose derived glycal 4. 

 

According to our objective, the scope of the protocol was extended and focus was drawn towards 

the application of Mislow-Evans rearrangement on the disaccharide. Alongside, considerable 

efforts were done for the synthesis of the digoxose trisaccharide glycal unit using this protocol. 

Having obtained donor 12, PPh3
.HBr mediated glycosylation of the C-4 secondary alcohol of 

acceptor 7 with donor 12 was performed following our previous method,17 which afforded the 

disaccharide 13 with excellent β-selectivity and 90% yield (Scheme 3). 

 

 

Scheme 3. First stereoselective glycosylation of donor 12 and acceptor thioglycoside 7. 
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The real challenge of the methodology was then undertaken and compound 13 was subjected to 

the DMDO mediated oxidation, followed by rearrangement reaction. To our delight, the desired 

compound, glycal 14, was successfully obtained in 84% yield. Further, protection of the hydroxyl 

of 14 with TBS provided the protected C-4 glycosylated disaccharide donor 159a in 98% yield 

(Scheme 4).   

 

 

 

Scheme 4. Synthesis of TBS protected digoxose disaccharide via [2,3]-sigmatropic 

rearrangement 

 

Inspired by the excellent outcome during the disaccharide synthesis, we turned our attention 

towards the synthesis of trisaccharide. In this regard, PPh3
.HBr mediated glycosylation of 15 with 

7 was performed, to obtain thio-glycoside trisaccharide 16 in 90% yield and yet again an excellent 

anomeric β-selectivity. Subsequently, subjecting 16 to Mislow−Evans rearrangement provided 

the trisaccharide glycal derivative 17. Eventually, the digoxin trisaccharide glycal donor 18 was 

obtained by the protection of the free hydroxyl group of 17 with TBS (scheme 5).  
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Scheme 5. An iterative process for the construction of TBS-protected digoxose trisaccharide 

glycal donor. 

 

Towards the end, it is appropriate to note that the oxidative rearrangement was perfectly 

compatible, and this [2,3]-sigmatropic rearrangement was efficaciously applied on the higher 

order oligosaccharides. This synthetic method emerged as an excellent complimentary route for 

the synthesis of digoxose trisaccharide glycal donor with highly compatible donor-acceptor 

coupling synthons. And to our delight, we were able to successfully scale up the production of the 

appropriately protected digoxose trisaccharide up to the gram scale by adopting this effective 

protocol. 

 

Having established the efficient synthetic protocol for constructing the digoxose trisaccharide 

glycal donor 18, the direct synthesis of digoxin and gitoxin derivative via stereoselective 

glycosylation reaction was conducted as a part of post synthetic application. Initially we 

performed the PPh3.HBr-catalyzed glycosylation of the trisaccharide glycal donor 18 with 

acetylated digoxigenin aglycone 19 in toluene solvent. However, due to the insolubility of 

aglycone in toluene, the reaction did not proceed and there was no product formation (Table 1, 

entry 1) observed. When the solvent was changed to 1,2-dichlorobenzene, product formation was 

initiated but it suffered from poor yield of 50% (Table 1, entry 2). 
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Table 1. Glycosylation of TBS protected digoxose trisaccharide glycal 18 with Digoxigenin 19. 

 

 

Scheme 6. Synthesis of orthogonally protected aglycone and glycan portion of the cardenolides: 

digoxin and gitoxin. 

 

Entry Solvent Catalyst β:α Ratio 20β + 20α 

(%) 

1 Toluene PPh3
.HBr NR NR 

2 1,2dichlorobenzene PPh3
.HBr 1:0.5 50% 

3 DCM PPh3
.HBr 1:1 55% 

4 CHCl3 PPh3
.HBr 1:0.5 68% 
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Hence, instead of nonpolar solvents, polar aprotic solvent like dichloromethane was chosen for 

this acid catalysed glycosylation and it afforded the desired product in 55% yield (Table 1, entry 

3). However, employing CHCl3 as solvent, the glycosylation reaction proceeded smoothly and 

provided the desired product 20β + 20α in 68% yield in 1:0.5 ratio, respectively, (Table 1, entry 

4). The formation of β-glycoside as major stereoisomer is probably due to the predominant 1,3-

diaxial interaction between the C-3 O-TBS and the incoming nucleophile over anomeric effect. 

We were fortunate to be able to separate 20β during column chromatographic purification. 

Afterward, compound 20β was subjected to deacetylation to give the orthogonally protected 

glycan portion of cardenolide digoxin 21 in 80% yield.  Having optimized conditions, the 

synthesis of another CG, gitoxin was attempted in addition. In this section, the trisaccharide donor 

18 was glycosylated with aglycone gitoxigenin 22 in presence of catalytic amount of PPh3·HBr 

in CHCl3. As expected, we obtained the orthogonally protected gitoxin cardenolide derivative 23β 

and 23α in 70% yield as an inseparable mixture of anomers in 1:0.5 ratio, respectively (Scheme 

6). 

 

4.3 Conclusion 

In conclusion, a simple yet influential reaction, Mislow-Evans rearrangement, was efficiently 

adopted for the synthesis of 6-deoxy 3,4-di-O-tert-butyldimethylsilyl D-allal. Also, the [2,3]-

sigmatropic rearrangement reaction was explored for the first time on a disaccharide as well as on 

a trisaccharide precursors. The developed synthetic protocol features an iterative gram scale 

synthesis of digoxose trisaccharide glycal moiety. As a part of post synthetic application, the 

stereoselective synthesis of two main CG derivatives, digoxin and gitoxin were accomplished. 

Furthermore, protocol for the global deprotection of TBS groups, application of this strategy in 

synthesis of digitoxin, its analogues bearing diverse sugar subunits, modified aglycone unit and 

investigations of their biological activity are ongoing and will be reported in due course. 

 

4.4 EXPERIMENTAL SECTION 

 

4.4.1 General information 

1. General Considerations 
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Materials and chemicals: All the chemicals were purchased from Sigma-Aldrich Chemicals 

Company and local suppliers. Solvents used in the reactions were dried and distilled over 

dehydrating agents. Silica-gel (100-200 mesh) was used for column chromatography. 

 

Experimental details: All the reactions were carried out under nitrogen or argon atmosphere and 

monitored by thin layer chromatography (TLC) using silica gel GF254 plates with detection by 

charring with 5% (v/v) H2SO4 in methanol or by phosphomolybdic acid (PMA) stain or by ultra 

violet (UV) detection. Known starting materials were prepared according to previously known 

literature procedures. 

Compound characterization: 1H, 13 C, DEPT 135 spectra were recorded on Bruker 500 MHz 

and 400 MHz spectrometer in CDCl3 at 296 K. 1H NMR chemical shifts were reported in ppm (δ) 

respect to solvent (1Н: CDCl3, δ = 7.26 ppm). Splitting patterns are designated as s, singlet; d, 

doublet; t, triplet; q, quadruplet; m, multiplet; dd, double doublet; dt, double triplet. Coupling 

constants (J) are given in Hertz (Hz). 13C NMR were reported in chemical shifts with solvent 

reference (CDCl3 , δ 77.00). High resolution mass spectra (HRMS) were obtained in the Bruker 

maXis ESI-TOF spectrometer. Structural assignments were made with additional information 

from gCOSY, gNOESY experiments. 

 

4.4.2 General Experimental Procedures: 

 

General Procedure A for TBS protection of alcohols 

To a stirred solution of alcohol in anhydrous DMF (2 mL/mmol) under inert atmosphere was 

added imidazole (1.2 eq for each hydroxyl group) followed by TBSCl (1.1 eq for each hydroxyl 

group) at 0 ˚C room temperature and stirring was continued for overnight at room temperature. 

The reaction was quenched with slow addition of cold water and extracted with diethyl ether, 

dried over anhydrous Na2SO4 and concentrated under reduced pressure to obtain crude product. 

Purification of the crude product by column chromatography over silica gel using hexanes and 

ethyl acetate provided pure O-TBS protected sugar derivatives. 

 

General procedure B for DMDO mediated oxidation followed by [2,3]-sigmatropic 

rearrangement: 
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The stirred solution of Thio-glycoside (2.97 mmol) in dry dichloromethane under inert 

atmosphere was cooled to -78 ˚C. To the above solution was added DMDO in acetone (60 mL) in 

3 portions. The reaction was monitored by TLC. After the completion of reaction, the solvent was 

removed under vacuum at 0 ˚C water bath to obtain the crude sugar-sulphoxide. The crude was 

immediately dissolved in dry THF (10 mL) and added diethyl amine (2 mL). The reaction was 

stirred for 3 hours at room temperature. After completion of reaction, the solvent was evaporated 

to obtain the crude product which was purified by silica gel column chromatography using ethyl 

acetate-hexane solvents. 

 

General procedure C for HBr.PPh3 mediated Glycosylation: 

To a stirred solution of donor sugar (1 mmol) and acceptor sugar (1.2 mmol) in anhydrous Toluene 

(10 mL/mmol) under inert atmosphere was added 4Å molecular sieves and stirred for 1 hour. 

HBr.PPh3 (0.2 mmol, 0.2 Equvi) was added to the above stirred solution and continued stirring 

for 5 hours. After complete conversion of starting material, solvent was concentrated under 

reduced pressure to obtain crude product which was purified using column chromatography to 

obtain the glycosylated product. 

 

Synthesis of TBS-protected Thio-digitoxoside 8:  

 

Route A:  
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Compound S1 was synthesized from 618 by following the previous literature procedure.19 

 

 

(2R,3S,6R)-2-methyl-6-(phenylthio)-3,6-dihydro-2H-pyran-3-ol (7): 

Compound S1 (8 g, 30.2 mmol) was dissolved in 15 mL of dry methanol. To this solution, 

potassium carbonate (416 mg, 3.0 mmol, 0.1 Equiv) was added and stirred for complete 

conversion of starting material. The solvent was removed by rotary evaporator to obtain the crude 

and the crude was purified by silica gel column chromatography to obtain the pure compound 7. 

Yield: 6.2 g (93%, 28.1 mmol); Rf : 0.4 (20% EtOAc/hexane); White solid. 

1H NMR (500 MHz, CDCl3): δ 7.54-7.56 (m, 2H), 7.31-7.35 (m, 2H), 7.26-7.30 (m, 1H), 5.97-

5.60 (m, 1H), 5.91 (dt, 1H, J = 1.5 Hz, J = 10.0 Hz), 5.72-5.73 (m, 1H), 4.03-4.08 (m, 1H), 3.95-

3.97 (m, 1H), 2.38 (bs, 1H), 1.40 (d, 3H, J = 6.0 Hz). 

13C NMR (125 MHz, CDCl3): δ 135.5, 131.7, 131.3, 128.8, 127.3, 127.2, 83.5, 69.3, 68.6, 17.9.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C12H22O2SNa 245.0612, found 245.0612. 

IR(neat): 3397, 2935, 2924 cm-1. 

 

tert-butyldimethyl(((2R,3S,6R)-2-methyl-6-(phenylthio)-3,6-dihydro-2H-pyran-3-

yl)oxy)silane (8): 

Compound 8 was synthesized from 7 (5 g, 22.4 mmol) by following general procedure A. Yield: 

7.4 g (98%, 21.98 mmol); Rf : 0.5 (5% EtOAc/hexane);White solid. 

1H NMR (500 MHz, CDCl3): δ 7.38-7.41 (m, 2H), 7.14-7.18 (m, 2H), 7.09-7.12 (m, 1H), 5.74-

5.77 (m, 1H), 5.68 (dt, 1H, J = 1.5 Hz, J = 10.0 Hz), 5.55-5.57 (m, 1H), 3.89-3.94 (m, 1H), 3.84-

3.87 (m, 1H), 1.17 (d, 3H, J = 6.0 Hz), 0.80 (s, 9H), 0.009 (d, 6H, J = 4.5 Hz). 
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13C NMR (125 MHz, CDCl3): δ 136.1, 133.0, 131.3, 128.8, 127.1, 126.2, 84.0, 70.2, 68.5, 25.8, 

18.2, 18.0, -4.1, -4.6.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C18H28O2SSiNa 359.1477, found 359.1472. 

IR(neat): 2953, 2927, 2854 cm-1. 

Route B:  

 

 

Compound 9 was synthesized from 4 by following previous literature procedure.19 

 

 

((2R,3S,6R)-3-hydroxy-6-(phenylthio)-3,6-dihydro-2H-pyran-2-yl)methyl 2,4,6-

triisopropylbenzenesulfonate (10): 

Compound 9 (20 g 83.9 mmol) was dissolved in 200 mL of dry pyridine. To this solution, 2,4,6-

Triisopropylbenzenesulfonyl chloride (25.4 g, 84.0 mmol, 1 Equiv) was added and stirred for 
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complete conversion of starting material. The solvent was removed by rotary evaporator to obtain 

the crude and the crude was purified by silica gel column chromatography to obtain the pure 

compound 10. Yield: 43.9 g (96%, 80.0 mmol); Rf : 0.6 (20% EtOAc/hexane); White solid. 

1H NMR (500 MHz, CDCl3): δ 7.47-7.48 (m, 2H), 7.18-7.21 (m, 5H), 5.90-5.96 (m, 2H), 5.67 

(s, 1H), 4.39 (dd, 1H, J = 5 Hz, J = 11 Hz), 4.29-4.32 (m, 1H), 4.22-4.28 (m, 2H), 4.10-4.16 (m, 

2H), 2.88-2.93 (m, 1H), 2.49 (bs, 1H), 1.26 (s, 3H), 1.24 (s, 6H), 1.23 (s, 3H), 1.22 (s, 3H), 1.21 

(s, 3H), 

13C NMR (125 MHz, CDCl3): δ 153.8, 150.9, 134.8, 131.8(2), 131.3, 129.0(3), 128.8,127.3, 

127.0, 123.8(2),  83.7, 70.1, 68.0,  63.0, 34.1, 29.6(3),  24.6(3), 23.5(2).  

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C27H36O5S2NH4 522.2348, found 522.2244 

IR(neat): 3488, 2958, 2935, 2869 cm-1.  

 

 

((2R,3S,6R)-3-((tert-butyldimethylsilyl)oxy)-6-(phenylthio)-3,6-dihydro-2H-pyran-2-

yl)methyl 2,4,6-triisopropylbenzenesulfonate (11): 

 

Compound 11 was synthesized from 10 (40 g, 73.1 mmol) by following general procedure A. 

Yield: 47.3 g (98%, 71.5 mmol); Rf : 0.8 (10% EtOAc/hexane); White solid. 

1H NMR (500 MHz, CDCl3): δ 7.49-7.51 (m, 2H), 7.17-7.23 (m, 5H), 5.88-5.91 (m, 1H), 5.79 

(dt, 1H, J = 1.5 Hz, J = 10 Hz), 5.60-5.62 (m, 1H), 4.21-4.27 (m, 3H), 4.1-4.18 (m, 3H), 2.88-

2.93 (m, 1H), 1.26 (s, 3H), 1.25 (s, 3H), 1.23 (s, 3H), 1.22 (s, 3H), 1.21 (s, 3H) 1.19 (s, 3H), 0.85 

(s, 9H), 0.09 (s, 3H), 0.05 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 153.6, 151.1(2), 134.8, 132.4(2), 131.9, 129.0(2), 128.8(2) 

127.6(2), 126.3, 123.7(2), 83.9, 70.0, 67.8, 64.0, 34.3, 29.6(2), 25.7(3), 24.7(2), 23.6(2), 17.8, -

4.0, -4.8. 

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C33H50O5S2SiNH4 636.3213, found 636.3211. 

IR(neat): 2955, 2929, 2859 cm-1.  
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tert-butyldimethyl(((2R,3S,6R)-2-methyl-6-(phenylthio)-3,6-dihydro-2H-pyran-3-

yl)oxy)silane (8): 

Compound 11 (40 g, 60.5 mmol) was dissolved in 250 mL of dry THF. The solution was cooled 

to 0 °C and lithium aluminium hydride (LAH) (12.2 g, 98.8 mmol, 5 Equiv) was added portion 

wise for 20 minutes. The reaction was allowed to room temperature and further refluxed for 3 

hours.  After complete conversion of starting material, the reaction was quenched by saturated 

ammonium chloride solution and filtered through celite. The organic layer was diluted with ethyl 

acetate, washed with brine and dried over sodium sulphate. The solvent was removed by rotary 

evaporator to obtain the crude and the crude was purified by silica gel column chromatography to 

obtain the pure compound 8. Yield: 19.3 g (95%, 57.46 mmol); Rf : 0.5 (10% 

EtOAc/hexane);White solid. 

1H NMR (500 MHz, CDCl3): δ 7.38-7.41 (m, 2H), 7.14-7.18 (m, 2H), 7.09-7.12 (m, 1H), 5.74-

5.77 (m, 1H), 5.68 (dt, 1H, J = 1.5 Hz, J = 10.0 Hz), 5.55-5.57 (m, 1H), 3.89-3.94 (m, 1H), 3.84-

3.87 (m, 1H), 1.17 (d, 3H, J = 6.0 Hz), 0.80 (s, 9H), 0.009 (d, 6H, J = 4.5 Hz). 

13C NMR (125 MHz, CDCl3): δ 136.1, 133.0, 131.3, 128.8, 127.1, 126.2, 84.0, 70.2, 68.5, 25.8, 

18.2, 18.0, -4.1, -4.6.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C18H28O2SSiNa 359.1477, found 359.1472. 

IR(neat): 2953, 2927, 2854 cm-1. 

 

 

(2R,3S,4S)-3-((tert-butyldimethylsilyl)oxy)-2-methyl-3,4-dihydro-2H-pyran-4-ol (12a): 

Compound 12a was synthesized from 8 (5.0 g, 14.8 mmol) by following general procedure B. 

Yield: 3.0 g (84%, 12.2 mmol); Rf : 0.5 (10% EtOAc/hexane); Colorless gel. 
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1H NMR (500 MHz, CDCl3): δ 6.41 (d, 1H, J = 6.0 Hz), 4.92 (t, 1H, J = 5.5 Hz), 3.98 (t, 1H, J 

= 4.5 Hz), 3.92-3.96 (m, 1H), 3.56 (dd, 1H, J = 3.5 Hz, J = 9.5 Hz), 2.67 (bs, 1H), 1.29 (d, 3H, J 

= 6.0 Hz), 0.93 (s, 9H), 0.13 (d, 6H, J = 2.0 Hz). 

13C NMR (125 MHz, CDCl3): δ 146.6, 100.4, 73.5, 70.1, 62.8, 25.7, 18.0, 17.5, -4.4, -4.7. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C12H24O3SiNa 267.1392, found 267.1390. 

IR(neat): 3554, 3062, 2952, 2929, 2886, 1644 cm-1. 

 

 

(((2R,3R,4S)-2-methyl-3,4-dihydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-

butyldimethylsilane) (12): 

Compound 12 was synthesized from 12a (3.0 g, 12.2 mmol) by following general procedure A. 

Yield: 4.1 g (95%, 7.5 mmol); Rf : 0.5 (10% EtOAc/hexane); crystalline solid. 

1H NMR (500 MHz, CDCl3): δ 6.28 (d, 1H, J = 6.0 Hz), 4.76 (t, 1H, J = 6.0 Hz), 4.09-4.14 (m, 

1H), 3.99 (dd, 1H, J = 3.0 Hz, J = 5.5 Hz), 3.49 (dd, 1H, J = 3.5 Hz, J = 9.5 Hz), 1.27 (d, 3H, J = 

6.5 Hz), 0.91 (s, 9H), 0.88 (s, 9H), 0.07 (s, 6H), 0.063-0.067 (m, 6H). 

13C NMR (125 MHz, CDCl3): δ 145.1, 102.3, 73.8, 70.5, 64.4, 25.9, 18.1, 18.0, 17.9, -3.4, -3.8, 

-4.2, -4.8. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C18H38O3Si2Na 381.2257, found 381.2255. 

IR(neat): 2928, 2856,1640 cm-1. 

 

 

(((2R,3R,4S,6S)-2-methyl-6-(((2R,3S,6R)-2-methyl-6-(phenylthio)-3,6-dihydro-2H-pyran-3-

yl)oxy)tetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) (13): 

Compound 13 was synthesized from 12 (2.5 g, 6.9 mmol) and 7 (1.8 g, 8.3 mmol) by following 

general procedure C. Yield: 3.6 g (90%, 6.2 mmol); Rf : 0.5 (5% EtOAc/hexane); Colorless gel. 
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1H NMR (500 MHz, CDCl3): δ 7.52-7.54 (m, 2H), 7.29-7.33 (m, 2H), 7.24-7.28 (m, 1H), 6.11 

(dt, 1H, J = 1.5 Hz, J = 10.0 Hz), 5.91-5.94 (m, 1H), 5.69-5.70 (m, 1H), 4.99 (dd, 1H, J = 2.0 Hz, 

J = 9.5 Hz), 4.16-4.21 (m, 1H), 4.02-4.04 (m, 1H), 3.90-3.95 (m, 2H), 3.31 (dd, 1H, J = 2.5 Hz, J 

= 9.0 Hz), 1.97-2.00 (m, 1H), 1.71-1.76 (m, 1H), 1.32 (d, 3H, J = 6.0 Hz), 1.22 (d, 3H, J = 6.5 

Hz), 0.93 (d, 18H, J = 4.5 Hz), 0.10-0.11 (m, 9H), 0.08 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 136.1, 131.7, 131.2, 128.8, 127.0, 126.7, 99.8, 83.8, 78.1, 75.1, 

70.0, 69.5, 66.4, 40.0, 26.0, 25.8, 18.5, 18.1, 18.1, 18.0, -3.5, -4.4, -4.6, -4.7. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H52O5SSi2Na 603.2972, found 603.2976. 

IR(neat): 2952, 2928, 2888, 2855 cm-1. 

 

 

(2R,4S)-3-(((2S,4S,5R,6R)-4,5-bis((tert-butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-

pyran-2-yl)oxy)-2-methyl-3,4-dihydro-2H-pyran-4-ol (14): 

Compound 14 was synthesized from 13 (3.5 g, 6.0 mmol) by following general procedure B. 

Yield: 2.4 g (84%, 5.0 mmol); Rf : 0.8 (20% EtOAc/hexane); Colorless gel. 

1H NMR (500 MHz, CDCl3): δ 6.41 (d, 1H, J = 6.0 Hz), 4.95 (dd, 1H, J = 2.0 Hz, J = 9.5 Hz), 

4.91 (t, 1H, J = 6.0 Hz), 4.23-4.25 (m, 1H), 3.91-4.00 (m, 3H), 3.40 (dd, 1H, J = 4.0 Hz, J = 10.0 

Hz), 3.32 (d, 1H, J = 3.0 Hz), 3.26 (dd, 1H, J = 2.5 Hz, J = 9.0 Hz), 1.93-1.97 (m, 1H), 1.73 (ddd, 

1H, J = 2.0 Hz, J = 9.5 Hz, J = 13.0 Hz), 1.31 (d, 3H, J = 6.0 Hz), 1.18 (d, 3H, J = 6.0 Hz), 0.89 

(d, 18H, J = 1.5 Hz), 0.05-0.07 (m, 12H). 

13C NMR (125 MHz, CDCl3): δ 146.4, 100.2, 99.1, 82.2, 74.9, 69.9, 69.8, 68.8, 61.5, 39.9, 26.0, 

25.8, 18.5, 18.1 , 18.0, 17.2, -3.5, -4.4, -4.6, -4.7.  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C24H48O6Si2Na 511.2887, found 511.2887. 

IR(neat): 3503, 2952, 2929, 2890, 2856, 1646 cm-1. 
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(((2R,3R,4S,6S)-6-(((2R,3R,4S)-4-((tert-butyldimethylsilyl)oxy)-2-methyl-3,4-dihydro-2H-

pyran-3-yl)oxy)-2-methyltetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-

butyldimethylsilane) (15): 

Compound 15 was synthesized from 14 (2.0 g, 4.09 mmol) by following general procedure A. 

Yield: 2.4 g (98%, 4.00 mmol); Rf : 0.8 (5% EtOAc/hexane); White solid. 

1H NMR (500 MHz, CDCl3): δ  6.28 (d, 1H, J = 6.0 Hz), 4.92 (dd, 1H, J = 2.0 Hz, J = 9.5 Hz), 

4.77 (t, 1H, J = 5.5 Hz), 4.21 (dd, 1H, J = 3.5 Hz, J = 5.5), 4.07-4.13 (m, 1H), 3.98-3.99 (m, 1H), 

3.80-3.86 (m, 1H), 3.42 (dd, 1H, J = 3.5 Hz, J = 10.5 Hz), 3.19 (dd, 1H, J = 2.0 Hz, J = 8.5 Hz), 

1.95-1.99 (m, 1H), 1.62-1.67 (m, 1H), 1.28 (d, 3H, J = 6.5 Hz), 1.15 (d, 3H, J = 6.0 Hz), 0.89-

0.90 (m, 27H), 0.06-0.09 (m, 18H). 

13C NMR (125 MHz, CDCl3): δ 144.8, 103.0, 99.6, 80.6, 75.5, 70.0, 69.3, 69.2, 64.2, 39.6, 26.1, 

26.0, 25.8, 18.6, 18.4, 18.1, 18.1, 17.3, -3.5,-4.2, -4.3, -4.6, -4.7, -4.8. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C30H62O6Si3 Na 625.3752, found 625.3752. 

IR(neat): 2953, 2929, 2889, 2856 cm-1. 

 

 

(((2R,3R,4S,6S)-6-(((2R,4S,6S)-4-((tert-butyldimethylsilyl)oxy)-2-methyl-6-(((2R,6R)-2-

methyl-6-(phenylthio)-3,6-dihydro-2H-pyran-3-yl)oxy)tetrahydro-2H-pyran-3-yl)oxy)-2-

methyltetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-butyldimethylsilane) (16): 

Compound 16 was synthesized from 15 (1.5 g, 2.4 mmol) and 7 (660.8 mg, 2.9 mmol) by 

following general procedure C. Yield: 1.8 g (90%, 2.1 mmol); Rf: 0.6 (5% EtOAc/hexane); 

Colorless gel. 

1H NMR (500 MHz, CDCl3): δ  7.52-7.54 (m, 2H), 7.26-7.33 (m, 3H), 6.09-6.11 (m, 1H), 5.90-

5.93 (m, 1H), 5.69-5.70 (m, 1H), 4.97 (dd, 1H, J = 1.5 Hz, J = 9.5 Hz), 4.89 (dd, 1H, J = 1.5 Hz, 

J = 9.5 Hz), 4.30-4.31 (m, 1H), 4.15-4.21 (m, 1H), 3.99-4.00 (m, 1H), 3.92-3.95 (m, 1H), 3.83-

3.90 (m, 2H), 3.18 (dd, 1H, J = 2.5 Hz, J = 9.0 Hz), 3.15 (dd, 1H, J = 2.5 Hz, J = 9.5 Hz), 1.90-
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1.97 (m, 2H), 1.71-1.76 (m, 1H), 1.61-1.66 (m, 1H), 1.32 (d, 3H, J = 6.5 Hz) 1.21 (d, 3H, J = 6.5 

Hz), 1.17 (d, 3H, J = 6.5 Hz), 0.92-0.93 (m, 27H), 0.08-0.11 (m, 18H). 

13C NMR (125 MHz, CDCl3): δ 136.1, 131.9, 131.3, 128.8, 127.0, 126.6, 99.9, 99.8, 83.9, 82.3, 

77.8, 75.5, 70.0, 69.4, 69.2, 68.4, 66.5, 39.9, 39.7, 26.0, 25.9, 25.8, 18.7, 18.2, 18.1, 18.1, 18.0, 

17.9, -3.5, -4.2, -4.3, -4.6, -4.8, -5.4. 

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C42H76O8NH4 842.4912, found 842.4906. 

IR(neat): 2928, 2888, 2855 cm-1.  

 

(2R,4S)-3-(((2S,4S,6R)-5-(((2S,4S,5R,6R)-4,5-bis((tert-butyldimethylsilyl)oxy)-6-

methyltetrahydro-2H-pyran-2-yl)oxy)-4-((tert-butyldimethylsilyl)oxy)-6-methyltetrahydro-

2H-pyran-2-yl)oxy)-2-methyl-3,4-dihydro-2H-pyran-4-ol (17): 

Compound 17 was synthesized from 16 (1.5 g, 1.8 mmol) by following general procedure B. 

Yield: 1.1 g (84%, 1.5 mmol); Rf : 0.6 (10% EtOAc/hexane); Colorless gel. 

1H NMR (500 MHz, CDCl3): δ 6.41 (d, 1H, J = 6.0 Hz), 4.93 (dd, 1H, J = 2.0 Hz, J = 9.5 Hz), 

4.90 (t, 1H, J = 6.0 Hz), 4.86 (dd, 1H, J = 2.0 Hz, J = 9.5 Hz), 4.24-4.27 (m, 2H), 3.94-3.99 (m, 

2H), 3.85-3.91 (m, 1H), 3.80-3.85 (m, 1H), 3.41 (dd, 1H, J = 3.5 Hz, J = 9.5 Hz), 3.33 (bs, 1H), 

3.15 (dd, 1H, J = 2.5 Hz, J = 9.5 Hz), 3.12 (dd, 1H, J = 2.5 Hz, J = 9.5 Hz), 1.86-1.93 (m, 2H), 

1.71-1.76 (m, 1H), 1.57-1.62 (m, 1H), 1.31 (d, 3H, J = 6.5 Hz), 1.18 (d, 3H, J = 6.5 Hz), 1.13 (d, 

3H, J = 6.5 Hz), 0.88-0.89 (m, 27H), 0.05-0.08 (m, 18H).  

13C NMR (125 MHz, CDCl3): δ 146.4, 100.2, 99.8, 99.2, 82.1, 81.9, 75.4, 69.9, 69.3, 69.2, 68.9, 

68.7, 61.5, 39.7, 39.7, 26.0, 25.9, 25.8, 18.6, 18.2, 18.1, 18.1, 17.9, 17.2, -3.5, -4.2, -4.4, -4.6, -

4.8, -5.4. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C36H72O9Si3Na 755.4382, found 755.4384. 

IR(neat): 3532, 2952, 2929, 2855, 1646 cm-1. 
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(((2R,3R,4S,6S)-6-(((2R,4S,6S)-4-((tert-butyldimethylsilyl)oxy)-6-(((2R,4S)-4-((tert-

butyldimethylsilyl)oxy)-2-methyl-3,4-dihydro-2H-pyran-3-yl)oxy)-2-methyltetrahydro-2H-

pyran-3-yl)oxy)-2-methyltetrahydro-2H-pyran-3,4-diyl)bis(oxy))bis(tert-

butyldimethylsilane) (18):  

Compound 18 was synthesized from 17 (1.0 g, 1.36 mmol) by following general procedure A. 

Yield: 1.1 g (98%, 1.33 mmol); Rf : 0.8 (5% EtOAc/hexane); White cotton. 

1H NMR (500 MHz, CDCl3): δ  6.28 (d, 1H, J = 6.0 Hz), 4.85-4.91 (m, 2H), 4.77 (t, 1H, J = 5.5 

Hz), 4.25-4.26 (m, 1H), 4.19 (dd, 1H, J = 3.5 Hz, J = 6.0 Hz), 4.07-4.13 (m, 1H), 3.96-3.97 (m, 

1H), 3.81-3.85 (m, 1H), 3.75-3.78 (m, 1H), 3.43 (dd, 1H, J = 3.5 Hz, J = 10.5 Hz), 3.16 (dd, 1H, 

J = 2.0 Hz, J = 9.0 Hz), 3.04 (dd, 1H, J = 2.5 Hz, J = 9.5 Hz), 1.86-1.95 (m, 2H), 1.60-1.69 (m, 

2H), 1.27-1.28 (m, 3H), 1.13-1.15 (m, 6H), 0.87-0.90 (m, 36H), 0.09 (s, 6H), 0.05-0.07(m, 18H). 

13C NMR (125 MHz, CDCl3): δ 143.8, 101.9, 98.7, 98.7, 81.5, 79.4, 74.4, 69.0, 68.4, 68.4, 68.0, 

67.3, 63.2, 38.8, 38.4, 25.0, 25.0, 24.8(2), 17.6, 17.3, 17.1, 17.1, 17.1, 17.0, 16.2, -4.5, -5.2, -5.2, 

-5.4, -5.6, -5.7, -5.8, -6.5. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C42H86O9Si4Na 869.5247, found 869.5249. 

IR (neat): 2952, 2929, 2891, 2855 cm-1. 



 
 

409 
 

 

 

(5R,10S,12R,13S,14S)-3-(((2R,4S,6R)-5-(((2S,4S,6R)-5-(((2S,4S,5R,6R)-4,5-bis((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-4-((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-4-((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-14-hydroxy-10,13-

dimethyl-17-(5-oxo-2,5-dihydrofuran-3-yl)hexadecahydro-1H-cyclopenta[a]phenanthren-

12-yl acetate (20β): 

Compound 20β:20α was synthesized from 18 (50 mg, 0.059 mmol) and 19 (28.0 mg, 0.06 mmol) 

by following general procedure C (solvent used dry chloroform instead of toluene) . Yield: 

51.35 mg (68%, 0.040 mmol); Rf: 0.4 (30% EtOAc/hexane); Colorless gel. 

20β: δ 5.84 (s, 1H), 4.89 (d, 1H, J = 1.5 Hz), 4.82-4.86 (m, 3H), 4.77 (dd, 1H, J = 1.5 Hz, J = 18.0 

Hz), 4.62 (dd, 1H, J = 4.0 Hz, J = 12.0 Hz), 4.23 (s, 2H), 4.10 (s, 1H), 3.96 (s, 1H), 3.73-23.85 

(m, 3H), 3.15 (dd, 1H, J = 2.5 Hz, J = 9.0 Hz), 3.11 (dd, 1H, J = 2.5 Hz, J = 9.5 Hz), 3.01 (dd, 

1H, J = 2.5 Hz, J = 9.5 Hz), 2.89 (dd, 1H, J = 6.5 Hz, J = 9.0 Hz),  2.13 – 2.19 (m, 1H), 2.08 (s, 

3H), 1.97-2.01 (m, 1H), 1.90-1.94 (m, 2H), 1.82-1.87 (m, 3H), 1.74-1.78 (m, 2H), 1.63-1.71 (m, 

7H), 1.58 (s, 9H), 1.49 (d, 2H, J = 10.0 Hz), 1.21-1.29 (m, 7H), 1.16 (d, 3H, J = 6.5 Hz), 1.13 (d, 

3H, J = 6.0 Hz), 1.12 (d, 3H, J = 6.0 Hz), 0.86-0.92 (m, 40H), 0.08 (s, 3H), 0.07 (s, 3H), 0.06 (s, 

3H), 0.06 (s, 3H), 0.05 (s, 3H), 0.04 (s, 3H).  
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13C NMR (125 MHz, CDCl3): δ 174.3, 173.3, 170.8, 118.0, 100.0, 99.7, 95.4, 85.9, 82.4, 82.4, 

77.4, 75.4, 73.3, 72.2, 70.0, 69.5, 69.4, 69.0, 68.5, 68.2, 53.9, 45.9, 41.5, 40.2, 39.8, 39.6, 36.3, 

35.2, 33.2, 32.4, 30.2, 29.8, 27.2, 26.6, 26.5, 26.0, 25.9, 25.8, 25.8, 23.5, 21.7, 21.3, 18.6, 18.2, 

18.1, 18.1, 18.1, 17.9, 10.3, -3.5, -4.1, -4.2, -4.4, -4.6, -4.8, -5.5, -5.5. 

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C67H122O15Si4Na 1301.7758, found 1301.7752. 

IR(neat): 3475, 2928, 2886, 2855, 2359, 1738 cm-1. 

 

4-((5R,10S,12R,13S,14S)-3-(((2R,4S,6R)-5-(((2S,4S,6R)-5-(((2S,4S,5R,6R)-4,5-bis((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-4-((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-4-((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-12,14-dihydroxy-10,13-

dimethylhexadecahydro-1H-cyclopenta[a]phenanthren-17-yl)furan-2(5H)-one (21): 

Compound 20β (25 mg, 0.019 mmol) was dissolved in 5 mL of dry methanol. To this solution, 

potassium carbonate (0.5 mg, 0.004 mmol, 0.2 Equiv) was added and stirred for complete 

conversion of starting material. The solvent was removed by rotary evaporator to obtain the crude 

and the crude was purified by silica gel column chromatography to obtain the pure compound 21. 

Yield: 19.33 mg (80%, 0.015 mmol); Rf : 0.4 (30% EtOAc/hexane); White powder. 

1H NMR (500 MHz, CDCl3): δ 5.93 (s, 1H), 4.90-4.91 (m, 1H), 4.87-4.89 (m, 1H), 4.84-4.86 

(m, 1H), 4.79-4.83 (m, 2H), 4.23 (s, 2H), 4.00 (s, 1H), 3.96 (s, 1H), 3.74-3.84 (m, 3H), 3.37-3.39 

(m, 1H), 3.30-3.34 (m, 1H), 3.15 (dd, 1H, J = 2.0 Hz, J = 9.0 Hz), 3.10-3.13 (m, 1H), 3.02 (dd, 
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1H, J = 3.0 Hz, J = 9.5 Hz), 1.16 (d, 3H, J = 6.5 Hz), 1.12-1.13 (m, 6H), 1.91-1.94 (m, 2H), 1.83-

1.86 (m, 2H), 1.73-1.76 (m, 2H), 1.61-1.71 (m, 7H), 1.41-1.48 (m, 6H), 1.32-1.33 (m, 2H), 1.22-

1.27 (m, 6H), 0.92 (s, 3H), 0.86-0.90 (m, 36H), 0.80 (s, 3H), 0.04-008 (m, 24H). 

13C NMR (125 MHz, CDCl3): δ 174.5, 174.3, 117.7, 100.0, 99.7, 95.4, 85.9, 82.4, 82.4, 75.4, 

75.1, 73.6, 72.1, 70.0, 69.5, 69.4, 69.0, 68.5, 68.2, 55.4, 45.6, 41.5, 40.2, 39.8, 39.6, 36.3, 35.0, 

33.2, 32.6, 30.4, 30.1, 29.8, 29.7, 27.4, 26.7, 26.5, 26.0, 25.9, 25,8, 25.8, 23.5, 21.7, ,18.6, 18.2, 

18.1, 18.1, 18.1, 17.9, 8.9,  -3.5, -4.1, -4.2, -4.3, -4.6, -4.8, -5.5, -5.5 

HRMS (ESI-TOF) m/z: [M+NH4]
+ calcd for C65H120O14Si4NH4 1254.8099, found 1254.8099. 

IR(neat): 3399, 2929, 2887, 2856, 1741 cm-1. 

 

(5R,10S,13R,14S,16S)-3-(((2R,4S,6R)-5-(((2S,4S,6R)-5-(((2S,4S,5R,6R)-4,5-bis((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-4-((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-4-((tert-

butyldimethylsilyl)oxy)-6-methyltetrahydro-2H-pyran-2-yl)oxy)-14-hydroxy-10,13-

dimethyl-17-(5-oxo-2,5-dihydrofuran-3-yl)hexadecahydro-1H-cyclopenta[a]phenanthren-

16-yl acetate(23β:23α): 

Compound 23β:23α was synthesized as inseparable mixture from 18 (50 mg, 0.059 mmol) and 

22 (30.63 mg, 0.070 mmol) by following general procedure C (solvent used dry chloroform 
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instead of toluene). Yield: 52.80 mg (70%, 0.040 mmol, 23β:23α=1.0:0.5); Rf : 0.5 (30% 

EtOAc/hexane); Colorless gel. 

13C NMR for 23β:23α mixture 

13C NMR (125 MHz, CDCl3): δ 174.0, 170.4, 167.8, 167.8, 121.3, 99.9, 99.8, 99.6, 95.4, 94.6, 

84.3, 84.3, 82.4, 82.4, 82.3, 82.1, 75.6, 73.9, 72.2, 71.2, 70.8, 69.5, 69.4, 69.3, 68.9, 68.4, 68.2, 

68.1, 68.0, 62.0, 56.2, 56.1, 49.9, 41.8, 41.2, 41.1, 40.2, 39.8, 39.5, 39.4, 39.2, 37.9, 36.2, 35.7, 

35.5, 35.1, 35.0, 32.1, 31.9, 30.1, 30.0, 29.8, 29.7, 26.7, 26.4, 26.3, 26.0, 26.0, 25.9, 25.8, 24.2, 

23.6, 23.5, 21.0, 20.9, 20.8, 18.6, 18.3, 18.2, 18.1, 18.1, 18.0, 17.8, 17.5, 15.9, 15.9, -3.5, -4.1, -

4.2, -4.4, -4.6, -4.8, -5.1, -5.5, -5.5, -5.5,  

HRMS (ESI-TOF) m/z: [M+Na]+ calcd for C67H122O15Si4Na 1301.7758, found 1301.7761. 

IR(neat): 3498, 2928, 2891, 2855, 2361, 1741 cm-1. 
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