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ABSTRACT 

 

New Catalytic Reactions in Carbohydrate Chemistry 

Scott A. Geringer 

Doctor of Philosophy, University of Missouri – St. Louis  

Prof. Alexei V. Demchenko, Advisor 

 

Carbohydrates or sugars are some of the most diverse and abundant biological 

molecules. They are involved in a multitude of processes in the body such as fertilization, 

cell-cell communication, and cancer metathesis. Because of these vital functions, the 

study of sugars is rapidly growing field. The field however is limited due to the complex 

nature of sugars which results in difficulties in obtaining large quantities for study. 

Protecting group manipulation is a large emphasis area in carbohydrate chemistry 

due to the need to selectively protect different functional groups of each molecule during 

synthesis. Catalytic and selective cleavage of protecting groups is a growing area in the 

field of carbohydrates as current methods are time-consuming and require large excess of 

reagents. Picoloyl ester is becoming a common protecting group due to its ability to 

provide a powerful stereodirecting effect in glycosylation reaction. Chapter 2 details the 

development of a new catalytic approach to remove the picoloyl group in a highly 

chemoselective manner.  

Protecting group manipulation is only one part of carbohydrate synthesis. New 

catalytic methods for glycosylation, a fundamental reaction for connecting two sugar 
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units, are also needed. Chapter 3 describes our recent discovery that catalytic FeCl3 can 

efficiently activate glycosyl chloride to produce disaccharides in respectable yields in 30 

min – 16 h. Chapter 4 further elaborates upon the topic of chemical glycosylation. 

Described herein is the application of a cooperative Ag2O and triflic acid catalysis to 

glycosidation of glycosyl chlorides. Fast reaction times and nearly quantitative yields are 

the main traits of this method.  

Lastly, Chapter 5 combines findings described in the previous chapters into the 

development of a new superior platform for oligosaccharide synthesis. Currently used 

strategies for oligosaccharide synthesis are time consuming, inefficient, and may lead to 

low yields of oligosaccharides. By combining the catalytic picoloyl group cleavage and 

activation of glycosyl chlorides using FeCl3 we developed a reverse orthogonal synthetic 

strategy which combined protecting group cleavage and activation of glycosyl donors in 

one step. We then showcased how efficiently this concept works for the rapid assembly 

of oligosaccharide sequences. 
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1.1. Introduction 

The development of stereoselective glycosylation methods and efficient strategies 

for the synthesis of complex carbohydrates is critical for the field of glycosciences. 

Significant improvements of the disaccharide synthesis have emerged with the 

introduction of various glycosylation methods. While certain methods allow solving 

particular challenges associated with stereoselective glycosylation, no method can do it 

all.  

Scheme 1.1. General glycosylation reaction representation 

 

For the synthesis of disaccharides, monosaccharide building blocks are coupled 

together by means of the glycosylation reaction, arguably the most important and 

challenging reaction in carbohydrate chemistry.1 Typical chemical glycosylation involves 

the nucleophilic displacement of the leaving group (LG) on the glycosyl donor with the 

hydroxyl moiety of the glycosyl acceptor (Scheme 1.1). The remaining hydroxyls (or 

other functional moieties) of both units are temporarily masked with protecting groups. 

There are many complexities to consider when depicting the mechanism of the 

glycosylation reaction,2,3 and often a clear delineation between SN1 and SN2 nucleophilic 

substitution reactions is obscured.4   

Various factors such as temperature, pressure, structure, conformation, solvent, 
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promoter, steric hindrance, or leaving group can affect the stereoselectivity of 

glycosylation.5 Some of these factors influence the stereoselectivity dramatically, others 

only to certain extent. Undoubtedly, the leaving group is one of the major players in this 

respect. As a result, a number of glycosyl donors have been developed.6,7 However, even 

the most commonly used halides, O-trichloroacetimidates, or alkyl/aryl thioglycosides 

have their limitations. First introduced in glycosylation, glycosyl halides remain 

prominent glycosyl donors, and recent advances are expected to provide further 

enhancement of their utility in synthesis.  

This Chapter summarizes recent advances made in the area of the disaccharide 

and oligosaccharide synthesis using glycosyl halides as donors. In particular, we will 

focus our discussion on glycosyl chlorides as the most pertinent compounds to the topic 

of this dissertation, and glycosyl iodides as the least explored glycosyl donors of this 

class. A brief overview of fluorides and bromides commonly used in synthesis will also 

be presented. 

1.2. Overview of Common Glycosyl Halides (Bromides and Fluorides) 

The classic Koenigs–Knorr methodology for glycoside synthesis implies the use 

of glycosyl bromides (and chlorides) as glycosyl donors.8-10 Traditional approach makes 

use of insoluble silver oxide or silver carbonate as acid scavengers. The Helferich 

modification involves the use of mercury salts as relatively active yet toxic promoters.11 

Although nowadays, these classic approaches are mainly used the synthesis of simple 

glycosides, a number of successful applications for the di- and higher saccharide 

synthesis is available.12 More reactive activators have been introduced over the years, 

among these a partially soluble silver triflate is most commonly used in a combination 
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with a base for synthesis.13,14 The in-situ anomerization procedure, so called “halide ion 

catalyzed glycosidation reactions” by Lemieux and co-workers has been successfully 

applied to the synthesis of 1,2-cis-glycosides from reactive glycosyl bromides.15 

Bromides obtained from thioglycosides with Br2 in situ have been also used in a variety 

of applications.16 Activations of glycosyl halides in the presence of a Lewis acid or other 

promoters are also known.6 

Glycosyl fluorides were introduced by Mukaiyama who demonstrated that an α-

glucosyl fluoride could be activated in the presence of SnCl2 and AgClO4 to afford 

glycosides with excellent yields.17 This glycosylation approach has become very popular 

due to advantageous features of fluorides as glycosyl donors discovered: accessibility, 

greater stability over their bromide and chloride counterparts, unique activation 

conditions, in versatility in oligosaccharide synthesis.18,19 Among the most effective 

application of glycosyl fluorides is Nicolaou’s two-stage activation procedure,20 and the 

orthogonal glycosylation strategy developed by Ogawa and co-workers.21 Glycosyl 

fluorides can be activated in the presence of a number of other activating systems; 

overall, these potent glycosyl donors are widely used for the introduction of various 

glycosidic linkages.22 Amongst these is a simple and efficient activation with TfOH, a 

method that offers further experimental advantages.23 

1.3. Glycosyl Chlorides 

For the first time glycosyl chlorides were synthesized from free glucose by the 

treatment with acetyl chloride (AcCl) by Colley.24,25 Expanding on the early work by 

Colley, others have also used AcCl for the synthesis of glycosyl chlorides of other sugar 

series.26,27 Subsequently, more general methods have been developed for the synthesis of 
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glycosyl chlorides. Most commonly, glycosyl chlorides are prepared from two anomeric 

groups, either an ester protecting group such as acetate or hemiacetal (Scheme 1.2). 

Selected reagents suitable for converting anomeric esters into glycosyl chlorides include 

TiCl4,
28 SOCl2,

29 and PCl5.
30 Representative reagents used in the synthesis of chlorides 

from hemiacetals include CHCl2OMe,31,32 SOCl2,
33 oxalyl chloride,34-36 n-BuLi and 

ClPO(OPh)2,
37 chloroenamine,38 and triphosgene.39 Evidently, many if not all of these 

reactions use harsh and/or toxic reagents.  

Scheme 1.2.  Synthesis of glycosyl chlorides using ethers and hemiacetals 

 

 

 1.3.1. Recent Advances in the Synthesis of Glycosyl Chlorides 

Finding new methods to avoid some of these harsh conditions, toxicity, and heavy 

metals has been a vibrant area of study in recent years.  In 2017, Iadonisi40 developed a 

solvent-free method for the synthesis of a variety of glycosyl chlorides (Scheme 1.3a). 

Using triphenyl phosphine and hexachloroacetone at 70 °C, this method produced the 

corresponding glycosyl chloride 1.2 in 45 minutes in moderate to high yields from the 

hemiacetal derivative 1.1. These conditions were applied to many sugar series including 

mannose, galactose, and fucose giving high yields (80%+) in most cases. These 

conditions did perform poorly with some nitrogen-containing sugars such as glucosamine 

only giving a yield of 44%. 

Huy and Filbrich41 have recently developed a method for the synthesis of glycosyl 

chlorides from the corresponding hemiacetal derivatives using as little as 34 mol % of 
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trichlorotriazine (TCT) as a source of stoichiometric chlorine. Thus, reaction of 

hemiacetal 1.1 with TCT in the presence of 10-20 mol % of N-formylpyrrolidine (FPyr) 

at 40 °C produced glycosyl chloride 1.2 in 90% yield (Scheme 1.3b). These conditions 

were shown to work both with sugar substrates such as glucose and fructose and on 

aliphatic alcohols.  

Scheme 1.3.  New methods for the synthesis of glycosyl chlorides 

 

In 2018, Judeh et al.42 introduced chlorinating agent 2-chloro-1,3-

dimethylimidazolinum chloride (DMC) that was applied to the synthesis of glycosyl 

chlorides. Using stoichiometric DMC in the presence of triethylamine converted 

hemiacetal 1.1 into the corresponding glycosyl halide 1.2 in 15-30 min in 89% yield 

(Scheme 1.3c). This reaction worked very well for a variety of sugars (glucose, mannose, 

galactose) giving 80-95% yield in most cases. The developed conditions were found to be 

compatible with many commonly used protecting groups such as acetates, silyl ethers, 
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and acetals.  

McGarrigle et al.43 found that catalytic Appel conditions using 5 mol % Ph3PO 

and 1.5 equiv (COCl)2 are also capable of chlorinating hemiacetals (Scheme 1.3d). Using 

these conditions, chloride 1.2 can be synthesized from hemiacetal 1.1 in 93% yield. 

While this protocol worked well for glucose, most other sugars such as mannose, 

galactose, and 2-deoxyglucose gave lower yields between 67-79%. Glucosamine and 

galactosamine derivatives performed the worst giving mixtures of products. 

One major disadvantage with the synthesis of glycosyl chlorides is the 

requirement to go through intermediacy of an anomeric ester group or hemiacetal 

derivative. Most carbohydrate syntheses today involve thioglycosides. Thioglycosides 

have many advantages such as being stable allowing for protecting group manipulations 

and can be stored for long periods of time. Conversion from thioglycosides to glycosyl 

chlorides previously involved a two-step protocol with the first step being hydrolysis of 

the anomeric thioglycoside to the hemiacetal. The first direct conversion of 

thioglycosides to glycosyl chlorides was reported by Sugiyama and Diakur in 2000.44 

This was affected by the reaction of 4-chlorophenylthio derivative 1.3 with oxalyl 

chloride in dichloromethane. The reaction was found to proceed through intermediacy of 

a glycosyl halosulfonium salt (Scheme 1.4a). The latter is unstable and it quickly 

heterolyzes into the corresponding glycosyl chloride 1.4. The resulting glycosyl chlorides 

could then be isolated in high yields (90%+) or subsequent glycosylations could be 

carried out directly, using crude chlorides. While this protocol reduces the need to 

conduct the two-step protocol, it still uses harsh reaction conditions. The scope of the 

reaction is currently limited to the use of 4-chlorophenylthio glycosides as starting 



Scott Geringer | UMSL 2020 | Page  8 

 

 

materials.  

In 2013, Verma and Wang45 used stoichiometric p-TolSCl in the presence of 

catalytic AgOTf to convert 2-deoxy thioglycoside 1.5 containing the p-tolylthio (STol) 

leaving group into the corresponding chloride 1.6 (Scheme 1.4b). These reaction 

conditions removed the need for oxalyl chloride resulting in much milder reaction 

conditions. Following the conversion, the corresponding chloride could be used for 

oligosaccharide assembly without further purification. 

Scheme 1.4.  Direct synthesis of glycosyl chlorides from thioglycosides 

 

 

 1.3.2. Activation of Glycosyl Chlorides in Glycosylation 

Michael46 in 1879 was the first to perform a glycosylation with glycosyl 

chlorides. Peracetylated glucosyl chloride was reacted with potassium phenoxide giving 

phenyl glucoside as the product. Then in 1901, the activation of glycosyl chlorides was 

performed by Koenigs-Knorr.8 These reactions used insoluble silver(I) salts such as silver 

oxide or silver carbonate which were thought to act as an acid scavenger. Little was done 

to improve the activation of chlorides until 1949 when Helferich11 introduced mercury 

salts as active promoters. While these methods can be used to synthesize 

oligosaccharides, mercury salts are very toxic and today are avoided.12,47 Nevertheless, 

both of these methods have found utility in the synthesis of a variety of simple 
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glycosides. Partially soluble silver(I) triflate is an even more reactive promoter. It has 

successfully been used for less reactive glycosyl donors such as sialic acid chlorides.13,14  

Scheme 1.5.  Glycosyl chloride activation using Schreiner’s catalyst 

 

 

 These classical methods were the state-of-the-art until recently, when new 

methods for the activation of glycosyl chlorides have emerged. The first new method was 

introduced by the Ye group in 2016.48 Using a variety of benzylated glycosyl chlorides, 

20 mol % of Schreiner’s catalyst, and 2.0 equiv K2SO3 in benzene at 80 °C the respective 

disaccharides were produced in high yields (80%+). At first, these reactions were rather 

slow, required 24 h to complete, and the stereoselectivity was poor. Thus, glycosylation 

between glycosyl chloride donor 1.2 and primary acceptor 1.7 gave disaccharide 1.8 in 

95% yield as an anomeric mixture (α/β = 1:1, Scheme 1.5). When the same reaction was 

carried out in the presence of 1.5 equiv of tris(2,4,6-trimethoxyphenyl)phosphine 

(TTMPP) as an additive, the anomeric stereoselectivity could be improved to a 

commendable α/β = 12.6:1. The improvement of stereoselectivity with TTMPP was seen 

throughout a series of glycosyl acceptors. Based on the NMR data, the authors theorized 

that TTMPP noncovalently interacted with the anomeric carbon from the β-face. This 
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interaction directed the acceptors to attack from the opposite face giving rise to α-

glycosides. 

 In 2019, McGarrigle43 applied the Appel conditions (vide supra) to the synthesis 

of glycosyl chlorides followed by their glycosidation in one pot. The treatment of 

hemiacetal 1.1 with Ph3PO and oxalyl chloride in dichloromethane produced glycosyl 

chloride 1.2. Then glycosyl acceptor 1.7 was added in situ along with 20 mol % 

Schreiner’s catalyst, 2.2 equiv K2CO3 and 20 mol % TTMPP (Ye’s conditions, Scheme 

1.5). This one-pot approach led to a decrease in yield of disaccharide 1.8 that was 

obtained in 71% yield (vs. 95% reported by Ye) with an anomeric ratio of α/β = 88:12.  

The Jacobsen group developed thiourea catalyst 1.949 which cooperatively 

activates both the glycosyl chloride donor and the glycosyl acceptor. The glycosyl 

chloride donor hydrogen bonds with the thiourea portion of catalyst 1.9, which enhances 

its leaving group ability. At the same time, the incoming nucleophile is also activated by 

the catalyst by Lewis basic interactions with the carbonyl oxygen of the amide of the 

catalyst. The combination of these two activations by the catalyst leads to an SN2-like 

displacement. These reactions were conducted in the presence of 5 mol % of 1.9, 2 equiv 

of isobutylene oxide (IBO), which acts as an electrophilic trap for the departing HCl, in 

o-dichlorobenzene. Reacting donor 1.2 with acceptor 1.10 using the conditions above, 

gave disaccharide 1.11 in 77% yield (α/β = 7:93, Scheme 1.6). Other sugars showed 

similar yields and selectivity. To prove that these glycosylations undergo an SN2-like 

displacement the authors also studied the glycosyl chloride configuration at the anomeric 

center. It was determined that an α-chloride leaving group gave primarily the β-linked 

product whereas a β-chloride gave a majority of the α-linked product. This trend was seen 



Scott Geringer | UMSL 2020 | Page  11 

 

 

throughout a series of glycosyl chlorides, showing that these reactions follow an SN2-like 

displacement of the leaving group, without the formation of an oxacarbenium ion 

intermediate. 

Scheme 1.6.  Glycosyl chloride activation using catalyst 1.9 

 

1.4. Glycosyl Iodides 

The first synthesis of glycosyl iodides was reported by Fischer, who synthesized 

2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl iodide by reaction of per-O-acetylated glucose 

with HI.50 Fischer also noted that the glycosyl iodide quickly reacted with methanol in 

the presence of silver carbonate to afford the methyl glycoside. The field did not have 

much growth until 1974 when Kronzer and Schuerch51 discovered that the glycosylation 

of benzylated glucosyl bromides could be promoted by the addition of sodium iodide. 

These glycosylation reactions were performed under metal-free conditions and presumed 

to occur through the intermediacy of glycosyl iodides.  

Shortly thereafter, Thiem and Meyer52 reported that glycosyl iodides could be 

synthesized from a variety of precursors such as anhydrosugars, methyl glycosides, and 

peracetylated hexoses using TMSI. This discovery allowed for the synthesis of many 
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glycosyl iodide donors that for the first time became readily available. However, only 

acetylated glycosyl iodides were sufficiently stable to be fully characterized. Benzylated 

iodides were deemed too unstable and had to be synthesized and used in subsequent 

glycosylations in situ.51 This was the case until Gervay et al. devised a technique to fully 

characterize benzylated glycosyl iodides by monitoring their formation in the presence of 

TMSI in CD2Cl2 at -100 °C in an NMR spectrometer (Scheme 1.7).53 The authors found 

that the anomeric peaks appeared as a doublet at either 6.68 ppm for α-glycosyl iodide 

1.13 or at 5.61 ppm for β-glycosyl iodide 1.14. The ratios of these products depended on 

the configuration of the anomeric acetate in the substrates, α-acetate 1.15 or β-acetate 

1.12. Regardless of the initial configuration the iodide displaced the acetates in an SN2-

like manner. Following the displacement, anomerization of the β-iodide rapidly occurs to 

the thermodynamically stable α-iodide (Scheme 1.7). 

Scheme 1.7.  Anomerization of glycosyl iodides 

 

 Following these first major mechanistic studies, glycosyl iodides found a much 

broader application in synthetic chemistry. This first started with C-glycosides showing 

that the reactions occur in an SN2 like manner with direct displacement of the glycosyl 

iodide with the nucleophilic acceptor. Using tetrabutylammonium cyanide (TBACN) in 

THF and the armed α-mannosyl iodide 1.16, the β-cyanoglycoside 1.17 could be obtained 

in a respectable yield (55%).54 This worked well with the armed mannose iodide, 

however when using armed glucosyl iodide 1.13, the major product was often E2 

elimination 1.18 with 32% of the β-cyanoglycoside 1.19 (Scheme 1.8). Switching to a 
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fully protected glucose with TMS ethers 1.20, however, allowed for the synthesis of the 

corresponding β-cyanoglucoside. This was accomplished using TBACN in toluene, 

followed by cleavage of the TMS groups with MeOH and subsequent acetylation using 

Ac2O in pyridine to give 1.21 in an overall yield of 67%. Similar C-glycoside formation 

was accomplished by using Grignard reagents in the synthesis of glycolipid BbGL2, as 

reported by Kulkarni and Gervay.55  

Scheme 1.8.  Synthesis of C-glycosides using glycosyl iodides 

 

O-Glycosides proved to be more difficult to synthesize however. When using 

small nucleophiles such as phenol with NaHMDS in THF, glycosyl iodide 1.13 can give 

phenol glycoside 1.22 in 61% yield (Scheme 1.9a). Other small nucleophiles such as 

sodium acetate or sodium tert-butoxide worked well giving complete β-stereoselectivity 

following direct displacement of the α-iodide.56,57 However, when attempting to perform 

more complicated oligosaccharide synthesis proved difficult. Synthesis of the 

disaccharide proved to be straightforward, however, converting the disaccharide into the 

second-generation glycosyl donor was troublesome. During displacement of the O-acetyl 

anomeric group into the iodide donor 1.23, cleavage of the interglycosidic bond has 
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occurred (Scheme 1.9b). This problem was solved by Lam and Gervay58 by a simple 

addition of an acetate (or other electron-withdrawing) group at the C-6 position of the 

glycosyl donor. This modification allowed for the synthesis of oligosaccharide 

derivatives using both solid phase and solution phase strategies using TBAI as a promoter 

system.59 Other promoter systems used for the synthesis of oligosaccharides include 

AgOTf,60 tetrabutylammonium bromide/Na2CO3,
61 AgNO3,

62 ZnI,63 and TBAI/DIPEA.64  

Scheme 1.9.  Synthesis of O-glycosides using glycosyl iodides 

 

Another method to help combat the interglycosidic bond cleavage employs fully 

trimethylsilyl protected substrates. Introduced by Gervay and co-workers,65 this approach 

allowed to achieve high yields in glycosidations of per-O-silylated galactosyl iodide. This 

approach was successfully applied to α-stereoselective synthesis of glycolipids, however 

some decline in yields was seen due to the formation of silylated acceptors as side 

products. The reaction wasn’t perfected until later when Gervay66 found that the 

formation of silylated side products can be suppressed by reducing the amount of TBAI 

to 1.5 equiv as opposed to 3.0 equiv used previously. Since this discovery, many research 

groups have used per-O-silylated sugars to synthesize a variety of natural products.67-69 

Glycosyl iodides have been used in a variety of ways that were comprehensively 
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discussed in previous reviews by Kulkarni,10 Lowary,70 and Gervay.71  

More recently, in 2016 Zhang72 expanded the scope of per-O-TMS glycosyl 

donors such as 1.24 and improved the outcome of the reaction by supplementing TBAI-

promoted glycosylations with triethylamine (Scheme 1.10). Under these conditions, 

glycosyl donor 1.24 was reacted with acceptor 1.25 to form disaccharide 1.26 in 63% 

yield over two steps after successive acetylation. These reactions worked well with a 

variety of sugar series such as glucosyl, galactosyl, and fucosyl donors.  

Scheme 1.10. O-glycosylation using per-O-silylated donors. 

 

Bennett73 used a glycosyl iodide generated in situ for the synthesis of α-

glycosides without directing groups in 2013. Starting from stable thioglycoside 1.27, the 

corresponding anomeric triflate was generated in the presence of Ph2SO, Tf2O, and 4Å 

molecular sieves in dichloromethane at -78 °C (Scheme 1.11). Following the generation 

of the triflate, 5 equiv of TBAI was added to produce the glycosyl iodide in situ. 1,4-

Dioxane was then added along with glycosyl acceptor 1.28 to improve α-stereoselectivity. 

As a result, disaccharide 1.29 was generated in 65% yield in high α-stereoselectivity ( 

= 23/1). This reaction sequence was reiterated with glycosyl acceptor 1.7 allowing for the 

synthesis of trisaccharide 1.30. However, a modest yield of 42% was observed due to the 

fact that a sterically bulky glycosyl donor was used at this stage.  

Glycosyl iodides were also used in α-stereoselective ribofuranosylation of 

alcohols.74 Ribofuranosyl iodide could be generated using TMSI from 1.31 (Scheme 
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1.12). Following the addition of i-Pr2NEt and triphenylphosphine oxide, which acts as an 

additive to improve α-stereoselectivity, and acceptor 1.7, ribofuranosylation would occur. 

Complete α-stereoselective reaction occurred with glycosyl acceptor 1.7 providing 

compound 1.32 in 77% yield. These conditions worked well for a variety of glycosyl 

acceptors ranging from primary aliphatic alcohols to hindered sugar alcohols with yields 

of 75% or higher. Ribosylation was also studied by Houston and Koreeda75 using iPrOH 

as the acceptor and I2 as a promoter in THF. This reaction gave the corresponding β-

riboside in high yields. The authors also found that ribosylations performed in the 

presence of acetone led to the formation of a 1,2-O-isopropylidene derivative instead. 

Scheme 1.11.  Iterative synthesis of trisaccharide 1.30 using glycosyl iodides 

 

The most recent advancement in the application of glycosyl iodides was reported 

by Park and Gervay.76 The authors achieved the first, promoter-free sialylations with 

sialyl iodides, which was applied to the synthesis of steryl β-sialosides. These 

glycosylations only worked with C-5 modified sialic acid donors, whereas traditional N-
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acetamido sialic acids underwent 2,3-elimination upon the attempt to obtain a sialyl 

iodide donor. 2,3-Dehydro derivatives along with other decomposition products were 

obtained instead.  

Scheme 1.12.  Ribofuranosylation using glycosyl iodides 

 

However, when 5-N-acetylacetamido precursor 1.33 was used instead of the 

previously investigate 5-acetamido derivative the corresponding α-iodide donor 1.34 was 

smoothly produced (Scheme 1.13). Sialylation could then be performed in a one-pot 

manner at room temperature. Sialylation of the primary glycosyl acceptor 1.35 gave 

disaccharide 1.36 in 66% yield with excellent α-stereoselectivity of α:β = 22:1. 

Cholesterol-based acceptors provided respectable yields ranging from 52 to 85% giving 

sialosides with complete β-stereoselectivity. 

Scheme 1.13.  Sialylations using sialic acid iodide 1.34 

 

 Applications of glycosyl iodides in synthesis span beyond their use as glycosyl 

donors. For instance, glycosyl iodides were used as precursors in the formation of 1,4-

anhydroseptanoses.77 Septanose 1.37 was reacted with TMSI to form septanosyl iodide 
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1.38 that readily rearranged to form 1,4-anhydroseptanose 1.39 in 30 min in 80% yield 

(Scheme 1.14). This rapid cyclization was occurring in septanoses derived from glucose, 

mannose, xylose, and galactose.  

Scheme 1.14. Using glycosyl iodides to form 1,4-anhydroseptanose 1.39 

 

1.5. Conclusions and Outlook 

Glycosyl halides are one of the most established and widely used building blocks 

in carbohydrate chemistry. In this section we focused mainly on glycosyl chlorides and 

iodides. First reported in 1870, glycosyl chlorides are traditionally synthesized from 

glycosyl esters or hemiacetals. Traditional methods for the synthesis of glycosyl chlorides 

often involved harsh reaction conditions and required excess of toxic reagents such as 

oxalyl chloride, thionyl chloride, or acetyl chloride. However, newer methods are slowly 

incorporating greener reagents such as triphenyl phosphine and hexachloroacetone or 

trichlorotriazine as well as using only stoichiometric amounts of chlorine.  

The requirement of using only glycosyl ester or hemiacetals has also proven to be 

a deterrent in the use of glycosyl chlorides. Most carbohydrate synthesis routes involve 

thioglycosides due to their ability to withstand most protecting group manipulations. 

Recent discoveries introduced new methods for the direct conversion of thioglycosides to 

glycosyl chlorides, although their scope at this stage is limited to only few examples. 

New general methods which would work with all mainstream thioglycosides and/or those 
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that use greener and milder reaction conditions are still needed.  

The activation of glycosyl chlorides has traditionally been performed using 

stoichiometric amounts of silver or mercury salts. Recent advances in the activation of 

glycosyl chlorides has dealt with moving away from these heavy metal salts to urea-

based catalysts. The Ye and the Jacobsen groups used different catalysts to perform high 

yielding glycosylations. Further improvements to glycosyl chloride activation are shown 

in the subsequent Chapters of this dissertation.  

Few major advances in the synthesis and application of glycosyl iodides have 

occurred over the last decade. Improvements in iterative synthesis using glycosyl iodides 

using in situ generation of glycosyl iodides has been shown to give respectable yields 

with high α-stereoselectivity. Glycosyl iodides have also been used in ribofuranosylation 

and sialylations in recent years. Lastly, septanosyl iodides have been shown to rapidly 

rearrange to form 1,4-anhydroseptanoses.  
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2.1 Introduction 

The chemical synthesis of glycans is a difficult task that typically involves 

manipulation of a variety of protecting groups to obtain selectively protected building 

blocks.1-4 However, protecting groups do more than protect: they are also known to 

control all types of selectivity: regio-, stereo-, and chemo-.5 Protecting groups may also 

have a powerful effect on the building block reactivity.6 During the synthesis of 

carbohydrates, protecting groups often need to be chemoselectively removed over other 

protecting and functional groups present in the molecule. Some reaction conditions used 

for chemoselective protecting group removal are harsh or rely on using toxic reagents. 

Others lead to only marginal chemoselectivity and hence require careful refinement of 

reaction conditions to avoid undesired removal of other protecting groups. Dedicated 

studies in this area led to the discovery of a few sets of orthogonal protecting group. 

Orthogonal combinations developed by Boons: levulinoyl (Lev), acetyl, 

fluorenylmethoxycarbonyl (Fmoc), tert-butyldiphenylsilyl (TBDPS);7 and Fmoc, 

naphthyl, Lev, and allyloxycarbonyl (Alloc);8 Schmidt: Fmoc, phenoxyacetyl, Lev, 

Alloc;9 Seeberger: naphthyl, Lev, Fmoc, 2-(azidomethyl)benzoyl;10-13 and others13-14 

offer excellent flexibility for selective liberation of particular hydroxyl groups. These 

strategies are commonly employed in glycan assembly using reactions in solution and on 

solid supports.15 Nevertheless, identifying other stable and selectively removable 

protecting groups that can be selectively removed under mild and/or unique reaction 

conditions is always a desirable direction of research in the field of polyfunctional 

compound synthesis and modification. In particular, new orthogonal protecting groups 
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that would easily fit into existing schemes and orthogonal combinations are of particular 

interest. 

Recently, our group16-25 and others26-36 have done extensive studies on the use of 

the picoloyl (Pico) protecting group. In particular, Pico group assisted H-bond-mediated 

aglycone delivery (HAD) glycosylation reaction provided high facial α- or β-

stereoselectivity that was always syn in respect to the Pico group. The stereoselectivity 

was only one advantage of using the Pico protecting group. The Pico group can be 

cleaved in traditional Zemplén conditions37 using sodium methoxide in methanol.23 It was 

also found that Pico could be selectively cleaved off in the presence of practically all 

other known protecting groups using zinc(II) acetate27 or copper(II) acetate.17-18, 20, 23 This 

reaction, however, is slow with reported times of 16 h, and typically requires 

stoichiometric amount of Cu(OAc)2 (1-1.3 equiv). Reported herein are new reaction 

conditions that allow for entirely chemoselective removal of Pico using catalytic (30 mol 

%) ferric chloride or Cu(OAc)2. The developed conditions are directly compatible with 

all other protecting groups used in all orthogonal combinations used for glycan synthesis. 

2.2 Results and discussion 

After preliminary screening of potential reagents, we discovered that iron(III) 

chloride provides a much faster removal of Pico under the same reaction conditions to 

those previously reported for Cu(OAc)2. We have purposefully chosen compounds 

equipped with Pico at the C-4 position that was particularly resistant towards removal in 

our previous study. Thus, deprotection of 4-Pico in a series of linear and branched 

glycans required excess Cu(OAc)2 and prolonged reaction time (16 h). Deprotection of 

thioglycoside 2.116 equipped with 4-Pico group with Cu(OAc)2 (1.3 equiv) in MeOH-
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CH2Cl2 (1/9, v/v) was more rapid, but still required 3 h to complete (Table 2.1, entry 1). 

As a result, the deprotected derivative 2.2 was obtained in 99% yield. Performing the 

reaction with FeCl3 (1.3 equiv) under similar reaction conditions afforded compound 2.2 

in 99% yield in 3.5 h (entry 2).  

Table 2.1.  Optimization of the Pico group removal under catalytic conditions 

 

Entry Catalyst, solvent, time Yield 

1 Cu(OAc)2 (130), MeOH/DCM (1/9), 3 h 99% 

2 FeCl3 (130), MeOH/DCM (1/9), 3.5 h  98% 

3 FeCl3 (30), MeOH/DCM (1/9), 48 h 75% 

4 FeCl3 (30), MeOH/DCM (1/1), 18 h 87% 

5 FeCl3 (30), MeOH/DCM (9/1), 5 h 91% 

6 FeCl3 (30), MeOH (neat), 5 h 89% 

7 FeCl3 (15), MeOH/DCM (9/1), 10 h 99% 

8 FeCl3 (5), MeOH/DCM (9/1), 28 h 92% 

9 Cu(OAc)2 (30), MeOH/DCM (9/1), 1.5 h 99% 

 

After recording these promising results, we endeavored to optimizing the reaction 

condition to determine whether substoichimetric amounts of metal salts would be 

sufficient for driving the Pico deprotection to completion. We first found that upon 

reducing the amount of FeCl3 to 30 mol %, the reaction still occurred. However, this 

reaction was significantly slower, and required 48 h to obtain compound 2.2 in 75% yield 

(entry 3). In the further attempt to refine the reaction conditions, we investigated the 

effect of the solvent. Increasing the amount of MeOH in respect to DCM gave us the 

desired outcome. Thus, deprotection in MeOH-CH2Cl2 (1/1) produced compound 2.2 in 

87% in 18 h (entry 4). Furthermore, deprotection in MeOH-CH2Cl2 (9/1) afforded 
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compound 2.2 in 91% yield in 5 h (entry 5). Using neat methanol showed no further 

improvement (entry 6). Reactions using even lower amounts of FeCl3, 15 and even 5 mol 

%, could still be driven to completion, but required longer reaction time, 10 and 28 h, 

respectively (entries 7 and 8). Nevertheless, compound 2.2 was obtained in excellent 

yields of 99% and 92%, respectively. We also wanted to see how well Cu(OAc)2 worked 

under these new reaction conditions. As depicted in entry 9, this reaction was even faster, 

and compound 2.2 was produced in 99% yield in only 1.5 h. 

From these optimizations, we carried out subsequent deprotection reactions using 

30 mol % of the catalyst in MeOH- CH2Cl2 (9/1). First, we wanted to investigate other 

regioisomers of 2.1 wherein Pico was present at C-2, C-3, and C-6 positions, compounds 

2.3, 2.5,24-25 and 2.7,16 respectively (Scheme 2.1). Interestingly, removing Pico from the 

C-2 position in 2.3 with FeCl3 was very sluggish, which resulted in a much longer and 

incomplete reaction giving compound 2.4 in only 71% yield after 3 days. In contrast, a 

similar reaction in the presence Cu(OAc)2 rapidly produced 2-OH derivative 2.4 in 91% 

yield in 2 h. Deprotection of 3-Pico in 2.5 with FeCl3 afforded 3-OH derivative 2.6 in 

91% yield with a similar reaction speed of 5 h when compared to 2.1. The removal of 6-

Pico in 2.7 was very rapid and efficient in the presence of either catalyst, and 6-OH 

derivative 2.8 was obtained in 99% in 10-20 min.  

Following the success of our preliminary trials, we moved on to investigating the 

compatibility of the developed reaction conditions with other temporary protecting 

groups. Removing the 6-Pico group in benzoylated thioglycoside 2.9 was rapid and 

chemoselective with either catalyst. The desired 6-OH derivative 2.10 was obtained in 

93-99% yield in 10-15 min (Scheme 2.1). This result demonstrates that Pico can be 
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chemoselectively removed in the presence of benzoyl groups.  Deprotection of the 3-Pico 

group in benzylidene-protected thiomannoside 2.1118 was also swift and efficient. 3-OH 

derivative 2.12 was rapidly produced (10-30 min) in the presence of either catalyst. The 

yields for the formation of 2.12 were also excellent (92-99%), which confirms 

compatibility of the acid-labile benzylidene acetal group with the developed reaction 

conditions. The removal of 4-Pico in glucosamine derivative 2.13 was also very efficient, 

and the resulting 4-OH derivative 2.14 was obtained in 99% yield in 1.5-4 h. This result 

indicates the efficiency of the developed method in application to aminosugars and 

compatibility of the phthlalimido group with these reaction conditions. 

The method also proved successful in chemoselective removal of the 4-Pico 

group in acetylated sialic acid derivative 2.15.32 4-OH sialoside 2.16 was rapidly 

produced in the presence of FeCl3 in 95% yield in 50 min. A similar reaction in the 

presence of copper(II) acetate was even faster (20 min), but this translated in a 

somewhat lower yield of compound 2.16 (73%). Deprotection of 6-Pico with FeCl3 in 

the differentially protected thioglycoside 2.1738 was very rapid (15 min) affording 6-

OH derivative 2.18 in 97% yield. This result indicated excellent compatibility with the 

Fmoc group that is commonly used as a selectively removable protecting group in 

iterative oligosaccharide synthesis. The removal of 4-Pico in compound 2.19 was 

somewhat slow with FeCl3, but the desired 4-OH derivative 2.20 was smoothly 

produced in an excellent yield (99%). This result ultimately confirms the compatibility 

of p-methoxybenzyl group with the developed reaction conditions. The 4-Pico group 

removal in 2.19 in the presence of copper(II) acetate was significantly faster (20 min), 

but the yield of product 2.20 was somewhat lower (85%).  
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Scheme 2.1.  Broadening the scope of the chemoselective Pico cleavage using 

Fe(III) or Cu(II) catalysts 

 

We also wanted to evaluate whether these reaction conditions are capable of 

concomitant removal of multiple Pico groups. When 4,6-di-O-Pico derivative 2.21 was 
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treated with 30 mol % of iron(III) chloride the desired diol 2.22 was produced in 99% 

yield. This reaction required 24 h to complete. As in a number of previous cases, 

deprotection in the presence of copper acetate was much faster (10 min) without affecting 

the efficiency: diol 2.22 was produced in 99% yield. Even tri-Pico compound 2.2323 

could be efficiently deprotected using only 30 mol % of either catalyst. As a result, triol 

2.24 was isolated in 83-91% yield in 15-45 min.   

Finally, we also investigated the removal of the Pico group from oligosaccharides. 

When 3’-Pico protected disaccharide 2.25 was treated with FeCl3 compound 2.26 was 

efficiently produced in 98% yield in 25 min. This result signified compatibility of the 

developed conditions with tert-butyldimethylsilyl (TBS), benzylidene, and phthalimido 

groups, all in one platform. Lacto-N-tetraose 2.27,39-40 a common core human milk 

tetrasaccharide, equipped with the 6’-Pico group could also be efficiently deprotected 

with FeCl3 to afford compound 2.28 in 99% in 2 h.  

Mechanistically, we hypothesize that when a picoloylated derivative A is used, 

iron(III) chloride (or copper acetate) coordinates between both the carbonyl oxygen and 

the nitrogen atoms of the Pico group as shown in Scheme 2.2 for intermediate B. This 

pulls electron density away from the carbonyl carbon allowing for a nucleophile to attack, 

in our case methanol, via tetrahedral intermediate C. The subsequent proton exchange 

leads to intermediate D, and the tetrahedral intermediate collapses to form the 

transesterification products, unprotected alcohol E and methyl picolinate. Iron(III) 

chloride is released and is available for the next catalytic cycle. To reinforce the viability 

of this reaction mechanism, we also investigated whether other positional isomers of the 

Pico group could be removed accordingly. For this purpose we obtained 3-niconoyl and 
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3-O-iso-niconoyl protected compounds 2.29 and 2.30, respectively (Scheme 2.2).24-25 No 

reprotection took place under the established reaction conditions even after 24 h. This 

outcome ultimately proves the complexation mode of metal salts that leads to swift 

deprotection of Pico groups.  

Scheme 2.2.  Proposed mechanism of picoloyl cleavage 

 

 

2.3 Conclusions  

We showed that the Pico group can be used as an effective temporary protecting 

group. In contrast to previous reports that employed stoichiometric reagents, this study 

demonstrated that the Pico group can be removed in a catalytic manner using 30 mol % 

of iron(III) chloride or copper(II) acetate. These conditions are also capable of 

chemoselective removal of even multiple Pico groups. Reactions performed with 

Cu(OAc)2 were generally faster, but on a number of occasions FeCl3-catalyzed reactions 
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provided better yields. The developed reaction conditions are directly compatible with all 

other protecting groups used in other orthogonal protection schemes. Hence, it is to be 

expected that the Pico group can enhance the arsenal of existing orthogonal group 

combinations used for glycan synthesis. 

2.4 Experimental 

2.4.1 General methods 

Column chromatography was performed on silica gel 60 (70-230 mesh), reactions were 

monitored by TLC on Kieselgel 60 F254. The compounds were detected by examination 

under UV light and by charring with 10% sulfuric acid in methanol. Solvents were 

removed under reduced pressure at <40 °C. Optical rotations were measured at ‘Jasco P-

2000’ polarimeter. Unless noted otherwise, 1H NMR spectra were recorded in CDCl3 at 

300, 13C NMR spectra were recorded in CDCl3 at 75 MHz. Accurate mass spectrometry 

determinations were performed using Agilent 6230 ESI TOF LCMS. 

2.4.2 Synthesis of picoloyl containing compounds 

General procedure for the Pico group introduction. 

Picolinic acid (2-3 equiv per OH), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC, 2-3 equiv per OH), and 4-dimethylaminopyridine (DMAP, 0.2-0.5 equiv per OH) 

were added to a solution of a starting material containing at least one OH group in 

CH2Cl2, and the resulting mixture was stirred under argon for 16 h at rt. After that, the 

reaction mixture was diluted with CH2Cl2 and washed with water (twice). The organic 

phase was separated, dried with magnesium sulfate, and concentrated under reduced 

pressure. The residue was purified by column chromatography on silica gel (ethyl acetate 
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- hexane gradient elution) to give the corresponding compound containing one or more 

Pico groups 

Ethyl 3,4,6-tri-O-benzyl-2-O-picoloyl-1-thio-β-D-glucopyranoside (2.3).  

The title compound was prepared from ethyl 3,4,6-tri-O-benzyl-1-thio-β-D-

glucopyranoside41 (2.4, 34.6 mg, 0.07 mmol) in CH2Cl2 (2.0 mL), picolinic acid (26.0 

mg, 0.21 mmol), EDC (40.3 mg, 0.21 mmol), and DMAP (4.3 mg, 0.03 mmol) in 

accordance with the general procedure as a white amorphous solid in 87% yield (36.3 

mg, 0.60 mmol). Analytical data for 2.3: Rf = 0.50 (ethyl acetate/toluene, 1/1, v/v); [α]D
23 

+22.3 (c = 1.0, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 8.77 (d, 1H, aromatic), 8.12 (d, 

1H, aromatic), 7.83 (m, 1H, aromatic), 7.48 (m, 1H, aromatic), 7.40–7.24 (m, 8H, 

aromatic), 7.24–7.15 (m, 2H, aromatic), 7.15–7.05 (m, 5H, aromatic), 5.38 (dd, J2,3 = 9.6 

Hz, 1H, H-2), 4.82 (d, 2J = 10.6, 1H, CHPh), 4.75 (m, 2J = 11.0 Hz, 2H, 2 x CHPh) 4.67 

(d, J1,2 = 9.6 Hz, 1H, H-1) 4.68–4.51 (m, 3H, 3 x CHPh), 3.97 (dd, J3,4 = 9.1 Hz, 1H, H-

3), 3.77 (dd, J4,5 = 9.6 Hz, 1H, H-4), 3.76 (m, 1H, H-6a), 3.75 (m, J6a,6b = 4.6 Hz, 1H, H-

6b), 3.57 (dd, J5,6a = J5,6b = 9.1 Hz, 1H, H-5), 2.85–2.62 (m, 2H, SCH2CH3), 1.24 (t, J = 

7.4 Hz, 3H, SCH2CH3) ppm; 13C NMR (75 MHz, CDCl3): δ 164.3, 150.0, 147.8, 138.3, 

138.1, 138.0, 137.2, 128.6 (x 2), 128.4, 128.3, 128.1, 127.9, 127.8, 127.7, 127.2, 126.0, 

84.4, 83.4, 79.6 (x2), 78.1 (x2), 75.6 (x2), 75.3 (x2), 73.6 (x2), 73.4 (x2), 69.0 (x2), 24.1, 

15.1 ppm; HRMS [M+Na]+ calcd for C35H37NO6SNa 622.2236 found 622.2244. 

Ethyl 2,3,4-tri-O-benzoyl-6-O-picoloyl-1-thio-β-D-glucopyranoside (2.9). 

The title compound was prepared from ethyl 2,3,4-tri-O-benzoyl-1-thio-β-D-

glucopyranoside42 (2.10, 4.65 g, 8.66 mmol) in CH2Cl2 (100 mL), picolinic acid (2.15 g, 

17.32 mmol), EDC (3.32 g, 17.32 mmol), and DMAP (0.21 g, 1.73 mmol) in accordance 
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with the general procedure as a white amorphous solid in 99% yield (5.56 g, 8.65 mmol). 

Analytical data for 2.9: Rf = 0.30 (ethyl acetate/ hexane, 1/1, v/v); [α]D
24 +16.2 (c = 1.0, 

CHCl3); 
1H NMR (300 MHz, CDCl3): δ 8.71 (m, 1H, aromatic), 8.10 (m, 1H, aromatic), 

8.00–7.92 (m, 2H, aromatic), 7.92–7.85 (m, 2H, aromatic), 7.85–7.76 (m, 3H, aromatic), 

7.55–7.23 (m, 10H, aromatic), 5.93 (dd, J3,4 = 9.5 Hz, 1H, H-3), 5.66 (dd, J4,5 = 9.8 Hz, 

1H, H-4), 5.58 (dd, J2,3 = 9.7 Hz, 1H, H-2), 4.87 (dd, J1,2 = 10.0 Hz, 1H, H-1), 4.68 (dd, 

1H, H-6a), 4.62 (dd, J6a,6b = 12.2 Hz, 1H, H-6b), 4.27 (dd, J5,6a = 3.4 Hz, J5,6b = 5.5 Hz, 

1H, H-5), 2.86–2.65 (m, 2H, SCH2CH3), 1.23 (t, J = 7.4 Hz, 3H, SCH2CH3) ppm; 13C 

NMR (75 MHz, CDCl3): δ 165.9, 165.4 (x2), 164.7, 150.2, 147.6, 137.2, 133.7, 133.5 

(x2), 130.1 (x2), 130.0 (x2), 129.9 (x2), 129.2, 128.9, 128.8, 128.6 (x4), 128.5 (x2), 

127.2, 125.5, 84.1, 76.2, 74.2, 70.7, 69.9, 64.4, 24.6, 15.1 ppm; HRMS [M+Na]+ calcd 

for C35H31NO9SNa 664.1617 found 664.1626. 

Ethyl 3,6-di-O-benzyl-2-deoxy-4-O-picoloyl-2-phthalimido-1-thio-β-D-

glucopyranoside (2.13) 

The title compound was prepared from ethyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-

thio-β-D-glucopyranoside43 (2.14, 1.20 g, 1.88 mmol) in CH2Cl2 (50 mL), picolinic acid 

(0.46 g, 3.76 mmol), EDC (0.58 g, 3.76 mmol), and DMAP (0.045 g, 0.37 mmol) in 

accordance with the general procedure as a white amorphous solid in 85% yield (0.86 g, 

1.62 mmol). Analytical data for 2.13: Rf = 0.2 (ethyl acetate/hexane, 1/1, v/v); [α]D
24 

+59.4 (c = 1.0, CHCl3);
 1H NMR (300 MHz, CDCl3): δ 8.77 (d, 1H, aromatic), 8.08 (d, 

1H, aromatic), 7.88–7.76 (m, 2H, aromatic), 7.74–7.62 (m, 3H, aromatic), 7.53–7.45 (m, 

1H, aromatic), 7.29–7.12 (m, 6H, aromatic), 6.93 (m, 2H, aromatic), 6.85–6.74 (m, 3H, 

aromatic), 5.52 (dd, 1H, H-4), 5.35 (d, J1,2 = 10.6 Hz, 1H, H-1), 4.74 (dd, 1H, H-3), 4.57 
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(d, 2J = 12.1 Hz, 1H, CHPh), 4.51 (s, 2H, CH2Ph), 4.45–4.33 (m, 2H, H-2, CHPh), 4.06 

(m, J5,6a = J5,6b = 4.4 Hz, 1H, H-5), 3.71 (dd, 2H, H-6a, 6b), 2.68 (m, 2H, SCH2CH3), 1.19 

(t, J = 7.4 Hz, 3H, SCH2CH3) ppm; 13C NMR (75 MHz, CDCl3): δ 168.1, 167.5, 164.3, 

150.1, 147.6, 138.0, 137.7, 137.2, 134.1, 134.0, 131.7, 128.3 (x2), 128.1 (x4), 127.8 (x2), 

127.6, 127.5, 127.3, 125.8, 123.7, 123.5, 81.3, 77.9, 77.6, 74.4, 74.1, 73.6, 69.8, 54.9, 

24.2, 15.1 ppm; HRMS [M+Na]+ calcd for C36H34N2O7SNa 661.1984 found 661.1993 

Ethyl 2,3-di-O-benzyl-4-O-p-methoxybenzyl-6-O-picoloyl-1-thio-β-D-

glucopyranoside (2.19). 

NaH (60% in mineral oil, 703.4 mg 17.60 mmol) was added portionwise to a solution of 

ethyl 4,6-O-p-methoxybenzylidene-1-thio-β-D-glucopyranoside44 (2.31, 3.0 g, 8.79 

mmol) in dimethylformamide (25 mL), and the resulting mixture was cooled to 0 °C.  

Benzyl bromide (4.5 g, 26.37 mmol) was added dropwise, a second batch of NaH (60% 

in mineral oil, 703.4 mg, 17.60 mmol) was then added portionwise, and the resulting 

mixture was stirred under argon for 5 h. After that, the reaction mixture was poured into 

ice water (50 mL) and stirred for 30 min. The equeoud phase was extracted with ethyl 

acetate/ diethyl ether (1/1, v/v, 3 x 75 mL). The combined organic extract (~225 mL) was 

washed with cold water (3 x 30 mL). The organic phase was separated, dried with 

magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was 

purified by column chromatography on silica gel (ethyl acetate – hexane gradient elution) 

to give ethyl 2,3-di-O-benzyl-4,6-O-p-methoxybenzylidene-1-thio-β-D-glucopyranoside 

2.32 in 96% yield (4.42 g, 8.46 mmol). Selected analytical data for 2.32: Rf = 0.65 (ethyl 

acetate/hexane, 2/3, v/v); 1H NMR (300 MHz, CDCl3): δ 7.47 – 7.18 (m, 12H, aromatic), 

6.95 – 6.85 (m, 2H, aromatic), 5.54 (s, 1H, CHPh), 4.85 (dd, 2J = 11.3 Hz, 2H, CH2Ph), 
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4.84 (dd, 2J = 10.2 Hz, 2H, CH2Ph), 4.56 (d, J1,2 = 9.8 Hz, 1H, H-1), 4.33 (dd, J3,4 = 10.4, 

1H, H-3), 3.81 (s, 3H, OCH3), 3.80 – 3.64 (m, 3H, H-4, 6a, 6b), 3.50-3.39 (m, 2H, H-2, 

5), 2.76 (m, 2H, SCH2CH3), 1.32 (t, J = 7.4 Hz, 3H, SCH2CH3) ppm. 

 

A mixture containing compound 2.32 (4.42 g, 8.46 mmol), molecular sieves (4Å, 3.0 g) 

in dimethylformamide (20 mL) was stirred under argon for 1 h at rt. The resulting 

mixture was cooled to 0 °C, sodium cyanoborohydride (2.66 g, 42.3 mmol) was added 

followed by slow dropwise addition of trifluoroacetic acid (9.65 g, 84.6 mmol), the 

reaction mixture was allowed to warm to ambient temperature and stirred for 16 h at rt. 

After that, the solids were filtered off through a pad of Celite and rinsed successively 

with DCM. The combined filtrate (~150 mL) was washed with sat. aq. NaHCO3 (3 x 40 

mL). The layers were separated, and the aqueous phase was extracted with 

dichloromethane (2 x 150 mL). The combined organic phase was dried with magnesium 

sulfate and concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (ethyl acetate - hexane gradient elution) to give ethyl 2,3-di-

O-benzyl-4-O-p-methoxybenzyl-1-thio-β-D-glucopyranoside 2.20 in 79% yield (3.51 g, 

6.68 mmol). Analytical data for 2.20: Rf = 0.45 (ethyl acetate/hexane, 3/2, v/v); [α]D
25 -

32.5 (c = 1.86, CHCl3);
 1H NMR (300 MHz, CDCl3): δ 7.50 – 7.19 (m, 12H, aromatic), 

6.87 (d, 2H, aromatic), 4.85 (dd, 2J = 9.4 Hz, 2H, CH2Ph), 4.83 (dd, 2J = 10.2 Hz, 2H, 

CH2Ph), 4.50 (s, 2H, CH2Ph), 4.48 (d, J1,2 = 9.7 Hz, 1H, H-1), 3.80 (s, 3H, OCH3), 3.71 

(d, 1H, H-6a), 3.70 (d, 1H, H-6b), 3.62 (dd, J4,5 = 9.1 Hz, 1H, H-4), 3.51 (dd, J3,4 = 8.6 

Hz, 1H, H-3), 3.44 (dd, J5,6a = J5,6b = 4.8 Hz, 1H, H-5), 3.40 (dd, J2,3 = 9.0 Hz, 1H, H-2), 

2.87 – 2.62 (m, 2H, SCH2CH3), 1.32 (t, J = 7.4 Hz, 3H, SCH2CH3) ppm; 13C NMR (75 
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MHz, CDCl3): δ 159.5, 138.7, 138.1, 130.0, 129.6, 128.8, 128.6 (x2), 128.2, 128.1 (x2), 

114.0, 86.2, 85.3, 81.4, 77.9, 75.7, 75.6, 73.5, 72.5, 70.6, 55.5, 25.3, 15.4 ppm; HRMS 

[M+Na]+ calcd for C30H36O6SNa 547.2125 found 547.2131 

 

Compound 2.19 was prepared from 2.20 (1.48 g, 2.83 mmol) in CH2Cl2 (50 mL), 

picolinic acid (0.701 g, 5.65 mmol), EDC (1.08 g, 5.65 mmol), and DMAP (0.069 g, 0.57 

mmol) in accordance with the general procedure as a white amorphous solid in 97% yield 

(1.72 g, 2.74 mmol). Analytical data for 2.19: Rf = 0.55 (acetone/ hexane, 1/1, v/v); [α]D
24 

-27.6 (c = 1.0, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 8.78 – 8.69 (m, 1H, aromatic), 

7.98 (m, 1H, aromatic), 7.78 (m, 1H, aromatic), 7.46 (m, 1H, aromatic), 7.41 – 7.24 (m, 

5H, aromatic), 7.18 – 7.02 (m, 7H, aromatic), 6.77 – 6.66 (m, 2H, aromatic), 5.37 (dd, J4,5 

= 9.7 Hz, 1H, H-4), 4.84 (dd, 2J = 10.2 Hz, 2H, CH2Ph), 4.73 (dd, 2J = 11.2 Hz, 2H, 

CH2Ph), 4.55 (d, J1,2 = 9.8 Hz, 1H, H-1), 4.39 (dd, 2H, H-6a, 6b), 3.90 (dd, J3,4 = 9.1 Hz, 

1H, H-3), 3.82 (dd, 1H, H-5), 3.73 (s, 3H, OCH3), 3.60 (dd, 2J = 4.4 Hz, 2H, CH2Ph), 

3.56 (dd, J2,3 = 8.9 Hz, 1H, H-2), 2.89 – 2.69 (m, 2H, SCH2CH3), 1.34 (t, J = 7.4 Hz, 3H, 

SCH2CH3) ppm; 13C NMR (75 MHz, CDCl3): δ 164.3, 159.1, 145.0, 147.7, 138.1, 138.0, 

137.1, 130.1, 129.5 (x2), 128.6 (x4), 128.3 (x2), 128.1 (x3), 127.7, 127.1, 125.7, 113.7, 

85.3, 83.8, 81.8, 77.4, 75.8, 75.6, 73.3, 72.5, 69.5, 55.3 (x2), 25.2, 15.4 ppm; HRMS 

[M+Na]+ calcd for C36H39NO7SNa 652.2345 found 652.2347 

Ethyl 2,3-di-O-benzyl-4,6-di-O-picoloyl-1-thio-β-D-glucopyranoside (2.21). 

The title compound was prepared from ethyl 2,3-di-O-benzyl-1-thio-β-D-

glucopyranoside45 (2.22, 237.3 mg, 0.59 mmol) in CH2Cl2 (10 mL), picolinic acid (364.0 

mg, 2.90 mmol), EDC (555.93 mg, 2.90 mmol), and DMAP (36.07 mg, 0.30 mmol) in 
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accordance with the general procedure as a white amorphous solid in 86% yield (311.1 

mg, 0.51 mmol). Analytical data for 2.21: Rf = 0.30 (acetone/hexane, 1/3, v/v); [α]D
24 -

6.40 (c = 1.0, CHCl3); 
1H NMR (300 MHz, CDCl3): δ 8.77 – 8.64 (m, 2H, aromatic), 

8.15 – 8.06 (m, 1H, aromatic), 8.06 – 7.98 (m, 1H, aromatic), 7.86 – 7.74 (m, 2H, 

aromatic), 7.52 – 7.29 (m, 7H, aromatic), 7.08 (s, 5H, aromatic), 5.52 (dd, J4,5 = 9.8 Hz, 

1H, H-4), 4.85 (dd, 2J = 10.2 Hz, 2H, CH2Ph), 4.76 (dd, 2J = 11.2 Hz, 2H, CH2Ph),4.61 

(d, J1,2 = 9.8 Hz, 1H, H-1), 4.56 (d, 2H, H-6a, 6b), 4.06 (dd, J5,6a = 4.3 Hz, J5,6b = 4.4 Hz, 

1H, H-5), 3.97 (dd, J3,4 = 9.1 Hz, 1H, H-3), 3.61 (dd, J2,3 = 8.9 Hz, 1H, H-2), 2.89 – 2.65 

(m, 2H, SCH2CH3), 1.29 (t, J = 7.4 Hz, 3H, SCH2CH3) ppm; 13C NMR (75 MHz, 

CDCl3): δ 164.6, 164.3, 150.1, 150.0, 147.7, 147.4, 137.9, 137.8, 137.2, 137.1, 128.6 

(x3), 128.4 (x2), 128.2 (x2), 128.1 (x2), 127.8, 127.3, 127.1, 125.9, 125.6, 85.4, 83.7, 

81.7, 75.9, 75.8, 75.5, 71.9, 64.3, 25.2, 15.3 ppm; HRMS [M+Na]+ calcd for 

C34H34N2O7SNa 637.1984 found 637.1988 

Ethyl 2-O-benzyl-3,4,6-tri-O-picoloyl-1-thio-α-D-mannopyranoside (2.23). 

p-Toluenesulfonic acid (3.1 mg, 0.016 mmol) and ethanethiol (12.3 mg, 0.198 mmol) 

were added to a solution of ethyl 2-O-benzyl-4,6-O-benzylidene-3-picoloyl-1-thio-α-D-

mannopyranoside18 (2.31, 16.6 mg, 0.033 mmol) in DCM (0.5 mL), and the resulting 

solution was stirred under argon for 2 h at rt. The reaction mixture was then neutralized 

with triethylamine, the volatiles were removed under reduced pressure, and the residue 

containing ethyl 2-O-benzyl-1-thio-α-D-mannopyranoside(2.33) was dried in vacuo for 2 

h. The title compound was then obtained from crude 2.33 (0.033 mmol) in 

dichloromethane (0.5 mL), picolinic acid (24.6 mg, 0.198 mmol), EDC (38.0 mg, 0.198 

mmol), and DMAP (0.81 mg, 0.007 mmol) in accordance with the general procedure as a 
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white amorphous solid in 86% yield (17.7 mg, 0.028 mmol). Analytical data for 2.23: Rf 

= 0.4 (acetone/toluene, 1/1, v/v); [α]D
21 +52.5 (c = 2.0, CHCl3); 

1H NMR (300 MHz, 

CDCl3): δ 8.70 (d, 3H, aromatic), 8.17 – 7.95 (m, 3H, aromatic), 7.84 – 7.66 (m, 3H, 

aromatic), 7.51 – 7.38 (m, 3H, aromatic), 7.38 – 7.25 (m, 2H, aromatic), 7.25 – 7.10 (m, 

3H, aromatic), 6.17 (dd, J4,5 = 10.0 Hz, 1H, H-4), 5.70 (dd, J3,4 = 10.0 Hz, 1H, H-3), 5.51 

(dd, 1H, H-1), 4.87 (dd, 1H, H-5), 4.68 (dd, 2J = 12.0 Hz, 2H, CH2Ph), 4.67-4.64 (m, 2H, 

H-6a, 6b), 4.27 (dd, J2,3 = 1.5 Hz, 1H, H-2), 2.84 – 2.47 (m, 2H, SCH2CH3), 1.29 (t, J = 

7.4 Hz, 3H, SCH2CH3) ppm; 13C NMR (75 MHz, CDCl3): δ 164.5, 164.0, 163.7, 150.2, 

150.1 (x2), 147.6, 147.1, 147.0, 137.5, 137.2 (x2), 137.1, 128.4 (x2), 127.9 (x3), 127.3, 

127.1, 126.9, 125.7, 125.6, 125.4, 82.0, 77.1, 73.1, 72.8, 68.8, 68.3, 64.0, 25.4, 14.9 ppm; 

HRMS [M+Na]+ calcd for C33H31N3O8SNa 652.1724 found 652.1738 

2.4.3 Selective deprotection of the Pico group 

General procedure for Pico removal. 

Iron(III) chloride (0.017 mmol) or copper(II) acetate (0.017 mmol) was added to a 

solution of a Pico derivative (0.051 mmol) in MeOH-DCM (1.0 mL, 1.0/1, v/v), and the 

resulting mixture was stirred under argon at rt. Upon completion (see the reaction time 

listed in Scheme 2.1), the volatiles were removed under reduced pressure. The residue 

was diluted with DCM (~5 mL) and washed with sat. aq. NaHCO3 (5 mL) and water (2 x 

5 mL). The organic phase was separated, dried using magnesium sulfate, filtered and 

concentrated under reduced pressure. The residue was purified by column 

chromatography on silica gel (ethyl acetate – hexane gradient elution) to give the 

corresponding deprotected derivative in yields listed in Scheme 2.1. 
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Ethyl 2,4,6-tri-O-benzyl-1-thio--D-glucopyranoside (2.2). 

The title compound was obtained from ethyl 2,3,6-tri-O-benzyl-4-O-picoloyl-1-thio-β-D-

glucopyranoside16 (2.1, 29.1 mg, 0.052 mmol) and iron(III) chloride (2.5 mg, 0.016 

mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in accordance with the 

general procedure as a colorless syrup in 5 h in 91% yield (23.3 mg, 0.047 mmol). 

Alternatively, the title compound was obtained from thioglycoside 2.1 (29.6 mg, 0.049 

mmol) and copper(II) acetate (3.0 mg, 0.015 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 

in 1.5 h in 99% yield (24.8 mg, 0.048 mmol). Analytical data for 2.2 was in accordance 

with that reported previously.46 

Ethyl 3,4,6-tri-O-benzyl-1-thio--D-glucopyranoside (2.4). 

The title compound was obtained from 2.3 (29.0 mg, 0.048 mmol) and iron(III) chloride 

(2.4 mg, 0.015 mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in accordance 

with the general procedure as a colorless syrup in 48 h in 71% yield (17.0 mg, 0.034 

mmol). Alternatively, the title compound was obtained from thioglycoside 2.3 (33.1 mg, 

0.055 mmol) and copper(II) acetate (3.3 mg, 0.017 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 

in 2 h in 91% yield (15.2 mg, 0.03 mmol). Analytical data for 2.4 was in accordance with 

that reported previously.41 

Ethyl 2,4,6-tri-O-benzyl-1-thio--D-glucopyranoside (2.6). 

The title compound was obtained from ethyl 2,4,6-tri-O-benzyl-3-O-picoloyl-1-thio-β-D-

glucopyranoside24-25 (2.5, 9.5 mg, 0.017 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 
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in 91% yield (8.1 mg, 0.016 mmol). Analytical data for 2.6 was in accordance with that 

reported previously.47 

Ethyl 2,3,4-tri-O-benzyl-1-thio--D-glucopyranoside (2.8). 

The title compound was obtained from 2,3,4-tri-O-benzyl-6-O-picoloyl-1-thio-β-D-

glucopyranoside16 (2.7, 35.4 mg, 0.055 mmol) and iron(III) chloride (2.7 mg, 0.016 

mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in accordance with the 

general procedure as a colorless syrup in 20 min in 98% yield (28.8 mg, 0.054 mmol). 

Alternatively, the title compound was obtained from thioglycoside 2.7 (18.1 mg, 0.03 

mmol) and copper(II) acetate (1.8 mg, 0.009 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 

in 10 min in 99% yield (15.2 mg, 0.03 mmol).  Analytical data for 2.8 was in accordance 

with that reported previously.48 

Ethyl 2,3,4-tri-O-benzoyl-1-thio--D-glucopyranoside (2.10). 

The title compound was obtained from 2.9 (31.9 mg, 0.050 mmol) and iron(III) chloride 

(2.4 mg, 0.015 mmol) in methanol (0.9 mL) and dichloromethane (0.10 mL) in 

accordance with the general procedure as a colorless syrup in 15 min in 96% yield (25.7 

mg, 0.0048 mmol). Alternatively, the title compound was obtained from thioglycoside 

2.9 (32.3 mg, 0.050 mmol) and copper(II) acetate (3.0 mg, 0.015 mmol) in methanol (0.9 

mL) and dichloromethane (0.10 mL) in accordance with the general procedure as a 

colorless syrup in 10 min in 93% yield (25.1 mg, 0.047 mmol). Analytical data for 2.10 

was essentially the same as reported previously.42 
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Ethyl 2-O-benzyl-4,6-O-benzylidene-1-thio-α-D-mannopyranoside (2.12). 

The title compound was obtained from ethyl 2-O-benzyl-4,6-O-benzylidene-3-O-

picoloyl-1-thio-α-D-mannopyranoside18 (2.11, 31.7 mg, 0.062 mmol) and iron(III) 

chloride (3.0 mg, 0.019 mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in 

accordance with the general procedure as a colorless syrup in 30 min in 88% yield (22.2 

mg, 0.055 mmol). Alternatively, the title compound was obtained from 2.11 (14.6 mg, 

0.029 mmol) and copper(II) acetate (1.8 mg, 0.0087 mmol) in methanol (0.45 mL) and 

dichloromethane (0.05 mL) in accordance with the general procedure as a colorless syrup 

in 10 min in 93% yield (25.1 mg, 0.047 mmol). Analytical data for 2.12 was essentially 

the same as reported previously.49 

Ethyl 3,6-di-O-benzyl-2-deoxy-2-phthalimido-1-thio-β-D-glucopyranoside (2.14). 

The title compound was obtained from 2.13 (29.9 mg, 0.047 mmol) and iron(III) chloride 

(2.3 mg, 0.014 mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in accordance 

with the general procedure as a colorless syrup in 5 h in 99% yield (25.2 mg, 0.047 

mmol). Alternatively, the title compound was obtained from thioglycoside 2.13 (36.4 mg, 

0.057 mmol) and Copper(II) acetate (1.8 mg, 0.017 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 

in 1.5 h in 99% yield (30.0 mg, 0.056 mmol). Analytical data for 2.14 was essentially the 

same as reported previously.43 

Methyl (phenyl 5-acetamido-7,8,9-tri-O-acetyl-3,5-dideoxy-2-thio-D-glycero-α-D-

galacto-non-2-ulopyranosid)onate (2.16). 

The title compound was obtained from methyl (phenyl 5-acetamido-7,8,9-tri-O-acetyl-

3,5-dideoxy-4-O-picoloyl-2-thio-D-glycero-α-D-galacto-non-2-ulopyranosid)onate32 
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(2.15, 22.9 mg, 0.035 mmol) and iron(III) chloride (1.7 mg, 0.01 mmol) in methanol (0.9 

mL) and dichloromethane (0.1 mL) in accordance with the general procedure as a 

colorless syrup in 50 min in 95% yield (17.9 mg, 0.033 mmol). Alternatively, the title 

compound was obtained from thioglycoside 2.15 (26.8 mg, 0.041 mmol) and copper(II) 

acetate (2.5 mg, 0.012 mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in 

accordance with the general procedure as a colorless syrup in 20 min in 73% yield (16.2 

mg, 0.030 mmol). Analytical data for 2.16: Rf = 0.40 (methanol/ dichloromethane, 1/9, 

v/v); [α]D
25 +25.3 (c = 1.0, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 7.53 – 7.46 (m, 2H, 

aromatic), 7.43 – 7.29 (m, 3H, aromatic), 5.99 (d, J = 8.4 Hz, 1H, NH), 5.32 (dd, J7,8 = 

7.3 Hz, 1H, H-7), 5.27 (dt, J8,9a = 5.0 Hz, J8,9b = 2.4 Hz 1H, H-8), 4.39 (dd, J9a,9b = 12.6 

Hz, 1H, H-9a), 4.26 (dd, 1H, H-9b), 3.90 (dd, J6,7 = 10.4 Hz, 1H, H-6), 3.86 (s, 1H, 4-

OH), 3.64 (dd, J4,5 = 10.6, 1H, H-4), 3.57 (s, 3H, OCH3), 3.50 (dd, J5,6 = 8.5 Hz, 1H, H-

5), 2.89 (dd, J3eq,3ax = 13.0, J3eq,4 = 4.4 Hz, 1H, H-3eq), 2.15, 2.06, 2.03, 1.96 (4 s, 12H, 

NCOCH3, 3 x OCOCH3), 1.86 (dd, J3ax,4 =11.4 Hz, 1H, H-3ax) ppm; 13C NMR (75 MHz, 

CDCl3): δ 172.4 (x2), 170.9 (x2), 170.5 (x2), 170.3 (x2), 168.3 (x2), 136.5 (x3), 130.0, 

129.0 (x4), 88.0, 74.1, 70.1, 69.2, 68.1, 62.1, 52.8 (x3), 41.4, 29.5, 23.7, 21.2 (x2), 21.0 

(x3) ppm; HRMS [M+Na]+ calcd for C24H31NO11SNa 564.1510 found 564.1521. 

Ethyl 2-O-benzoyl-4-O-benzyl-3-O-(9-fluorenylmethoxycarbonyl)-1-thio--D-

galactopyranoside (2.18). 

The title compound was obtained from ethyl 2-O-benzoyl-4-O-benzyl-3-O-(9-

fluorenylmethoxycarbonyl)-6-O-picoloyl-1-thio--D-galactopyranoside38 (2.17, 31.2 mg, 

0.042 mmol) and iron(III) chloride (2.0 mg, 0.013 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 
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in 15 min in 91% yield (25.2 mg, 0.047 mmol). Analytical data for 2.18: Rf = 0.45 (ethyl 

acetate/hexane, 1/1, v/v); [α]D
25 +25.7 (c = 1.0, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 

8.05 (d, 2H, aromatic), 7.69 (dd, 2H, aromatic), 7.59 – 7.22 (m, 12H, aromatic), 7.19 – 

7.04 (m, 2H, aromatic), 5.76 (dd, J2,3 = 10.0 Hz, 1H, H-2), 5.07 (dd, J3,4 = 2.8 Hz, 1H, H-

3), 4.68 (dd, 2J = 11.6 Hz, 2H, CH2Ph), 4.60 (d, J1,2 = 9.9 Hz, 1H, H-1), 4.34 (dd, 1H, H-

6a), 4.24 (dd, J6a,6b = 10.3 Hz, 1H, H-6b),4.08 (dd, J5,6a = 7.9 Hz, J5,6b = 7.1 Hz, 1H, H-5), 

4.04 (dd, J4,5 = 5 Hz, 1H, H-4), 3.86 (dd, J = 11.1, 6.8 Hz, 1H, Fmoc), 3.67 (m, 1H, 

Fmoc), 3.56 (m, 1H, Fmoc), 2.88 – 2.60 (m, 2H, SCH2CH3), 1.23 (t, J = 7.3 Hz, 3H, 

SCH2CH3) ppm; 13C NMR (75 MHz, CDCl3): δ 165.5, 154.7, 143.4, 142.9, 141.4, 141.3, 

137.6, 133.5, 130.1 (x2), 129.6, 128.8 (x3), 128.7 (x3), 128.6 (x2), 128.4, 128.1 (x2), 

127.3 (x2), 125.4, 125.1, 120.2, 84.0, 79.3, 79.1, 75.0, 73.5, 70.4, 62.0, 46.6, 24.1, 15.0 

ppm; HRMS [M+Na]+ calcd for C37H36O8SNa 663.2029 found 663.2027 

Ethyl 2,3-di-O-benzyl-4-O-p-methoxybenyl-1-thio--D-glucopyranoside (2.20). 

The title compound was obtained from 2.19 (32.8 mg, 0.052 mmol) and iron(III) chloride 

(2.5 mg, 0.015 mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in accordance 

with the general procedure as a colorless syrup in 16 h in 99% yield (28.5 mg, 0.054 

mmol). Alternatively, the title compound was obtained from 2.19 (29.4 mg, 0.047 mmol) 

and copper(II) acetate (2.8 mg, 0.014 mmol) in methanol (0.9 mL) and dichloromethane 

(0.1 mL) in accordance with the general procedure as a colorless syrup in 15 min in 85% 

yield (20.8 mg, 0.040 mmol). 

Ethyl 2,3-di-O-benzyl-1-thio--D-glucopyranoside (2.22). 

The title compound was obtained from 2.21 (57.0 mg, 0.093 mmol) and iron(III) chloride 

(4.5 mg, 0.028 mmol) in methanol (1.8 mL) and dichloromethane (0.2 mL) in accordance 
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with the general procedure as a colorless syrup in 24 h in 99% yield (37.2 mg, 0.092 

mmol). Alternatively, the title compound was obtained from thioglycoside 2.21 (30.4 mg, 

0.049 mmol) and copper(II) acetate (3.0 mg, 0.015 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 

in 10 min in 99% yield (20.3 mg, 0.048 mmol). Analytical data for 2.20 was essentially 

the same as reported previously.45 

Ethyl 2-O-benzyl-1-thio-α-D-mannopyranoside (2.24). 

The title compound was obtained from 2.23 (36.5 mg, 0.058 mmol) and iron(III) chloride 

(2.8 mg, 0.017 mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in accordance 

with the general procedure as a colorless syrup in 45 min in 91% yield (16.6 mg, 0.052 

mmol). Alternatively, the title compound was obtained from 2.23 (37.3 mg, 0.059 mmol) 

and copper(II) acetate (3.6 mg, 0.018 mmol) in methanol (0.9 mL) and dichloromethane 

(0.1 mL) in accordance with the general procedure as a colorless syrup in 15 min in 83% 

yield (15.5 mg, 0.049 mmol). Analytical data for 2.24: Rf = 0.50 (acetone/toluene, 1/1, 

v/v); [α]D
21 +103.1 (c = 1.0, CHCl3); 1H NMR (300 MHz, MeOD): δ 7.49 – 7.22 (m, 5H, 

aromatic), 5.32 (s, 1H, H-1), 4.68 (dd, 2J = 11.9, 2H, CH2Ph), 3.97 – 3.60 (m, 6H, H-2, 3, 

4, 5, 6a, 6b), 2.76 – 2.48 (m, 2H, SCH2CH3), 1.23 (t, J = 7.4 Hz, 3H, SCH2CH3) ppm; 13C 

NMR (75 MHz, MeOD): δ 139.7 (x2), 129.5 (x2), 129.3, 128.9, 83.1, 81.5, 75.1, 73.8, 

73.3, 69.4, 62.9, 26.0, 15.4 ppm; HRMS [M+Na]+ calcd for C15H22O5SNa 337.1080 

found 337.1120. 
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tert-Butyldimethylsilyl O-(2-O-benzyl-4,6-O-benzylidene-β-D-mannopyranosyl)-

(1→4)-3,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-glucopyranoside (2.26). 

The title compound was obtained from tert-butyldimethylsilyl O-(2-O-benzyl-4,6-O-

benzylidene-3-O-picoloyl-β-D-mannopyranosyl)-(1→4)-3,6-di-O-benzyl-2-deoxy-2-

phthalimido-β-D-glucopyranoside23 (2.25, 29.0 mg, 0.028 mmol) and iron(III) chloride 

(1.3 mg, 0.083 mmol) in methanol (0.9 mL) and dichloromethane (0.1 mL) in accordance 

with the general procedure as a colorless syrup in 25 min in 91% yield (25.5 mg, 0.027 

mmol). Analytical data for 2.26 was essentially the same as reported previously.23 

Benzyl O-(2-O-benzoyl-3,4,6-tri-O-benzyl-β-D-galactopyranosyl)-(1→3)-O-(4,6-di-O-

benzyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl)-(1→3)-O-(2-O-benzoyl-4-O-

benzyl-β-D-galactopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-β-D-glucopyranoside (2.28). 

The title compound was obtained from benzyl O-(2-O-benzoyl-3,4,6-tri-O-benzyl-β-D-

galactopyranosyl)-(1→3)-O-(4,6-di-O-benzyl-2-deoxy-2-phthalimido-β-D-

glucopyranosyl)-(1→3)-O-(2-O-benzoyl-4-O-benzyl-6-O-picoloyl-β-D-

galactopyranosyl)-(1→4)-2,3,6-tri-O-benzyl-β-D-glucopyranoside39 (2.27, 9.9 mg, 

0.0049 mmol) and iron(III) chloride (2.3 mg, 0.0015 mmol) in methanol (0.9 mL) and 

dichloromethane (0.1 mL) in accordance with the general procedure as a colorless syrup 

in 45 min in 99% yield (9.3 mg, 0.0049 mmol). Analytical data for 2.28 was essentially 

the same as reported previously.39 

2.4.4 Attempted deprotection of Pico regioisomers 

Iron(III) chloride (1.3 mg, 0.0008 mmol) was added to a solution of ethyl 2,4,6-tri-O-

benzyl-3-O-nicotinoyl-1-thio-β-D-glucopyranoside24-25 (2.29, 14.8 mg, 0.026 mmol) in 
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methanol (0.9 mL) and dichloromethane (0.1 mL), and the resulting mixture was stirred 

under argon at rt. No reaction took place after 24 h.  

Iron(III) chloride (1.5 mg, 0.0009 mmol) was added to a solution of ethyl 2,4,6-tri-O-

benzyl-3-O-iso-nicotinoyl-1-thio-β-D-glucopyranoside24-25 (2.30, 17.3 mg, 0.031 mmol) 

in methanol (0.9 mL) and dichloromethane (0.1 mL), and the resulting mixture was 

stirred under argon at rt. No reaction took place after 24 h.  
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3.1 Introduction 

Introduced by Michael in 18791 and subsequently studied by many, glycosyl 

chlorides have been very influential building blocks that helped to establish basic 

principles of carbohydrate chemistry.2-3 Once prominent glycosyl donors, in recent years 

glycosyl chlorides have been outshadowed by other, more powerful glycosyl donors,4-11 

and for a reason. Traditionally, the activation of glycosyl chlorides demanded 

stoichiometric and often toxic reagents, such as silver(I)2, 12-13 or mercury(II) salts.14 This, 

along with a fairly high propensity to hydrolysis, hampered the application of glycosyl 

chloride in recent years. Glycosyl chlorides, however, have many positive traits. They 

can be obtained using a variety of substrates and methods,15-25 many chlorides are stable, 

and recent studies by Ye et al.26 and Jacobsen et al.27 have demonstrated that these 

compounds can be activated without toxic promoters under organocatalytic conditions 

using urea- or thiourea-based catalysts. Good stereoselectivity was obtained using various 

additives26 or with complex chiral catalytic constructs,27 but these reactions are slow (24-

48 h), require high temperatures and provide practical yields only with highly reactive 

(alkylated) chlorides. In an active pursuit of catalytic activation methods for 

glycosylation,28-29 we observed that glycosidation of chlorides can be achieved in the 

presence of catalytic amounts of iron(III) chloride (FeCl3 aka ferric chloride). This 

discovery is at the basis of this communication.  

FeCl3 is naturally abundant, inexpensive and relatively benign.30 Ferric chloride 

has been employed in the introduction of protecting groups in carbohydrates.31-32 The 

application of FeCl3 in O-glycosylation has also emerged, most prominently for the 

activation of glycosyl donors bearing the anomeric acetate.33-42 Other applications for the 
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activation of aryl glycoside,43 pivaloate,44 bromide,45 imidate,46 or hemiacetal donors (as 

a co-catalyst)47 have also been explored. Using this prior knowledge, we theorized that 

glycosyl chlorides may also offer a promising new substrate for the catalytic activation 

with FeCl3. 

3.2 Results and discussion 

To test this hypothesis, we chose known per-benzylated glucosyl chloride donor 

3.123 to couple with the standard glycosyl acceptor 3.2.48 The glycosylation was set-up in 

the presence of molecular sieves (4 Å) in dichloromethane. For this preliminary study we 

chose access of donor 3.1 (2.0 equiv) similarly to that used by Ye et al.26 and Jacobsen et 

al.27 After a brief preliminary experimentation, we established that 20 mol % of FeCl3 

provides the most favorable balance between yields and the reaction time. Thus, the 

coupling of donor 3.1 with acceptor 3.248 provided disaccharide 3.3 in 67% yield in only 

2 h (Table 3.1, entry 1). Also, glycosidations of chloride 3.1 with secondary acceptors 3.4, 

3.6, and 3.848 were conducted under essentially the same reaction conditions. These 

reactions were slower (3-16 h), but the respective disaccharides 3.5, 3.7 and 3.9 have 

successfully been obtained in 47-80% yields (entries 2-4). This preliminary set of 

experiments has demonstrated both the advantages and limitations of this approach. The 

main advantage of this approach is the availability and low cost of the catalytic activator. 

Also the reaction times are notably shorter than those reported for the organocatalytic 

reactions and even for the traditional heavy metal-based stoichiometric activators. 

Somewhat average yields for the formation of all products, perhaps except 3.9, still on a 

par with traditional approaches and the results reported by Ye et al.26 and Jacobsen et 

al.,27 are mainly attributed to a substantial formation of a side product of 1,6-anhydro-
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2,3,4-tri-O-benzyl-β-D-glucopyranose. While somewhat unexpected in this particular 

setting, the formation of 1,6-anhydro sugars in the presence of FeCl3 has been reported.49 

Table 3.1.  Iron(III) chloride-catalyzed glycosylations  

 

entry donor acceptor time product yield α/β ratio 

1 
 

3.1 

 

3.2 

2 h 

 

3 

67% 1.1/1 

2 3.1 
 

3.4 

16 h 

 

5 

47% 1.2/1 

3 3.1 
 

3.6 

3 h 

 

7 

60% 1.5/1 

4 3.1 
 

3.8 

16 h 

 

3.9 

80% 1.0/1 

5 
 

3.10 

3.2 0.5 h 

 

3.11 

88% 1/1.4.0 
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6 3.10 3.4 0.5 h 

 

3.12 

57% 1.6/1 

7 3.10 3.6 0.5 h 

 

3.13 

80% 1.3/1 

8 3.10 3.8 16 h 

 

3.14 

90% 1/2.7 

9 
 

3.15 

3.2 2 h 

 

3.16 

80% 4.5/1 

10 3.15 3.4 16 h 

 

3.17 

66% α-only 

11 3.15 3.6 16 h 

 

3.18 

56% α-only 

12 3.15 3.8 16 h 

 

3.19 

95% 2.6/1 
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13 
 

3.20 

3.2 16 h 

 

3.21 

98% β-only 

14 3.20 3.4 16 h 
 

3.22 

80% β-only  

15 3.20 3.6 16 h 
 

3.23 

52% β-only 

16 3.20 3.8 16 h 

 

3.24 

73% β-only 

 

As evident from Table 3.1, all four disaccharides have been produced with poor 

selectivity (α/β = 1-1.5/1); our method, however, does not employ stereodirecting 

functionalities, additives,26 or complex chiral catalytic constructs27 at this stage. 

Following the general success of glucosyl chloride donor 3.1 we investigated galactosyl 

chloride 3.1023 that provided even faster reaction times (entry 5-8), probably due to the 

generally higher reactivity of the galactosyl donors versus similarly equipped glucose 

counterparts, and a noticeable increase in yields. The latter could be attributed to the 

entire absence of the 1,6-anhydro side-product that hampered the yields with donor 3.1.  

Thus, primary acceptor 3.2 led to the formation of disaccharide 3.11 in a 

respectable yield of 88% (entry 5). For comparison, glucosyl chloride donor 3.1 produced 

the 1→6 linked disaccharide 3.3 in 67% (see entry 1). A similar enhancement in yields 
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(up to 90%) and decrease in the reaction time have been observed for the secondary 

acceptors to produce the respective disaccharides 3.12-3.14 (entries 6-8). Expectedly, 

mannosyl donor 3.1513 showed lower reactivity than its glucosyl and galactosyl 

counterparts. This was reflected by the increase in reaction times; nevertheless, we 

obtained respectable yields (up to 95%) for the synthesis of disaccharides 3.16-3.19 

(entries 9-12). No formation of the 1,6-anhydro side product was detected in this case 

either. We believe this reaction follows a traditional Lewis acid-catalyzed mechanistic 

pathway depicted in Scheme 3.1. Presumably, this reaction follows the traditional 

unimolecular SN1 mechanism according to which the catalyst-mediated leaving group 

departure results in the formation of the oxacarbenium ion. The latter exists in a flattened 

half-chair conformation that explains poor stereoselectivity observed. 

Scheme 3.1.  Proposed mechanism of the activation of glycosyl chlorides with ferric 

chloride 

 

Having demonstrated that FeCl3-catalyzed reactions work reasonably well with 

per-benzylated sugars, we wanted to investigate whether electronically deactivated 

benzoylated chloride 3.20 could be activated using our method. As expected, when donor 

3.20 was glycosidated with acceptor 3.2 a slower reaction time 16 h (entry 13, Table 3.1) 
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was recorded in comparison to that with the benzylated glucosyl donor 3.1 (2 h, see entry 

1). Nevertheless, the reaction still proceeded to completion and provided disaccharide 

3.21 in an impeccable yield of 98% and no indication for the side product formation. The 

glycosidation of donor 3.20 also proceeded well with the secondary acceptors 3.4, 3.6, 

and 3.8 providing the corresponding disaccharides 3.22-3.24 in respectable yields of 52-

80% and complete β-selectivity due to the neighboring group participation. It is 

noteworthy that neither Ye’s nor Jacobsen’s conditions were able to activate these 

deactivated benzoylated chlorides.  

3.3 Conclusions  

We have shown that a variety of glycosyl chlorides can be activated with catalytic 

iron(III) chloride. This method allows for a cheap and relatively benign activation of 

glycosyl chlorides compared to previous methods using harsher and less environmentally 

friendly conditions. While the yield of glycosylation reactions are still far from being 

ideal, a majority of results obtained herein are on a par with recently developed 

organocatalytic reactions reported by Ye et al.26 and Jacobsen et al.27 The 

stereoselectivity obtained in reactions with benzylated chlorides is unimpressive, which is 

not a surprise because we do not currently employ any directing auxiliaries, catalysts, or 

additives as in other similar studies. However, our study employs a very inexpensive 

activator, and this method can serve as a basis for refining stereoselectivity in the future. 

One of the possible directions for this to explore the known effect of stoichiometric FeCl3 

that is capable of producing the α-product preferentially, presumably due to post-

glycosylational anomerization reaction.40  
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Of particular significance is that electronically deactivated, benzoylated chlorides 

can also be activated using our reaction conditions, whereas other catalytic systems fail to 

activate those unreactive substrates. The investigation of the scope and limitations of this 

method, including screening other Lewis acids, are currently underway in our laboratory 

and will be reported in due course. Our preliminary attempt to broaden the scope of this 

reaction by investigating SnCl4, BF3-OEt2, and Fe(OTf)3 indicated similar reaction yields 

and reaction times to those reported herein. 

3.4 Experimental 

3.4.1 General methods  

Column chromatography was performed on silica gel 60 (70-230 mesh), reactions were 

monitored by TLC on Kieselgel 60 F254. The compounds were detected by examination 

under UV light and by charring with 10% sulfuric acid in methanol. Solvents were 

removed under reduced pressure at <40 °C. CH2Cl2 and ClCH2CH2Cl (1,2-DCE) were 

distilled from CaH2 directly prior to application. Anhydrous DMF was used as it is. 

Molecular sieves (4 Å), used for reactions, were crushed and activated in vacuo at 390 °C 

during 8 h in the first instance and then for 2-3 h at 390 °C directly prior to application. 

Optical rotations were measured at ‘Jasco P-2000’ polarimeter.  1H NMR spectra were 

recorded in CDCl3 at 300 or 600 MHz. 

3.4.2 Synthesis of glycosyl chloride donors 

2,3,4,6-Tetra-O-benzyl-α-D-glucopyranosyl chloride (3.1).   

A solution of oxalyl chroride (621 mg, 4.89 mmol) in dichloromethane (2.0 mL) was 

added dropwise to a stirring solution of 2,3,4,5-tetra-O-benzyl-D-glucopyranose (881.8 

mg, 1.63 mmol) in dichloromethane (6.0 mL) and DMF (2.0 mL) and the resulting 
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mixture was stirred under argon for 30 min at 0 °C. The external cooling was then 

removed and the reaction mixture was allowed to slowly warm to rt and stirred for 

additional 1 h at rt. After that, the resulting mixture was concentrated in vacuo. The 

residue was dissolved in a mixture of ethyl acetate and hexane (10 mL, 1/1, v/v) and 

passed through a pad of silica gel (10 g). The pad of silica gel was washed with a mixture 

of ethyl acetate and hexane (100 mL, 1/1, v/v) and the combined eluate was concentrated 

in vacuo to afford the title compound as a clear oil in 98% yield (899.1 mg, 1.59 mmol). 

Analytical data for 3.1 was essentially the same as reported previously.23  

2,3,4,6-Tetra-O-benzyl-α-D-galactopyranosyl chloride (3.10).   

Thionyl chloride (302.8 mg, 2.54 mmol) was added dropwise to a stirring solution of 

2,3,4,5-tetra-O-benzyl-D-galactopyranose (458.7 mg, 0.848 mmol) in 1,2-dichloroethane 

(5.0 mL) and DMF (0.1 mL) and the resulting mixture was stirred under argon for 1 h at 

0 °C. The reaction mixture was concentrated in vacuo, the residue was dissolved in a 

mixture of ethyl acetate and hexane (5 mL, 1/1, v/v) and passed through a pad of silica 

gel (5 g). The pad of silica gel was washed with a mixture of ethyl acetate and hexane (75 

mL, 1/1, v/v) and the combined eluate was concentrated in vacuo to afford the title 

compound as a clear oil in 95% yield (451.0 mg, 0.81 mmol). Analytical data for 3.10 

was essentially the same as reported previously.23  

2,3,4,6-Tetra-O-benzyl-α-D-mannopyranosyl chloride (3.15).  

A solution of oxalyl chroride (322.6 mg, 2.54 mmol) in dichloromethane (6.5 mL) was 

added dropwise to a stirring solution of 2,3,4,5-tetra-O-benzyl-D-mannopyranose (458.1 

mg, 0.847 mmol) in 1,2-dichloroethane (5.0 mL) and DMF (0.1 mL) and the resulting 

mixture was stirred under argon for 30 min at 0 °C. The external cooling was then 
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removed and the reaction mixture was allowed to slowly warm to rt and stirred for 

additional 1 h at rt. After that, the resulting mixture was concentrated in vacuo. The 

residue was dissolved in a mixture of ethyl acetate and hexane (5 mL, 1/1, v/v) and 

passed through a pad of silica gel (5 g). The pad of silica gel was washed with a mixture 

of ethyl acetate and hexane (100 mL, 1/1, v/v) and the combined eluate was concentrated 

in vacuo to afford the title compound as a clear oil in 95% yield (452mg, 0.81 mmol).  

Analytical data for 3.15 was essentially the same as reported previously.13  

2,3,4,6-Tetra-O-benzoyl-β-D-glucopyranosyl chloride (3.20). 

Thionyl chloride (106.85 mg, 0.898 mmol) was added dropwise to a stirring solution of 

2,3,4,5-tetra-O-benzoyl-D-glucopyranose (242.8 mg, 0.45 mmol) in 1,2-dichloroethane 

(5.0 mL) and DMF (0.1 mL) and the resulting mixture was stirred under argon for 1 h at 

0 °C. The reaction mixture was then concentrated in vacuo. The residue was dissolved in 

a mixture of ethyl acetate and hexane (5 mL, 1/1, v/v) and passed through a pad of silica 

gel (3.5 g). The pad of silica gel was washed with a mixture of ethyl acetate and hexane 

(50 mL, 1/1, v/v) and the combined eluate was concentrated in vacuo to afford the title 

compound as a white foam in 98% yield (276.8 mg, 0.44 mmol). Analytical data for 3.20 

was essentially the same as reported previously.22 

3.4.3 Synthesis of disaccharides 

General procedure for glycosidation of glycosyl chlorides in the presence of FeCl3.  

A mixture of glycosyl chloride donor (0.05 mmol), glycosyl acceptor (0.025 mmol) and 

molecular sieves (4 Å, 60 mg) in dichloromethane (1.0 mL) was stirred under argon for 1 

h at rt. The mixture was then cooled to 0 °C, FeCl3 (0.01 mmol) was added, and the 

reaction mixture was stirred for the time specified in Table 1 of the article. If the reaction 
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was incomplete after 3 h at 0 °C, the external cooling was removed, the reaction mixture 

was allowed to slowly warm to rt, and stirred for additional 13 h at rt. After that, the solid 

was filtered off through a pad of Celite and rinsed successively with dichloromethane. 

The combined filtrate (~30 mL) was washed with sat. aq. NaHCO3 (10 mL) and water (2 

x 10 mL). The organic phase was separated, dried over magnesium sulfate, filtered, and 

concentrated in vacuo.  The residue was purified by column chromatography on silica gel 

(ethyl acetate/toluene gradient elution). If necessary, further purification was 

accomplished by size-exclusion column chromatography on Sephadex LH20 (methanol/ 

dichloromethane, 1/1, v/v, isocratic elution). Anomeric ratios were determined by 

comparison of integral intensities of their respective signals in the 1H NMR spectra of 

anomeric mixtures. 

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (3.3).  

The title compound was obtained from donor 3.1 and acceptor 3.248 under the general 

glycosylation method as a colorless foam in 67% yield (α/β = 1.1/1). Analytical data for 

3.3 was in accordance with that previously reported.50  

Methyl 2,4,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (3.5).  

The title compound was obtained from donor 3.1 and acceptor 3.448 under the general 

glycosylation method as an oil in 47% yield of 3.5 (α/β = 1.2/1). Analytical data for 3.5 

was in accordance with previously reported values.51  
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Methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (3.7). 

The title compound was obtained from donor 3.1 and acceptor 3.648 under the general 

glycosylation method as an oil in 60% yield of 3.7(α/β = 1.5/1). Analytical data for 3.7 

was in accordance with previously reported values.52  

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (3.9).  

The title compound was obtained from donor 3.1 and acceptor 3.848 under the general 

glycosylation method as a colorless foam in 80% yield of 3.9 (α/β = 1.0/1). Analytical 

data for 9 was in accordance with previously reported values.53  

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (3.11).  

The title compound was obtained from donor 3.10 and acceptor 3.2 under the general 

glycosylation method as an oil in 88% yield of 11 (α/β = 1/1.4). Analytical data for 11 

was in accordance with previously reported values.54  

Methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (3.12).   

The title compound was obtained from donor 3.10 and acceptor 3.4 under the general 

glycosylation method as an oil in 57% yield of 3.12 (α/β = 1.6/1). Analytical data for 3.12 

was in accordance with previously reported values.55  

Methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (3.13).   
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The title compound was obtained from donor 3.10 and acceptor 3.6 under the general 

glycosylation method as an oil in 80% yield of 3.13 (α/β = 1.3/1). Analytical data for 3.13 

was in accordance with previously reported values.56  

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (3.14).   

The title compound was obtained from donor 3.10 and acceptor 3.8 under the general 

glycosylation method as an oil in 90% yield of 3.14 (α/β =1/2.7). Analytical data for 3.14 

was in accordance with previously reported values.57  

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-α/β-D-mannopyranosyl)-α-D-

glucopyranoside(3.16).   

The title compound was obtained from donor 3.15 and acceptor 3.5 under the general 

glycosylation method as an oil in 80% yield of 3.16 (α/β = 4.5/1). Analytical data for 3.16 

was in accordance with previously reported values.58  

Methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-α-D-mannopyranosyl)-α-D-

glucopyranoside (3.17).   

The title compound was obtained from donor 3.15 and acceptor 3.6 under the general 

glycosylation method as an oil in 66% yield of 3.17. Analytical data for 3.17 was in 

accordance with previously reported values.59 

Methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-O-benzyl-α-D-mannopyranosyl)-α-D-

glucopyranoside (3.18).   

The title compound was obtained from donor 3.15 and acceptor under the general 

glycosylation method as an oil in 56% yield of 3.18. Analytical data for 3.18 was in 

accordance with previously reported values.60 
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Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-α/β-D-mannopyranosyl)-α-D-

glucopyranoside (3.19).   

The title compound was obtained from donor 3.15 and acceptor 3.8 under the general 

glycosylation method as an oil in 95% yield of 3.19 (α/β = 2.6/1). Analytical data for 3.19 

was in accordance with previously reported values.53  

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (3.21).  

The title compound was obtained from donor 3.20 and acceptor 3.5 under the general 

glycosylation method as an oil in 98% yield of 3.21. Analytical data for 3.21 was in 

accordance with previously reported values.61  

Methyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,3,6-tri-O-benzyl-α-D-

glucopyranoside (3.22).  

The title compound was obtained from donor 3.20 and acceptor 3.6 under the general 

glycosylation method as an oil in 80% yield of 3.22. Analytical data for 3.22 was in 

accordance with previously reported values.61  

Methyl 3-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,4,6-tri-O-benzyl-α-D-

glucopyranoside (3.23).   

The title compound was obtained from donor 3.20 and acceptor 3.7 under the general 

glycosylation method as an oil in 52% yield of 3.23. Analytical data for 3.23 was in 

accordance with previously reported values.48  
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Methyl 2-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-3,4,6-tri-O-benzyl-α-D-

glucopyranoside (3.24).  

The title compound was obtained from donor 3.20 and acceptor 3.8 under the general 

glycosylation method as an oil in 73% yield of 3.24. Analytical data for 3.24 was in 

accordance with previously reported values.62  
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4.1 Introduction 

Glycosyl chlorides, once prominent glycosyl donors, have helped shape the 

modern synthetic glycochemistry.1-2 The story of chemical glycosylation started with 

exploration of glycosyl chlorides way back in the late 19th century by Michael.3 Those 

first glycosylations employed per-acetylated glycosyl chloride as the glycosyl donor for 

reaction with phenoxide. A notable advancement of glycosylations with chlorides was 

made by Koenigs and Knorr who utilized simple alcohols as glycosyl acceptors instead of 

charged nucleophiles.1 Those reactions were conducted in the presence of silver salts as 

acid scavengers because the active role of silver salts as promoters of glycosylation was 

yet unknown. Only after extensive studies over the following decades, scientists began 

appreciating that silver salts are able to mediate glycosylation by helping dissociate the 

anomeric carbon-halogen bonds.4 However, activation of glycosyl halides commonly 

requires stoichiometric amounts of expensive or toxic reagents such as silver(I)1, 5 or 

mercury(II) salts.6 Some halides are cumbersome to synthesize, store, and apply due to 

their proclivity to hydrolyze. As a result, modern glycosyl donors, thioglycosides, 

trichloroacetimidates, and others, outshadowed the application of glycosyl halides in 

glycan synthesis.  

Recently, Ye et al.7 and Jacobsen et al.8 largely resurrected glycosyl chlorides as 

glycosyl donors by demonstrating that these compounds can be activated under 

organocatalytic conditions with urea or thiourea-based catalysts, used along with 

stoichiometric additives. We have recently reported that glycosyl chlorides can be 

activated with catalytic ferric chloride.9 Glycosylation with benzylated donors under 

these benign reaction conditions was typically completed in a couple of hours. The 
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activation of electronically deactivated, benzoylated glycosyl chlorides could also be 

achieved with catalytic ferric chloride. However, these glycosylations were rather slow 

(16 h), and the yields remained moderate, typically within a 60-80% range. Nevertheless, 

these results were a significant improvement over other promoters and catalysts that 

previously failed to activate those unreactive substrates.  

Over the course of our recent study with glycosyl bromides, we discovered that 

slow silver-promoted glycosylations can be dramatically accelerated in the presence of 

acid additives. Thus, glycosylation in the presence of 2.0 equiv of silver(I) oxide that 

typically requires many hours or even days to complete, became very swift (5-15 min) 

upon addition of 0.20 equiv of trimethylsilyl trifluoromethanesulfonate (TMSOTf).10 An 

effort dedicated to studying the reaction mechanism, made it possible to reduce the 

amount of Ag2O to only 0.50 equiv and replace TMSOTf with TfOH.4 Although we 

achieved a significantly improved outcome of the Koenigs-Knorr-like glycosylation 

reactions, a few limitations and uncertainties remained. First, glycosidation of bromide 

donors containing the nitrogen atom such as derivatives of glucosamine were very slow 

and provided poor yields. This limitation was presumably due to the competing 

protonation of the nitrogen atom with TfOH that led to partial deactivation of the donor. 

Second, lower reaction rates and fair product yields were also seen with thioglycoside 

acceptors. This phenomenon was presumably due to the competing interaction of silver 

oxide with the sulfur atom that led to partial deactivation of the promoter system. 

Additionally, while glycosidation of supposedly deactivated, benzoylated glycosyl 

bromides was swift and high-yielding, glycosidation of benzylated glycosyl bromides 

was much slower and hence much less efficient.  
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To improve the outcome of this new reaction, we turned our attention to 

investigating glycosyl chlorides as donors. Mechanistically, the activation of bromides 

and chlorides would be similar. As proposed in our previous study, after initial 

interaction of the donor with Ag2O, the resulting species A produce a strongly ionized 

species B due to interaction of TfOH (Scheme 4.1). This intermediate will rapidly 

dissociate producing AgX that precipitates out of the solution. Also produced at this stage 

is AgOH that loses water regenerating Ag2O. Water is then scavenged by molecular 

sieves present in all of our reaction. Depending on the protecting group at C-2, glycosyl 

cation C will be stabilized either via an acyloxonium (2-O-benzoyl) or oxacarbenium (2-

O-benzyl) ion. The subsequent nucleophilic attack of the glycosyl acceptor (ROH) occurs 

with regeneration of TfOH that is available for the next catalytic cycle. Since this 

reaction is driven by the irreversible formation of the AgX bond, we reasoned that 

glycosyl chloride activation would be favored by silver chloride formation.4 This could 

also minimize propensity of silver interact with other heteroatoms in the system. 

Reported herein is our study of glycosyl chlorides using the new acid-catalyzed Koenigs-

Knorr promoter system. 

Scheme 4.1.  Activation of glycosyl halides in the presence of Ag2O/TfOH 
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4.2 Results and discussion 

We first investigated glycosidation of benzoylated glycosyl chlorides 4.1-4.3 

(Table 4.1)11-14 with a series of standard glycosyl acceptors 4.4-4.7 (Figure 4.1).15-16 After 

preliminary screening of the reaction conditions we determined that the activation of 

glucosyl chloride 4.1 with 0.50 equiv of silver(I) oxide and 0.25 equiv of TfOH offers the 

best combination of rates and yields. As listed in Table 4.1, glycosylation of primary 

acceptor 4.4 gave disaccharide 4.12 in 98% yield in 30 min (entry 1). These optimized 

conditions compare very favorably with those used for the glycosyl bromide activations, 

0.50 equiv of silver(I) oxide and 0.35-0.40 equiv of TfOH.4 Glycosylation of secondary 

acceptors 4.5-4.7 gave similar results. Thus, glycosylation of a relatively unreactive 4OH 

acceptor 4.5 afforded disaccharide 4.13 in 90% yield in 30 min (entry 2). Glycosylations 

of acceptors 4.6 and 4.7 were equally impressive. Disaccharides 4.14 and 4.15 were 

obtained in 98% and 91% yield, respectively, in 30 min (entries 3 and 4). As clearly 

evident from our results, we have not seen any noticeable decline in reaction rates with 

sterically hindered glycosyl acceptors. While 0.25 equiv TfOH worked universally for all 

acceptors investigated, some reactions could be smoothly driven to completion using as 

little as 0.15 equiv of TfOH (data is not shown). All glycosidations of chloride 4.1 were 

completely 1,2-trans diastereoselective due to the assistance of the neighboring 

participating group. As expected, glycosidations of benzoylated glycosyl chloride 4.1 in 

the presence of Ag2O only, standard Koenigs-Knorr reaction conditions, were very 

sluggish, and only trace amounts of disaccharides were observed after 48 h. The reaction 

did not proceed at all in the presence of TfOH-only proving the cooperative catalysis 

nature of the activation pathway. 
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Scheme 4.2.  Standard glycosyl acceptors 4.4-4.7 and thioglycoside acceptors 4.8-

4.11 used in this study 

 

Glycosylation of thioglycoside acceptor 4.8 also proceeded very smoothly 

affording disaccharide 4.16 in 98% yield in 30 min (entry 5). This glycosylation reaction 

represents an important strategic step because it encompasses selective activation of one 

leaving group over another.17 This approach is commonly used in expeditious 

oligosaccharide synthesis18 because disaccharide 4.16 can be used as the glycosyl donor 

for subsequent chain elongation directly. However, glycosylation of thioglycoside 

acceptors was somewhat inefficient in our previous studies with ferric chloride promoter9 

or with glycosyl bromides as donors.4, 10 In addition, these glycosylations could be prone 

to competing aglycone transfer reactions,19 which was not observed in this case. 

 With notable success with glucosyl donor 4.1, we turned our attention to 

investigating benzoylated chlorides of the D-galacto and D-manno series, 4.2 and 4.3, 

respectively. Glycosidations of both mannosyl and galactosyl chlorides were somewhat 

less efficient under the established reaction conditions for glucosyl chloride 4.1, 0.50 

equiv of silver(I) oxide and 0.25 equiv of TfOH. The reactions were slower, and  
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Table 4.1.  Glycosidation of benzoylated glycosyl chlorides 4.1-4.3 in the presence 

of Ag2O and TfOH 

 

Entry 
Donor + Acceptor 

(TfOH equiv) 
Product, Yielda 

1 4.1 + 4.4 (0.25) 

 
4.12, 98% 

2 4.1 + 4.5 (0.25) 

 
4.13, 90% 

3 4.1 + 4.6 (0.25) 

 
4.14, 98% 

4 4.1 + 4.7 (0.25) 

 
4.15, 91% 

5 4.1 + 4.8 (0.25) 

 
4.16, 98% 

6 4.2 + 4.4 (0.50) 

 
4.17, 99% 

7 4.2 + 4.5 (0.50) 

 
4.18, 99% 
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8 4.2 + 4.6 (0.50) 

 
4.19, 99% 

12 4.2 + 4.7 (0.50) 

 
4.20, 99% 

9 4.2 + 4.9 (0.50) 

 
4.21, 73% 

10 4.2 + 4.10 (0.50) 

 
4.22, 75% 

11 4.2 + 4.11 (0.50) 

 
4.23, 60% 

13 4.3 + 4.4 (0.50) 

 
4.24, 98% 

14 4.3 + 4.5 (0.50) 

 
4.25, 98% 

15 4.3 + 4.6 (0.50) 

 
4.26, 98% 

16 4.3 + 4.7 (0.50) 

 
4.27, 99% 

a – all yields are isolated yields after column chromatography 
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remained incomplete, even in prolonged experiments (16 h). After a brief screening of 

the reaction conditions, we found that increasing the amount of TfOH to 0.50 equiv is 

optimal for driving these reactions to completion. As in case of glucosyl chloride 4.1, we 

have achieved very effective, rapid, and high-yielding reactions with both primary and 

secondary glycosyl acceptors. As listed in Table 1, glycosylation of acceptors 4.4-4.7 

with galactosyl chloride 4.2, produced the respective disaccharides 4.17-4.20 in 30 min 

nearly quantitatively (99% yield in all experiments, entries 6-9). A large-scale 

glycosylation using 1.0 g of donor 4.2 and acceptor 4.5 was also performed. During this 

experiment glycosyl acceptor 4.5 was completely consumed and disaccharide 4.18 was 

obtained in 83% yield. 

To elaborate on our previous success with glycosylating thioglycoside acceptor 

4.8 (see entry 5) we investigated other thioglycoside acceptors 4.9-4.11.20-22 

Glycosylations of primary thioglycoside acceptors 4.9 and 4.10 with galactosyl chloride 

4.2 gave promising results producing the respective disaccharides 4.21 and 4.22 in 73-

75% yields in 30 min. Glycosylation of a less reactive secondary acceptor 4.11 led to 

disaccharide 4.23 in a moderate yield of 60% in 1 h. The lower yield, in part, can be 

attributed to small amounts of a by-product resulting from a competing aglycone transfer 

reaction.19 Nevertheless, this result favorably compares to inefficient glycosylations of 

thioglycoside acceptors in our previous studies with glycosyl bromides as donors.4, 10  

A very similar outcome was achieved with mannosyl donor 4.3. Thus, 

glycosylation of acceptors 4.4-4.7 afforded the corresponding disaccharides 4.24-4.27 in 

30 min in 98-99% yield (entries 10-13). These glycosylations were also 1,2-trans 

selective, and β-galactosides and α-mannosides were all obtained with complete 
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diastereoselectivity. As evident from the product yields, these glycosylations are spot-to-

spot, and are practically free of by-products beyond trace amounts of hemiacetal resulting 

from hydrolysis of the donor and 1→1-linked disaccharide resulting from glycosylation 

of the hemiacetal. While 0.50 equiv TfOH worked universally for all acceptors 

investigated, some reactions with galactosyl and mannosyl chlorides could be smoothly 

driven to completion using as little as 0.25 equiv of TfOH. 

Having obtained excellent results with all per-benzoylated chlorides, we turned 

our attention to investigating per-benzylated chlorides 4.28-4.30 (Table 4.2).9, 11-13, 23-24 It 

is well established that the building block reactivity and stereoselectivity can be 

modulated through the choice of protecting groups.25 According to Fraser-Reid’s seminal 

work on the armed-disarmed strategy, benzylated (electronically activated, armed) 

building blocks are more reactive than their acylated (Bz, disarmed) counterparts.26-27 

Our recent discovery that benzylated glycosyl bromide does not follow this trend when 

activated in the presence of Ag+/TMSOTf or TfOH was striking.4, 10 The observed lower 

reactivity of benzylated glycosyl bromides resulted in reduced yields and their 

glycosidations required longer reaction times to complete.   

Therefore, investigation of benzylated glycosyl chlorides under these reaction 

conditions appealed to us more than just broadening the scope of the methodology. A 

reaction between glycosyl donor 4.28 and primary glycosyl acceptor 4.4 in the presence 

of 0.50 equiv of silver(I) oxide and 0.25 equiv of TfOH afforded disaccharide 4.31 in 

97% yield is only 30 min (α/β = 1.1/1, entry 1, Table 4.2). This result was quite pleasing, 

particularly in the light of results previously achieved with the respective glucosyl 

bromide under similar reaction conditions (18 h, 46%).10 The outcome of this reaction 
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also indicates no particular reactivity difference between benzoylated and benzylated 

chlorides under these reaction conditions. No reactivity difference was verified by a 

direct competition experiment between donors 4.1 and 4.28. However, it is possible that 

reducing the equivalence of TfOH or modulating other factors could lead to reaction 

conditions under which the reactivity difference could be observed. Glycosylation of 

secondary glycosyl acceptors 4.5-4.7 with donor 4.28 was equally impressive. The 

corresponding disaccharides 4.32-4.34 were obtained in 95-99% yield in 30 min (α/β = 

1.3-1.5/1, entries 2-4).  

With a notable success with glucosyl donor 4.28, we turned our attention to 

investigating benzylated chlorides of the D-galacto and D-manno series, 4.29 and 4.30, 

respectively. Again, a majority of glycosidations of galactosyl and mannosyl chlorides in 

the presence of 0.25 equiv of TfOH were somewhat slower, practically stalled after 30 

min, and remained incomplete even after 16 h. Like in the case of benzoylated chlorides 

of these series, increasing the amount of TfOH to 0.50 equiv was found to be optimal for 

driving all of these reactions to completion. Very effective, rapid, and high-yielding 

reactions we achieved with both primary and secondary glycosyl acceptors. As listed in 

Table 4.2, glycosylation of acceptors 4.4-4.7 with galactosyl chloride 4.29 afforded the 

respective disaccharides 4.35-4.38 in 30 min nearly quantitatively (99% yield in all 

experiments, α/β = 1.2-4.9/1, entries 5-8). Similarly, glycosylation of acceptors 4.4-4.7 

with mannosyl chloride 4.29 produced the corresponding disaccharides 4.39-4.42 in 98% 

yield in all experiments in 30 min (from α/β = 1.3/1 to α-only, entries 9-12). We note that 

some reactions between galactosyl and mannosyl chlorides and reactive acceptors could 

be smoothly driven to completion using as little as 0.25 equiv of TfOH. 
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Having obtained excellent results with all per-benzoylated and per-benzylated 

chlorides of neutral sugars, we turned our attention to investigating N-phthaloyl protected  

Table 4.2.  Glycosidation of benzylated glycosyl chlorides 4.28-4.30 in the presence 

of Ag2O and TfOH 

 

Entry 
Donor + Acceptor 

(TfOH equiv) 
Product, yield,a ratio α/β 

1 4.28 + 4.4 (0.25) 

 
4.31, 97%, α/β = 1.1/1 

2 4.28 + 4.5 (0.25) 

 
4.32, 99%, α/β = 1.5/1 

3 4.28 + 4.6 (0.25) 
 

4.33, 99%, α/β = 1.3/1 

4 4.28 + 4.7 (0.25) 

 
4.34, 95%, α/β = 1.5/1 

5 4.29 + 4.4 (0.50) 

 
4.35, 99%, α/β = 1.2/1 
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6 4.29 + 4.5 (0.50) 

 
4.36, 99%, α/β = 2.4/1 

7 29 + 4.6 (0.50) 

 
4.37, 99%, α/β = 2.4/1 

8 4.29 + 4.7 (0.50) 

 
4.38, 99%, α/β = 4.9/1 

9 4.30 + 4.4 (0.50) 

 
4.39, 98%, α/β = 1.3/1 

10 4.30 + 4.5 (0.50) 

 
4.40, 98%, α only 

11 4.30 + 4.6 (0.50) 
 

4.41, 98%, α only 

12 4.30 + 4.7 (0.50) 

 
4.42, 98%, α/β =3.6/1 

a – all yields are isolated yields after column chromatography 

glucosamine chloride 4.43 (Table 4.3). This was of particular interest because previous 

attempts to glycosidate glucosamine bromides resulted in poor yields and long reaction 

times. As aforementioned, this was attributed to the competing protonation of the 

nitrogen atom that led to partial deactivation of the donor, and further attempts to 

glycosidate glucosamine bromide were ceased. It has become a common knowledge that 
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2-aminosugars may have a very different reactivity profile in comparison to their neutral 

sugar counterparts.28 Glycosidation of aminosugars often requires different methods 

specifically designed for these substrates. We also included sialyl chlorides 4.44 and 4.45 

(Table 4.3).29-31 Being a common aminosugar in mammalian and microbial glycans, sialic 

acids represent a special case of glycosylation that spans beyond effects of the amino 

group functionality.4, 32 The chemical synthesis of α-sialosides is considered challenging, 

and mild methods enhancing the product yields and suppressing common side reactions 

(elimination and hydrolysis) are needed.  

First test reaction with 2-phthalimido chloride donor 4.43 showed that the 

promoter deactivation could also be the case with glycosyl chlorides. Reactions with 0.50 

or even 1.0 equiv of Ag2O were incomplete and led to lower product yields. Further 

optimization of our reaction conditions in application to glycosidation of N-phthaloyl 

protected glucosamine chloride 4.43 showed the necessity to increase the amount of 

Ag2O to 1.50 equiv, whereas 0.50 equiv of TfOH was sufficient. Under these modified 

reaction conditions, glycosidation of glycosyl donor 4.43 with primary acceptor 4.4 gave 

disaccharide 4.46 in 97% yield in 30 min (entry 1, Table 4.3). Glycosylations of 

secondary glycosyl acceptors 4.5-4.7 with donor 4.43 were somewhat less efficient. The 

corresponding disaccharides 4.47-4.49 were obtained in commendable yields of 68-76% 

in 30 min (entries 2-4). These glycosylations were all completely 1,2-trans stereoselective 

due to the participation of the 2-phthalimido group. Prolonged experiments (beyond 

standard 30 min) did not help to achieve higher yields. 

Lastly, we investigated glycosidation of sialyl chlorides. Unfortunately, reaction between 

sialyl donor 4.44 and galactosyl acceptor 4.50 only produced disaccharide 4.51 of Ag2O 
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(to donor, entry 5, Table 4.3) in trace amounts, even in the presence of 2.0 equiv sialyl 

donor 4.44 and up to 2 equiv Having attributed this result to the deactivating nature of the 

acetamido moiety33 we turned to investigating the N-acetylacetamido donor 4.45 because 

this type of protection is known to enhance the reactivity of sialyl donors.34  

Table 4.3.  Glycosidation of 2-phthalimido chloride 4.43 and sialyl chlorides 4.44 

and 4.45 with glycosyl acceptors 4.4-4.7 or 4.50 in the presence of Ag2O and TfOH 

 

Entry 
Donor + Acceptor 

(Ag2O equiv) 

Product, yield,a ratio 

α/β 

1 4.43 + 4.4 (1.5) 
 

4.46, 97% 

2 4.43 + 4.5 (1.5)  

4.47, 76% 

3 4.43 + 4.6 (1.5)  

4.48, 72% 

4 4.43 + 4.7 (1.5) 
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a – all yields are isolated yields after column chromatography 
b  performed at –72 oC (2 h), then rt for 22 h 

 

Glycosylation between 4.45 (2.0 equiv) and 4.50 was conducted in the presence of 2.0 

equiv Ag2O and 0.50 equiv TfOH (to donor 4.45). To prevent competing eliminations 

that hamper many types of sialylation reactions, the reaction was started at -78 °C and 

after 2 h the reaction was allowed to slowly warm to rt. As a result, we obtained 

disaccharide 4.52 in 97% yield in 24 h (α/β = 1/1.7, entry 6). This result is on a par or 

even surpasses those obtained with modern sialyl donors.4 

4.3 Conclusions  

This study showed how glycosyl chlorides can be activated in a similar manner to 

that of glycosyl bromides using 0.50 equiv of Ag2O and 0.25-0.50 equiv of TfOH. 

Efficient glycosylations of benzoylated glucosyl, galactosyl, and mannosyl chlorides 

have all been performed with a variety of differently protected primary and secondary 

glycosyl acceptors providing high yields and fast reaction times. Furthermore, 

glycosidations of benzylated glucosyl, galactosyl, and mannosyl chlorides have been 

performed with a similar efficiency. Lastly, nitrogen-containing glucosamine and sialic 

4.49, 68% 

5b 
 

4.44 + 4.50 (2.0) 
 

4.51, traces 

6b 4.45 + 4.49 (2.0) 

 

4.52, 97%, α/β = 1/1.7 
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acid chlorides were also successfully glycosidated, but these reactions required excess 

silver oxide. Another convenient feature of this glycosylation is that the progress of this 

reaction can be monitored by eye, and the completion of the reaction can be judged by 

the disappearance of characteristic dark color of Ag2O. This is because since only the 

minimal amount of Ag2O is used to catalyze this reaction, it gets entirely converted in 

AgCl, which is a white crystalline solid.  

4.4 Experimental 

4.4.1 General methods  

General. Column chromatography was performed on silica gel 60 (70-230 mesh), 

reactions were monitored by TLC on Kieselgel 60 F254. The compounds were detected 

by examination under UV light and by charring with 10% sulfuric acid in methanol. 

Solvents were removed under reduced pressure at <40 °C. CH2Cl2 and ClCH2CH2Cl (1,2-

DCE) were distilled from CaH2 directly prior to application. Pyridine was dried by 

refluxing with CaH2 and then distilled and stored over molecular sieves (3 Å). Anhydrous 

DMF was used as it is. Molecular sieves (3 Å or 4 Å), used for reactions, were crushed 

and activated in vacuo at 390 °C during 8 h in the first instance and then for 2-3 h at 390 

°C directly prior to application. Optical rotations were measured using a Jasco 

polarimeter.  1H-NMR spectra were recorded in CDCl3 at 300 or 600 MHz, 13C-NMR 

spectra were recorded in CDCl3 at 75 or 151 MHz. Accurate mass spectrometry 

determinations were preformed using Agilent 6230 ESI TOF LCMS mass spectrometer 
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4.4.2 Synthesis of glycosyl donors 

2,3,4,6-Tetra-O-benzoyl-β-D-glucopyranosyl chloride (4.1)  

Was obtained from 2,3,4,6-tetra-O-benzoyl-D-glucopyranose35 as described previously,9 

and its analytical data for were the same as those reported previously.11-12 

2,3,4,6-Tetra-O-benzoyl-α-D-galactopyranosyl chloride (4.2).   

Thionyl chloride (294 mg, 2.47 mmol) was added dropwise to a solution of 2,3,4,6-tetra-

O-benzoyl-D-galactopyranose36 (705 mg, 1.24 mmol) in 1,2-dichloroethane (10 mL) 

containing N,N-dimethylformamide (0.5 mL) and the resulting mixture was stirred under 

argon for 20 min at 0 °C. After that, the volatiles were removed under reduced pressure. 

The residue was dissolved in a mixture of ethyl acetate/hexane (25 mL, 1/1, v/v) and 

filtered through a pad of silica gel (10 g). The pad of silica gel was additionally eluted 

with a mixture of ethyl acetate and hexane (75 mL, 1/1, v/v) and the combined eluate was 

concentrated in vacuo to afford the title compound as colorless foam in 94% yield (681 

mg, 1.11 mmol). Analytical data for 4.2 were essentially the same as reported 

previously.13 

2,3,4,6-Tetra-O-benzoyl-α-D-mannopyranosyl chloride (4.3).   

A mixture of oxalyl chloride (820 mg, 1.48 mmol) in dichloromethane (6.0 mL) and 

added dropwise to a solution of 2,3,4,6-tetra-O-benzoyl-D-mannopyranose37 (1.28 g, 2.15 

mmol) in dichloromethane (20 mL) containing N,N-dimethylformamide (0.7 mL) and the 

resulting mixture was stirred under argon for 1.5 h at 0 °C. After that, the volatiles were 

removed under reduced pressure. The residue was dissolved in a mixture of ethyl acetate/ 

hexane (30 mL, 1/1, v/v) and filtered through a pad of silica gel (15 g). The pad of silica 

gel was additionally eluted with a mixture of ethyl acetate and hexane (90 mL, 1/1, v/v) 
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and the combined eluate was concentrated in vacuo to afford the title compound as 

colorless foam in 94% yield (1.19 g, 1.77 mmol). Analytical data for 4.3 were essentially 

the same as that reported previously.38  

2,3,4,6-Tetra-O-benzyl-α-D-glucopyranosyl chloride (4.28)  

Was obtained from 2,3,4,6-tetra-O-benzyl-D-glucopyranose39 as described previously,9 

and its analytical data for were the same as those reported previously.12  

2,3,4,6-Tetra-O-benzyl-α-D-galactopyranosyl chloride (4.29)  

Was obtained from 2,3,4,6-tetra-O-benzyl-D-galactopyranose40 as described previously,9 

and its analytical data were the same as those reported previously.13 

2,3,4,6-Tetra-O-benzyl-α-D-mannopyranosyl chloride (4.30)  

Was obtained from 2,3,4,6-tetra-O-benzyl-D-mannopyranose41 as described previously,9 

and its analytical data were the same as those reported previously.24 

3,4,6-Tri-O-benzoyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl chloride (4.43).  

Thionyl chloride (0.45 g, 3.76 mmol) was added dropwise to a solution of 3,4,5-tri-O-

benzoyl-2-deoxy-2-phthalimido-D-glucopyranose42 (1.17 g, 1.88 mmol) in 

dichloroethane (70 mL) containing DMF (5.0 mL) and the resulting mixture was stirred 

under argon for 1 h at 0 °C. The volatiles were then removed under reduced pressure. The 

residue was dissolved in a mixture of ethyl acetate/ hexane (50 mL, 1/1, v/v) and passed 

through a pad of silica gel (25 g). The pad of silica gel was additionally eluted with a 

mixture of ethyl acetate/ hexane (75 mL, 1/1, v/v) and the combined eluate was 

concentrated under reduced pressure to afford the title compound as a white foam in 87% 

yield (1.05 g, 1.64 mmol). Analytical data for 4.43: Rf = 0.70 (ethyl acetate/hexane, 1/1, 

v/v); [α]D
21 61.3 (c 3.2, CHCl3); 

1H NMR (300 MHz, CDCl3): δ, 8.07 (d, J = 7.6 Hz, 2H, 
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aromatic), 7.95 – 7.65 (m, 8H, aromatic), 7.62 – 7.39 (m, 5H, aromatic), 7.38 – 7.19 (m, 

4H, aromatic), 6.41 (d, J1,2 = 9.3 Hz, 1H, H-1), 6.29 (dd, J3,4 = 9.7 Hz, 1H, H-3), 5.81 (dd, 

J4,5 =10.1 Hz, 1H, H-4), 4.80 (dd, J2,3 = 9.9 Hz, 1H, H-2), 4.68 (dd, J6a,6b = 12.4, 1H, H-

6a), 4.53 (dd, 1H, H-6b), 4.38 (m, J5,6a = 2.5 Hz, J5,6b = 4.8 Hz, 1H, H-5) ppm; 13C NMR 

(75 MHz, CDCl3): δ 166.2, 165.6, 165.1, 134.5, 133.6, 133.5, 133.3, 131.2, 129.9 (x4), 

129.8 (x3), 129.5, 128.5 (x7), 128.4 (x3), 128.3, 123.9 (x2), 85.8, 76.0, 71.0, 69.3, 62.8, 

57.8 ppm; HRMS [M+Na]+ calcd for C35H26ClNO9Na 662.1188, found 662.1201. 

Methyl (4,7,8,9-tetra-O-acetyl-5-acetamido-3,5-dideoxy-β-D-glycero-D-galacto-non-

2-ulopyranosyl chloride)onate (4.44)  

Was obtained from methyl (2,4,7,8,9-penta-O-acetyl-5-acetamido-3,5-dideoxy-D-

glycero-D-galacto-non-2-ulopyranos)onate43 as described previously,29 and its analytical 

data was in accordance with that previously reported.30 

Methyl (4,7,8,9-tetra-O-acetyl-5-(N-acetyl)acetamido-3,5-dideoxy-β-D-glycero-D-

galacto-non-2-ulopyranosyl chloride)onate (4.45)  

Was obtained from methyl (2,4,7,8,9-penta-O-acetyl-5-(N-acetyl)acetamido-3,5-dideoxy-

D-glycero-D-galacto-non-2-ulopyranos)onate44 as described previously, and its analytical 

data was in accordance with that previously reported.31 

4.4.3 Synthesis of disaccharides 

General procedure for glycosylations in the presence of Ag2O and TfOH.   

A mixture of a glycosyl donor (0.05 mmol), glycosyl acceptor (0.035 mmol), and freshly 

activated molecular sieves (3 Å, 150 mg) in CH2Cl2 (1.0 mL) was stirred under argon for 

1 h at rt. The mixture was cooled to 0 °C, Ag2O (0.025 mmol) was added and the 

resulting mixture was stirred under argon for 10 min at 0 °C. TfOH (0.25 or 0.50, see 



Scott Geringer | UMSL 2020 | Page  103 

 

 

Tables) was added and the reaction mixture was stirred under argon for 30 min at 0 °C. 

After that, the solid was filtered off and washed sucessively with CH2Cl2. The combined 

filtrate (~40 mL) was washed with saturated aq. NaHCO3. (10 mL). The organic phase 

was separated, dried with magnesium sulfate, and concentrated in vacuo. The residue was 

purified by column chromatography on silica gel (ethyl acetate – toluene gradient elution) 

to afford the respective disaccharides in yields and stereoselectivites listed in Tables and 

below. Anomeric ratios (or anomeric purity) were determined by comparison of the 

integral intensities of relevant signals in 1H NMR spectra.  

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (4.12)  

Was obtained from donor 4.1 and acceptor 4.415 under the general glycosylation method 

as a colorless foam in 98% yield. Analytical data for 4.12 was in accordance with that 

previously reported.45 

Methyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,3,6-tri-O-benzyl-α-D-

glucopyranoside (4.13)  

Was obtained from donor 4.1 and acceptor 4.515 under the general glycosylation method 

as a colorless foam in 90% yield. Analytical data for 4.13 was in accordance with that 

previously reported.45 

Methyl 3-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-2,4,6-tri-O-benzyl-α-D-

glucopyranoside (4.14)  

Was obtained from donor 4.1 and acceptor 4.615 under the general glycosylation method 

as a colorless foam in 98% yield. Analytical data for 4.14 was in accordance with that 

previously reported.15 
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Methyl 2-O-(2,3,4,6-tetra-O-benzoyl-β-D-glucopyranosyl)-3,4,6-tri-O-benzyl-α-D-

glucopyranoside (4.15)  

Was obtained from donor 4.1 and acceptor 4.715 under the general glycosylation method 

as a colorless foam in 91% yield. Analytical data for 4.15 was in accordance with that 

previously reported.46 

Ethyl 6‐O‐(2,3,4,6‐tetra‐O‐benzoyl‐β‐D‐glucopyranosyl)‐2,3,4‐tri‐O‐benzoyl‐1‐thio‐

β‐D‐glucopyranoside (4.16)  

Was obtained from donor 4.1 and acceptor 4.816 under the general glycosylation method 

as a colorless foam in 98% yield. Analytical data for 4.16 was in accordance with that 

previously reported.47 

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (4.17)  

Was obtained from donor 4.2 and acceptor 4.4 under the general glycosylation method as 

a colorless foam in 99% yield. Analytical data for 4.17 was in accordance with that 

previously reported.48 

Methyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,3,6-tri-O-benzyl-α-D-

glucopyranoside (4.18)  

Was obtained from donor 4.2 and acceptor 4.5 under the general glycosylation method as 

a colorless foam in 99% yield. Analytical data for 4.18 was in accordance with that 

previously reported.46 
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Methyl 3-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,4,6-tri-O-benzyl-α-D-

glucopyranoside (4.19)  

Was obtained from donor 4.2 and acceptor 4.6 under the general glycosylation method as 

a colorless foam in 99% yield. Analytical data for 4.19 was in accordance with that 

previously reported.49 

Methyl 2-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-3,4,6-tri-O-benzyl-α-D-

glucopyranoside (4.20)  

Was obtained from donor 4.2 and acceptor 4.7 under the general glycosylation method as 

a colorless foam in 99% yield. Analytical data for 4.20 was in accordance with that 

previously reported.49  

Tolyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,3,6-tri-O-benzoyl-1-thio-

β-D-glucopyranoside (4.21)  

Was obtained from donor 4.2 and acceptor 4.920 under the general glycosylation method 

as a colorless foam in 73% yield. Analytical data for 4.21: Rf = 0.72 (ethyl 

acetate/toluene, 1/4, v/v); [α]D
23 63.6 (c 1.0, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 8.06 

(m, 4H, aromatic), 7.94 (m, 4H, aromatic), 7.87 – 7.69 (m, 6H, aromatic), 7.67 – 7.04 (m, 

26H, aromatic), 6.00 (dd, J4’,5’ = 3.1 Hz, 1H, H-4’), 5.81 (dd, J2’,3’ = 8.0 Hz, 1H, H-2’), 

5.74 (dd, J4,5 = 9.5 Hz, 1H, H-4), 5.58 (dd, J3’,4’ = 10.4 Hz, 1H, H-3’), 5.30 (dd, J2,3 = 9.7 

Hz, 1H, H-2), 5.26 (dd, J3,4 = 9.4 Hz, 1H, H-3), 5.03 (d, J1’,2’ = 8.0 Hz, 1H, H-1’), 4.80 

(d, J1,2 = 9.9 Hz, 1H, H-1), 4.60 (dd, 1H, H-6b’), 4.39 (dd, J6a’,6b’ = 11.2 Hz, 1H, H-6a’), 

4.28 (dd, J5’,6a' = 6.6, J5’,6b’ = 6.4Hz, 1H, H-5’), 4.12 – 3.91 (m, 3H, H-5, 6a, 6b), 2.30 (s, 

3H, CH3) ppm; 13C NMR (75 MHz, CDCl3): δ 166.1, 165.7, 165.6, 165.4 (x2), 165.0, 

138.9, 134.0, 133.6 (x2), 133.4, 133.3 (x2), 130.1, 129.9, 129.8, 129.4 (x2), 129.3, 129.0, 
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128.8 (x2), 128.7, 128.6, 128.5, 128.4 (x2), 128.3, 127.5, 101.6, 85.9, 78.7, 74.1, 71.8, 

71.4, 70.4, 69.7, 69.4, 68.3, 68.1, 61.9, 21.2 ppm; HRMS [M+Na]+ calcd for 

C68H56O17SNa 1199.3130, found 1199.3150. 

Phenyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,3,4-tri-O-benzyl-1-

thio-β-D-glucopyranoside (4.22)  

Was obtained from donor 4.2 and acceptor 4.1021 under the general glycosylation method 

as a colorless foam in 75% yield. Analytical data for 4.22: Rf = 0.73 (ethyl 

acetate/toluene, 1/4, v/v); [α]D
23 55.6 (c 1.0, CHCl3); 

1H NMR (300 MHz, CDCl3): δ 8.07 

(m, 4H, aromatic), 7.82 (m, 4H, aromatic), 7.69 – 7.02 (m, 32H, aromatic), 5.97 (dd, J4’,5’ 

= 3.0 Hz, 1H, H-4’), 5.85 (dd, J2’,3’ = 10.3 Hz, 1H, H-2’), 5.53 (dd, J3’,4’ = 3.3 Hz, 1H, H-

3’), 4.88 (d, J1’,2’ = 7.8 Hz, 1H, H-1’), 4.78 (dd, 2J = 10.6 Hz, 2H, CH2Ph), 4.71 (dd, 2J = 

10.6 Hz, 2H, CH2Ph) 4.65 (dd, 1H, H-6b’) 4.63 (dd, 2J = 11.0 Hz, 2H, CH2Ph) 4.62 (dd, 

J2,3 = 9.6 Hz, 1H, H-2), 4.44 (d, J1,2 = 10.1 Hz, 1H, H-1), 4.41 (dd, J6a’,6b’ = 7.0 Hz, 1H, 

H-6a’), 4.22 (dd, 1H, H-6b), 4.20 (dd, 1H, H-5’), 3.89 (dd, J6a,6b = 11.4, 1H, H-6a), 3.61 

(dd, J3,4 = 8.7 Hz, 1H, H-3), 3.49 (m, J5,6a =  J5,6b = 4.6 Hz, 1H, H-5), 3.43 (dd, J4,5 = 8.2 

Hz, 1H, H-4), 3.40 (dd, J2,3 = 9.1 Hz, 1H, H-2) ppm; 13C NMR (75 MHz, CDCl3): δ 

166.1, 165.6, 165.2, 138.3, 138.0, 137.8, 133.6, 133.4 (x2), 133.2 (x2), 130.1, 129.9 (x2), 

129.8, 129.5, 129.3, 129.2, 129.1, 128.8, 128.7, 128.6, 128.5 (x2), 128.4 (x2), 128.3 (x2), 

128.0, 127.9 (x2), 127.8 (x2), 125.4, 101.3, 87.2, 86.6, 80.4, 78.9 (x2), 77.4, 75.8, 75.5, 

75.0, 71.8, 71.3, 69.7, 68.1, 67.5, 61.9, 21.5 ppm; HRMS [M+Na]+ calcd for 

C67H60O14SNa 1143.3596, found 1043.3608. 

  



Scott Geringer | UMSL 2020 | Page  107 

 

 

Ethyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-galactopyranosyl)-2,3,6-tri-O-benzyl-1-thio-

β-D-glucopyranoside (4.23)  

Was obtained from donor 4.2 and acceptor 4.1122 under the general glycosylation method 

as a colorless foam in 60% yield. Analytical data for 4.23: Rf = 0.70 (ethyl 

acetate/toluene, 1/4, v/v); [α]D
23 3.2 (c 1.0, CHCl3);

 1H NMR (300 MHz, CDCl3): δ 8.10-

7.7o (m, 8H, aromatic), 7.65 – 7.04 (m, 27H, aromatic), 5.86 (br. d, 1H, H-4’), 5.72 (dd, 

J2’,3’ = 8.5 Hz, 1H, H-2’), 5.39 (dd, J3’,4’ = 3.2 Hz, 1H, H3’), 5.07 (dd, 2J = 11.1 Hz, 2H, 

CH2Ph), 4.97 (d, J1’,2’ = 7.9 Hz, 1H, H-1’), 4.77 (dd, 2J = 10.3 Hz, 2H, CH2Ph), 4.55 (dd, 

2J = 10.0 Hz, 2H, CH2Ph), 4.40 (dd, 1H, H-6b’), 4.38 (d, J1,2 = 11.6 Hz, 1H, H-1), 4.19 

(dd, J6a,6b = 9.4 Hz, 1H, H-6a’) 4.14 (dd, J4,5 = 9.4 Hz, H-4), 3.94 (m, J5’,6a = J5’,6b = 6.6 

Hz, 1H, H-5’), 3.75-3.54 (m, 3H, H-3, 6a, 6b), 3.41 (dd, J2,3 = 9.2 Hz, 1H, H-2), 3.24 (dd, 

1H, H-5), 2.78 – 2.56 (m, 2H, SCH2CH3), 1.28 (t, J = 7.0 Hz, 3H, SCH2CH3) ppm; 13C 

NMR (151 MHz, CDCl3): δ 165.8, 165.4 (x2), 164.9, 139.0, 138.1, 138.0, 133.4, 133.3, 

133.2, 129.8 (x2), 129.7, 129.6, 129.5, 129.1, 129.0, 128.8, 128.6, 128.5 (x2), 128.4, 

128.3, 128.2 (x2), 128.1 (x2), 128.0, 127.7, 127.3 (x2), 100.3, 85.1, 84.4, 81.0, 78.6, 76.5, 

75.5, 75.3, 73.5, 71.8, 71.1, 70.4, 67.9 (x2), 61.4, 24.8, 15.1 ppm; HRMS [M+Na]+ calcd 

for C63H60O14SNa 1095.3596, found 1095.3609. 

Methyl 6-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,4-tri-O-benzyl-α-D-

glucopyranoside (4.24)  

Was obtained from donor 4.3 and acceptor 4.4 under the general glycosylation method as 

a colorless foam in 98% yield. Analytical data for 4.24 was in accordance with that 

previously reported.46 
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Methyl 4-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,3,6-tri-O-benzyl-α-D-

glucopyranoside (4.25)  

Was obtained from donor 4.3 and acceptor 4.5 under the general glycosylation method as 

a colorless foam in 98% yield. Analytical data for 4.25 was in accordance with that 

previously reported.45 

Methyl 3-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-2,4,6-tri-O-benzyl-α-D-

glucopyranoside (4.26)  

Was obtained from donor 4.3 and acceptor 4.6 under the general glycosylation method as 

a colorless foam in 98% yield. Analytical data for 4.26 was in accordance with that 

previously reported.50 

Methyl 2-O-(2,3,4,6-tetra-O-benzoyl-α-D-mannopyranosyl)-3,4,6-tri-O-benzyl-α-D-

glucopyranoside (4.27)  

Was obtained from donor 4.3 and acceptor 4.7 under the general glycosylation method as 

a colorless foam in 98% yield. Analytical data for 4.27 was in accordance with that 

previously reported.50 

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (4.31)  

Was obtained from donor 4.28 and acceptor 4.4 under the general glycosylation method 

as a colorless foam in 97% yield (α/β = 1.1/1). Analytical data for 4.31 was in accordance 

with that previously reported.51  
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Methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (4.32)  

Was obtained from donor 4.28 and acceptor 4.5 under the general glycosylation method 

as a colorless foam in 99% yield (α/β = 1.5/1). Analytical data for 4.32 was in accordance 

with that previously reported.52 

Methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (4.33)  

Was obtained from donor 4.28 and acceptor 4.6 under the general glycosylation method 

as a colorless foam in 99% yield (α/β = 1.3/1). Analytical data for 4.33 was in accordance 

with that previously reported.53 

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl)-α-D-

glucopyranoside (4.34)  

Was obtained from donor 4.28 and acceptor 4.7 under the general glycosylation method 

as a colorless foam in 95% yield (α/β = 1.5/1). Analytical data for 4.34 was in accordance 

with that previously reported.54 

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (4.35)  

Was obtained from donor 4.29 and acceptor 4.4 under the general glycosylation method 

as a colorless foam in 99% yield (α/β = 1.2/1). Analytical data for 4.35 was in accordance 

with that previously reported.55 

  



Scott Geringer | UMSL 2020 | Page  110 

 

 

Methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (4.36)  

Was obtained from donor 4.29 and acceptor 4.5 under the general glycosylation method 

as a colorless foam in 99% yield (α/β = 2.4/1). Analytical data for 4.36 was in accordance 

with that previously reported.56 

Methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (4.37)  

Was obtained from donor 4.29 and acceptor 4.6 under the general glycosylation method 

as a colorless foam in 99% yield (α/β = 2.4/1). Analytical data for 4.37 was in accordance 

with that previously reported.57 

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-α/β-D-galactopyranosyl)-α-D-

glucopyranoside (4.38)  

Was obtained from donor 4.29 and acceptor 4.7 under the general glycosylation method 

as a colorless foam in 99% yield (α/β = 4.9/1). Analytical data for 4.38 was in accordance 

with that previously reported.58 

Methyl 2,3,4-tri-O-benzyl-6-O-(2,3,4,6-tetra-O-benzyl-α/β-D-mannopyranosyl)-α-D-

glucopyranoside (4.39)  

Was obtained from donor 4.30 and acceptor 4.4 under the general glycosylation method 

as a colorless foam in 98% yield (α/β = 1.3/1). Analytical data for 4.39 was in accordance 

with that previously reported.59 
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Methyl 2,3,6-tri-O-benzyl-4-O-(2,3,4,6-tetra-O-benzyl-α-D-mannopyranosyl)-α-D-

glucopyranoside (4.40)  

Was obtained from donor 4.30 and acceptor 4.5 under the general glycosylation method 

as a colorless foam in 98% yield. Analytical data for 4.40 was in accordance with that 

previously reported.60 

Methyl 2,4,6-tri-O-benzyl-3-O-(2,3,4,6-tetra-O-benzyl-α-D-mannopyranosyl)-α-D-

glucopyranoside (4.41)  

Was obtained from donor 4.30 and acceptor 4.6 under the general glycosylation method 

as a colorless foam in 98% yield. Analytical data for 4.41 was in accordance with that 

previously reported.61 

Methyl 3,4,6-tri-O-benzyl-2-O-(2,3,4,6-tetra-O-benzyl-α/β-D-mannopyranosyl)-α-D-

glucopyranoside (4.42)  

Was obtained from donor 4.30 and acceptor 4.7 under the general glycosylation method 

as a colorless foam in 98% yield (α/β = 3.6/1). Analytical data for 4.42 was in accordance 

with that previously reported.54 

Methyl 6-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl)-2,3,4-

tri-O-benzyl-α-D-glucopyranoside (4.46)  

Was obtained from donor 4.42 and acceptor 4.4 under the general glycosylation method 

using 1.0 equiv of Ag2O and 0.5 equiv of TfOH as a colorless foam in 97% yield. 

Analytical data for 4.46 was in accordance with that previously reported.62 
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Methyl 4-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl)-2,3,6-

tri-O-benzyl-α-D-glucopyranoside (4.47)  

Was obtained from donor 4.42 and acceptor 4.5 under the general glycosylation method 

using Ag2O (1.50 equiv) and TfOH (0.50 equiv) as a colorless foam in 76% yield. 

Analytical data for 4.47: Rf = 0.60 (ethyl acetate/toluene, 1/4, v/v); [α]D
21 31.1 (c 2.05, 

CHCl3); 
1H NMR (300 MHz, CDCl3): δ 8.04 – 7.93 (m, 2H, aromatic), 7.88 – 7.78 (m, 

2H, aromatic), 7.75 – 7.69 (m, 2H, aromatic), 7.69 – 7.59 (m, 2H, aromatic), 7.55 – 7.12 

(m, 26H, aromatic), 6.16 (dd, J3’,4' = 9.3 Hz, 1H, H-3’), 5.77 (d, J1’,2’ = 8.4 Hz, 1H, H-1’), 

5.60 (dd, J4’,5’ = 9.7 Hz, 1H, H-4’), 4.98 (dd, 2J = 11.8 Hz, 2H, CH2Ph), 4.60 (dd, 2J = 

12.2 Hz, 2H, CH2Ph), 4.51 (dd, J2’,3’ = 10.7 Hz, 1H, H-2’) 4.50 (d, J1,2 = 3.0 Hz, 1H, H-

1), 4.44 (dd, 2J = 2.7 Hz, 2H, CH2Ph), 4.34 (dd, J6a’,6b’ = 12.2, 1H, H-6a’), 4.14 (dd, 1H, 

H-6b’), 4.08 (dd, J4,5 = 9.2 Hz, 1H, H-4), 3.90 (dd, J3,4 = 9.2 Hz, 1H, H-3), 3.70 – 3.53 

(m, J5’,6b’ = 3.3 Hz, 2H, H-5, 5’), 3.53 – 3.47 (m, 2H, H-6a, 6b), 3.43 (dd, J2,3 = 9.5 Hz, 

1H, H-2), 3.26 (s, 3H, OCH3) ppm; 13C NMR (151 MHz, CDCl3): δ 166.2, 165.9, 165.2, 

139.6, 138.5, 138.4, 133.5, 133.5, 133.1, 130.0 (x6), 129.9 (x4), 129.1, 128.7, 128.5 

(x12), 128.4 (x3), 128.2 (x3), 127.9, 127.6 (x3), 127.3, 127.2 (x3), 98.4, 97.6, 80.3, 79.5, 

75.7, 75.0, 73.7, 73.0, 71.9, 71.4, 70.4, 69.5, 68.5, 63.2, 55.8, 55.5 ppm; HRMS [M+Na]+ 

calcd for C63H57NO15Na 1090.3620, found 1090.3627. 

Methyl 3-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl)-2,4,6-

tri-O-benzyl-α-D-glucopyranoside (4.48)  

Was obtained from donor 4.43 and acceptor 4.6 under the general glycosylation method 

using Ag2O (1.50 equiv) and TfOH (0.50 equiv) as a colorless foam in 72% yield. 

Analytical data for 4.48: Rf = 0.60 (ethyl acetate/toluene, 1/4, v/v); [α]D
21 6.4 (c 2.34, 
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CHCl3); 
1H NMR (300 MHz, CDCl3): δ 7.97 (m, 2H, aromatic), 7.91-7.76 (m, 6H, 

aromatic), 7.75 – 7.64 (m, 2H, aromatic), 7.53 – 7.37 (m, 3H, aromatic,), 7.37 – 7.20 (m, 

15H, aromatic), 7.20 – 7.10 (m, 6H, aromatic), 6.43 (dd, J3’,4’ = 9.6 Hz, 1H, H-3’), 6.01 

(d, J1’,2’ = 8.3 Hz, 1H, H-1’), 5.70 (dd, 1H, H-4’), 5.06 (d, 2J = 11.2 Hz, 1H, CHPh), 4.86 

(dd, 2J = 12.6 Hz, 2H, CH2Ph), 4.61 (dd, J2’,3’ = 10.7 Hz, 1H, H-2’), 4.51 (dd, J6a’,6b’ = 

12.0 Hz, 1H, H-6a’), 4.44 (dd, 2J = 9.0 Hz, 2H, CH2Ph), 4.40 (dd, 1H, H-6b’), 4.38 (dd, 

J3’,4’ = 12.2 Hz, 1H, H-3), 4.37 (d, 1H, CHPh), 4.17 (dd, J5’,6a’ = 3.1 Hz, 1H, H-5’), 4.13 

(d, J1,2 = 6.0 Hz, 1H, H-1), 3.84 (d, 2J = 12.6 Hz, 1H, CHPh), 3.67-3.43 (m, 4H, H-4, 5, 

6a, 6b), 3.23 (dd, J2,3 = 9.6 Hz, 1H, H-2), 3.08 (s, 3H, OCH3) ppm; 13C NMR (151 MHz, 

CDCl3): δ 166.3, 165.8, 165.4, 138.8, 138.5, 138.1, 133.5, 133.4, 133.0 (x8), 129.9, 

129.1, 128.9, 128.6 (x3), 128.52 (x10), 128.4 (x3), 128.4 (x3), 128.3 (x2), 128.2, 128.1 

(x4), 127.8, 127.6, 98.5, 97.7, 81.0, 78.7, 76.0, 74.9, 74.0, 73.6, 71.7, 71.1, 70.8, 69.6, 

68.7, 63.5, 56.0, 55.0 ppm; HRMS [M+Na]+ calcd for C63H57NO15Na 1090.3620 found 

1090.3617. 

Methyl 2-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-phthalimido-β-D-glucopyranosyl)-3,4,6-

tri-O-benzyl-α-D-glucopyranoside (4.49)  

Was obtained from donor 4.43 and acceptor 4.7 under the general glycosylation method 

using Ag2O (1.50 equiv) and TfOH (0.50 equiv) as a colorless foam in 68% yield. 

Analytical data for 4.49: Rf = 0.65 (ethyl acetate/toluene, 1/4, v/v); [α]D
21 72.1 (c 2.35, 

CHCl3); 
1H NMR (300 MHz, CDCl3): δ 8.12 – 8.02 (m, 2H, aromatic), 7.94 – 7.88 (m, 

2H, aromatic), 7.76 – 7.65 (m, 2H, aromatic), 7.60 – 7.08 (m, 21H, aromatic), 7.08 – 6.95 

(m, 3H, aromatic), 6.84 (m, 4H, aromatic), 6.23 (dd, J3’,4’ = 9.7 Hz, 1H, H-3’), 5.84 (d, 

J1’,2’ = 8.4 Hz, 1H, H-1’), 5.72 (dd, J4’,5’ = 9.7 Hz, 1H, H-4’), 5.10 (d, J1,2 = 3.3 Hz, 1H, 
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H-1), 4.77 (dd, J2’,3’ = 10.6 Hz, 1H, H-2’), 4.72 (dd, J6a’,6b’ = 11.6 Hz, 1H, H-6a’), 4.53 

(dd, 2J = 12.1 Hz, 2H, CH2Ph), 4.44 (dd, 1H, H-6b’), 4.40 (dd, 2J = 12.1 Hz, 2H, CH2Ph), 

4.39 (s, 2H, CH2Ph), 4.28 (ddd, J5’,6a’ = 2.7 Hz, J5’,6b’ = 5.0 Hz, 1H, H-5’), 3.85 (dd, J3,4 = 

8.7 Hz, 1H, H-3), 3.73 (dd, J2,3 = 9.8 Hz, 1H, H-3), 3.72 - 3.54 (m, 3H, H-5, 6a, 6b), 3.57 

(dd, J4,5 = 10.7 Hz, 1H, H-4), 3.32 (s, 3H, OCH3) ppm; 13C NMR (151 MHz, CDCl3): δ 

166.0, 165.6, 165.1, 138.5, 138.0 (x2), 133.8, 133.4, 133.2 (x2), 129.8 (x5), 129.7 (x3), 

129.4, 128.8, 128.5, 128.4 (x4), 128.3 (x3), 128.2 (x2), 128.12 (x3), 127.9 (x5), 127.8 

(x4), 127.6, 127.5, 126.5, 126.0 (x2), 100.1, 99.2, 82.9, 80.3, 77.7, 74.9, 74.6, 73.5, 72.2, 

71.2, 69.9, 69.8, 68.5, 63.0, 55.2, 54.8; HRMS [M+Na]+ calcd for C63H57NO15Na 

1090.3620 found 1090.3615. 

1,2:3,4-Di-O-isopropylidene-6-O-[methyl (4,7,8,9-tetra-O-acetyl-5-(N-

acetyl)acetamido-3,5-dideoxy-D-glycero-α-D-galacto-non-2-ulo-pyranosyl)onate]-α-

D-galactopyranose (4.52).  

 A mixture of a glycosyl donor 4.4531 (29.5 mg, 0.053 mmol), glycosyl acceptor 4.50 (6.8 

mg, 0.026 mmol), and freshly activated molecular sieves (3 Å, 150 mg) in CH2Cl2 (1.0 

mL) was stirred under argon for 1 h. The mixture was cooled to -78 °C, Ag2O (24.8 mg, 

0.11 mmol) was added, and the resulting mixture was stirred for 10 min. TfOH (4.0 mg, 

0.027 mmol) was then added, and the resulting mixture was stirred under argon for 2 h at 

-78 °C. After that, the reaction mixture was allowed to warm to rt over the course of 6 h 

and left stirring for additional 16 h at rt. The solid was filtered off and washed 

sucessively with CH2Cl2. The combined filtrate (~40 mL) was washed with saturated 

NaHCO3 (10 mL). The organic phase was separated, dried with magnesium sulfate, and 

concentrated in vacuo. The residue was purified by column chromatography on silica gel 
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(acetone – hexane gradient elution) to give the title compound as a clear syrup in 97% 

yield (19.6 mg, 0.025 mmol). Analytical data for 4.52 was in accordance with that 

previously reported.63 

Large-scale glycosylation. A mixture of donor 2 (1049 mg, 1.72 mmol), acceptor 4.5 

(533.0 mg, 1.15 mmol), and freshly activated molecular sieves (3.0 g) in CH2Cl2 (50 mL) 

was stirred under argon for 2 h at rt. The mixture was cooled to 0 °C, Ag2O (199 mg, 

0.86 mmol) was added, and the resulting mixture was stirred under argon for 10 min. 

TfOH (129 mg, 0.086 mmol) was then added, and the resulting mixture was stirred under 

argon for 30 min at o °C. After that, the solid was filtered off and washed sucessively 

with CH2Cl2. The combined filtrate (~150 mL) was washed with saturated aq. NaHCO3 

(30 mL). The organic phase was separated, dried with magnesium sulfate, and 

concentrated in vacuo. The residue was purified by column chromatography on silica gel 

(ethyl acetate – toluene gradient elution) to afford 4.18 (996 mg, 0.95 mmol) in 83% 

yield.  

A competition experiment.  A mixture of benzoylated donor 4.1 (30.8 mg, 0.050 mmol), 

benzylated donor 4.28 (33.0 mg, 0.050 mmol), glycosyl acceptor 4.4 (16.3 mg, 0.035 

mmol), and freshly activated molecular sieves (3 Å, 150 mg) in CH2Cl2 (1.5 mL) was 

stirred under argon for 1 h at rt. The mixture was cooled to 0 °C, Ag2O (5.8 mg, 0.025 

mmol) was added, and the resulting mixture was stirred under argon for 10 min. TfOH 

(1.9 mg, 0.013 mmol) was then added and the resulting mixture was stirred under argon 

for 30 min at 0 °C. After that, the solid was filtered off and washed sucessively with 

CH2Cl2. The combined filtrate (~40 mL) was washed with saturated aq. NaHCO3 (10 

mL). The organic phase was separated, dried with magnesium sulfate, and concentrated 
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in vacuo. The residue was purified by column chromatography on silica gel (ethyl acetate 

– hexane gradient elution) to afford a mixture of disaccharides 4.12 and 4.31 in 

approximately equal amounts, judged by NMR.  
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5.1 Introduction 

Chemical synthesis provides a very powerful means to obtain natural or unnatural 

oligosaccharides for study of their properties and roles. However, even with significant 

progress in the recent years, chemical synthesis of oligosaccharides remains challenging.1 

Traditional oligosaccharide synthesis comprises a stepwise linear approach according to 

which first glycosylation takes place between two monosaccharide building blocks, 

glycosyl donor equipped with a suitable leaving group (LG) and glycosyl acceptor 

carrying a free hydroxyl group. Upon glycosylation, a disaccharide derivative is obtained 

(Scheme 5.1). The latter is then converted into a glycosyl acceptor of the second 

generation via liberation of a specific hydroxyl group. This is typically performed as a 

separate synthetic step involving chemoselective removal of a strategically placed 

temporary protecting group (PG) and may also include additional chromatographic 

purification.  

Scheme 5.1.  Traditional oligosaccharide synthesis 
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The disaccharide acceptor is then reacted with a new glycosyl donor, resulting in 

the formation of a trisaccharide. The deprotection–glycosylation sequence is then 

reiterated to yield a tetrasaccharide, etc. The requirement to perform an additional 

deprotection step or even multiple steps between each glycosylation is the major 

disadvantage of the conventional linear approach. However, since the monosaccharide 

donor is used at every step, the rates of glycosylations are easy to maintain, and the yields 

typically remain high, even with longer oligosaccharide acceptors.2 Essentially the same 

strategic blueprint was used for the automated polymer-supported synthesis of 30-mer3 

and 50-mer4 mannans by Seeberger et al. 

Chemoselective or selective activation of leaving groups form the basis for many 

modern expeditious strategies for oligosaccharide synthesis.5 Regardless of the 

underpinning principles for differentiating or tuning the reactivity of building blocks, all 

of these strategies help to eliminate protecting group manipulations between coupling 

steps. This, in turn, leads to streamlined glycan assembly. Amongst these strategies is the 

orthogonal concept invented by Kanie, Ito, and Ogawa.6,7 This method relies on the 

differential reactivity (orthogonality) of two leaving groups (LGA and LGB, Scheme 5.2, 

SPh and F in the original study). Availability of two complementary sets of reaction 

conditions that would independently activate one LG, but not the other, is the key for 

success of the orthogonal method. For example, Activator A will selectively activate LGA 

of the glycosyl donor, and LGB installed at the anomeric center of the glycosyl acceptor 

will stay intact under these reaction conditions. Conversely, Activator B will selectively 

activate LGB, whereas LGA stays intact. This set of two orthogonal reaction conditions is 

the key feature of the orthogonal approach that hypothetically allows for unlimited 
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number of reiterations of LGs. This sets the orthogonal approach apart from other 

approaches based on selective activation of different LGs whereat a more reactive LG is 

activated over a less reactive one, and does not permit the come-back available only in 

the orthogonal approach. While the orthogonal approach aims to become an ideal way to 

make oligosaccharides, in practice however, it has been unable to reach this efficiency. 

The yields of glycosylation decline rapidly with the increase of the bulk of glycosyl 

donor: di(85%) →tri(72%) →tetra(66%).6 In our related study, wherein S-thiazolinyl 

versus SEt orthogonal activation was achieved, a similar observation was made, and the 

following decline in yields was noted di(98%) →tri(93%) →tetra(77%) →penta(59%).8 

Scheme 5.2.  Orthogonal oligosaccharide synthesis 

 

Aiming at improving the state-of-the-art of oligosaccharide synthesis, previously 

we communicated a new concept for oligosaccharide synthesis that we named the reverse 

orthogonal strategy.9 This strategy looked to employ the advantages of both traditional 

synthesis (high and consistent yields) and orthogonal strategy (less steps) into one 

superior platform. Differently from Ogawa’s orthogonal approach that relies on the 

orthogonality of LGs, we based our approach on orthogonal PGs. This resulted in the 
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change of the direction of the oligosaccharide chain assembly, the reverse approach. 

Thus, while the glycan chain elongation during orthogonal activation takes at the 

reducing end (left to right), the elongation during the reverse approach proceeds at the 

non-reducing end, from right to left, just like in the linear assembly.  

This reverse strategy requires two orthogonal protecting groups (PGA and PGA) 

that can be removed during the glycosylation and in principle the couplings can be 

executed with only one type of leaving group (Scheme 5.3). Thus, in the first step 

glycosyl donor bearing PGB with be reacted with glycosyl acceptor bearing PGA under 

Conditions A. During this step PGA is removed and the liberated hydroxyl is glycosylated 

to form a respective disaccharide derivative bearing PGB that remains intact during this 

step.  In the second step a new glycosyl donor bearing PGA with be set to react with 

disaccharide acceptor bearing PGB under Conditions B. During this step PGB is removed 

and the liberated hydroxyl is glycosylated to form a respective trisaccharide derivative 

bearing PGA that remains intact during this step.  

To execute this concept, we identified an orthogonal PG combination that 

comprised pentenoyl (Pent, PGA) that could be deprotected/glycosylated in the presence 

of NIS/TfOH/H2O and p-methoxybenzyl (pMB) that could be deprotected/glycosylated 

in the presence of TMSI/AgOTf. We have also matched two different LGs, S-ethyl and 

S-benzoxazolyl (SBox), respectively. Building blocks A and B shown in Scheme 5.3 

allowed us to synthesize a 1→6-linked pentasaccharide with good efficiency and 

consistent yields: di(81%) →tri(82%) →tetra(71%) →penta(75%).  

One remaining downside to the reverse orthogonal approach is a limited scope 

because it remained applicable to only this particular combination of protecting (and 
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leaving) groups. With a goal of extending this reverse approach to other orthogonal 

combinations, and hence expanding the scope of the reverse orthogonal strategy, reported 

herein is a new promising orthogonal combination.   

Scheme 5.3.  Reverse orthogonal strategy 

 

5.2 Results and Discussion 

The development of this new promising orthogonal PG-LG combination of was 

made possible thanks to our recent studies dedicated to green catalysis in carbohydrate 

synthesis. On one hand, we showed that iron(III) chloride (FeCl3) could be used for the 

activation of glycosyl chlorides.10 On the other hand, we discovered that FeCl3 could be 

used to selectively cleave the picoloyl (Pico) protecting group.11 Because both of these 

methods, chloride LG activation and Pico PG removal, needed the same reagent FeCl3 we 
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hypothesized that this offers a possibility for establishing another leaving-protecting 

group combination that would fit into the reverse orthogonal concept. 

Scheme 5.4.  New building blocks 5.1-5.4 for the reverse orthogonal activation 

 

To test our theory, we synthesized two glycosyl acceptors: 5.1 was obtained via a 

one-step protection of a common 6-OH precursor12 using the standard picoloylation 

protocol13,14 and 5.2 was obtained as previously reported.9 We have also obtained two 

glycosyl donors 5.3 and 5.4 as shown in Scheme 5.4.  
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The synthesis of 6-pMB protected donor 5.3 originated from known p-

methoxybenzylidene-protected compound 5.5,15 which was subjected to the reductive 

acetal opening to afford 6-pMB derivative 5.6 with high regioselectivity in 95% yield. 

Subsequent benzoylation of the liberated 4-OH group afforded compound 5.7. The latter 

was converted into the desired glycosyl chloride donor 5.3 in a high yield via a 

conventional two-step thioglycoside hydrolysis with NBS in wet acetone followed by 

chlorination of the intermediate hemiacetal with oxalyl chloride. The synthesis of 6-Pico 

substituted SBox donor 5.3 originated from known thioglycoside precursor 5.8,16 which 

was protected with picolinic acid in the presence of EDC and DMAP to afford compound 

5.9 in 98% yield. The latter was the converted into the desired SBox glycosyl donor 5.4 

in 45% yield over two steps involving bromination with bromine followed by the SBox 

LG introduction using KSBox in the presence of 18-crown-6 in acetone. 

With building blocks 5.1-5.4 in hand, we investigated the respective orthogonal 

coupling geactions. Acceptor 5.1 and SBox donor 5.4 are each equipped with the 6-Pico 

group, whereas acceptor 5.2 and chloride donor 5.3 are each equipped with 6-pMB 

protecting group. In accordance with our design, glycosyl chloride donor 5.3 will pair 

with 6-Pico building blocks 5.1 and 5.4 in the presence of FeCl3 to deprotect the Pico 

group and activate the chloride LG thereby allowing for the intended 

deprotection/glycosylation in a single step. SBox donor 5.4 will then pair with pMB-

protected building blocks 5.2 and 5.3. In this case deprotection/glycosylation will be 

affected in the presence of TMSI (to remove pMB) and AgOTf (to activate SBox), as 

shown in our previous study.9 
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With these considerations, we first investigated the reaction of glycosyl acceptor 

5.1 with glycosyl donor 5.3. A thorough preliminary experimentation brought us to a 

realization that we could not perform these reactions in a one-pot manner. Due to the Pico 

group cleavage requiring the presence of a nucleophile, normally methanol, we would 

have to do the deprotection-glycosylation with the temporary removal of methanol. First, 

cleaving the Pico group off acceptor 5.1 using 30 mol % of FeCl3 in 9:1 MeOH:CH2Cl2 

occurs in 15 min (Scheme 5.5).  

Scheme 5.5.  A three-step assembly of tetrasaccharide 5.12 using the reverse 

orthogonal strategy 
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The reaction was then concentrated and dried in vacuo for 1 h. The residue was 

then redissolved in dichloromethane, molecular sieves (4Å) were added, and the resulting 

mixture was stirred for 1 h. Donor 5.3 was then added along with another 30 mol % 

portion of FeCl3. The additional FeCl3 was required to drive this reaction to completion. 

As a result, disaccharide 5.10 was obtained in 70% yield. Generally satisfied with the 

outcome of this preliminary experiment, we carried out the next glycosylation using 

glycosyl donor 5.4. Applying similar reaction conditions to those previously developed, 

TMSI was used to selectively cleave off the p-methoxybenzyl group from disaccharide 

5.10 followed by the activation of donor 5.4 using silver triflate. This resulted in the 

formation of trisaccharide 5.11 in 65% yield. The first step was then repeated with 6”-

Pico protected trisaccharide acceptor 5.11 and glycosyl chloride donor 5.3 to obtain the 

desired tetrasaccharide 5.12 in 57% yield. 

Scheme 5.6.  Synthesis of trisaccharide 5.14 using alternative sequence 
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Following the general success of the original scheme, we sought to see whether 

reversing the synthetic steps would offer any benefit. Starting with acceptor 5.2 and 

donor 5.4 we first performed the deprotection/glycosylation using TMSI and AgOTf 

(Scheme 5.6). As a result, disaccharide 5.13 was obtained in 58% yield. Continuing the 

synthesis, trisaccharide 5.14 was produced from glycosyl chloride donor 5.3 and 6’-Pico 

protected disaccharide 5.13 in 48% yield using FeCl3 mediated 

deprotection/glycosylation reactions, as detiled for the synthesis of 5.10 (vide supra).  

5.3 Conclusions  

The reverse orthogonal strategy is a useful strategy for synthetic carbohydrate 

chemists to help reduce the number of steps compared to traditional linear synthetic 

routes. It however was limited in scope due to the restriction to only two certain LG-PG 

combinations. We have successfully shown that the scope of the reverse orthogonal 

strategy can be expanded to a new LG-PG combination comprising glycosyl chloride 

donors and of picoloylated acceptors. Cleavage of the picoloyl group can be performed 

using 30 mol % of FeCl3 and following liberation of the hydroxyl group the glycosyl 

chloride donor activated using another 30 mol % of FeCl3 providing moderate yields. 

These new reaction conditions were shown to pair well with the existing LG-PG pair 

comprising the SBox glycosyl donor and f p-methoxylbenzene protected glycosyl 

acceptor, which can be coupled in the presence of TMSI and AgOTf. This new 

combination was tested in application to the synthesis of a tetrasaccharide and 

trisaccharide that were obtained in moderate-to-good yields using conventions of the 

reverse orthogonal strategy.  
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5.4 Experimental 

5.4.1 General methods 

Column chromatography was performed on silica gel 60 (70-230 mesh), reactions were 

monitored by TLC on Kieselgel 60 F254. The compounds were detected by examination 

under UV light and by charring with 10% sulfuric acid in methanol. Solvents were 

removed under reduced pressure at <40 °C. CH2Cl2 and ClCH2CH2Cl (1,2-DCE) were 

distilled from CaH2 directly prior to application. Pyridine was dried by refluxing with 

CaH2 and then distilled and stored over molecular sieves (3 Å). Anhydrous DMF was 

used as it is. Molecular sieves (3 Å or 4 Å), used for reactions, were crushed and 

activated in vacuo at 390 °C during 8 h in the first instance and then for 2-3 h at 390 °C 

directly prior to application. Optical rotations were measured using a Jasco polarimeter. 

1H NMR spectra were recorded in CDCl3 at 300 MHz or 600 MHz. 13C NMR spectra 

were recorded in CDCl3 at 75 or 151 MHz. Accurate mass spectrometry determinations 

were performed using Agilent 6230 ESI TOF LCMS mass spectrometer. 

5.4.2 Synthesis of building blocks 

Methyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α-D-glucopyranoside (5.1).  

 Picolinic acid (168.1 mg, 1.35 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide 

(EDC, 258.8 mg, 1.35 mmol), and 4-dimethylaminopyridine (DMAP, 16.6 mg, 0.14 

mmol) were added to a solution of methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside12 

(314.6 mg, 0.68 mmol) in dichloromethane (10 mL), and the resulting mixture was stirred 

under argon for 1 h at rt. After that, the reaction mixture was diluted with CH2Cl2 (75 

mL) and washed with water (2 x 15 mL). The organic phase was separated, dried with 

magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was 
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purified by column chromatography on silica gel (ethyl acetate - hexane gradient elution) 

to give the title compound in 95% yield (366.5 mg, 0.64 mmol). Analytical data for 5.1: 

Rf = 0.3 (ethyl ethyl acetate/hexane, 1/1, v/v);  1H NMR (300 MHz, CDCl3): δ 8.76 (m, 

1H, aromatic), 8.02 (m,1H, aromatic), 7.81 (m, 1H, aromatic), 7.47 (m, 1H, aromatic), 

7.42-7.17 (m, 15H, aromatic), 4.93 (dd, 2J = 10.6 Hz, 2H, CH2Ph), 4.86 (d, 2J = 10.9 Hz, 

1H, CHPh), 4.82 (d, 2J = 12.1 Hz, 1H, CHPh), 4.72-4.49 (m, 5H, H-1, 3, 4, 2 x CHPh), 

4.05 (dd, J6a,6b = 10.0 Hz, 1H, H-6a), 3.98 (ddd, J5,6a = 4.6, J5,6b = 2.4 Hz, 1H, H-5), 3.62 

(d, 1H, H-6b), 3.58 (dd, J2,3 = 9.5 Hz, 1H, H-2), 3.38 (s, 3H) ppm;  

Methyl 2,3,4-tri-O-benzyl-6-O-p-methoxybenzyl-α-D-glucopyranoside (5.2) 

Was synthesized from methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside12,17 and its 

analytical data in accordance with that previosuly reported.9 

Ethyl 2,3-di-O-benzoyl-6-O-p-methoxybenzyl-1-thio-β-D-glucopyranoside (5.3).  

A mixture containing ethyl 2,3-di-O-benzoyl-4,6-O-p-methoxybenzylidene-1-thio-β-D-

glucopyranoside15 (5.5, 1.83 g, 3.34 mmol) and molecular sieves (4 Å, 1.2 g) in 

dimethylformamide (40 mL) was stirred under argon for 1.5 h at rt. NaCNBH3 (1.05 g, 

16.7 mmol) was added and the resulting mixture was cooled to 0 °C. Trifluoroacetic acid 

(TFA, 3.82 g, 33.5 mmol) was added dropwise over a period of 1 h, the resulting mixture 

was allowed to warm to rt, and stirred for 16 h at rt. After that, the solids were filtered off 

through a pad of Celite and rinsed successively with DCM. The combined filtrate (~200 

mL) was washed with sat. aq. NaHCO3 (3 x 40 mL) and the aqueous layer was 

additionally extracted with dichloromethane (2 x 150 mL). The combined organic phase 

was dried with magnesium sulfate, filtered, and concentrated under reduced pressure. The 

residue was purified by column chromatography on silica gel (ethyl acetate - hexane 
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gradient elution) to afford the title compound (1.75 g, 3.17 mmol) in 89% yield. 

Analytical data for 5.6: Rf = 0.5 (ethyl acetate/hexane, 2/3, v/v);   1H NMR (300 MHz, 

CDCl3): δ 8.02-7.91 (m, 4H, aromatic), 7.58-7.45 (m, 2H, aromatic), 7.43-7.31 (m, 4H, 

aromatic), 7.31-7.23 (m, 3H, aromatic), 6.93-6.83 (m, 2H, aromatic), 5.49 (dd, J3,4 = 9.3 

Hz, 1H, H-3), 5.44 (dd, J2,3 = 9.4 Hz, 1H, H-2), 4.69 (d, J1,2 = 9.6 Hz, 1H, H-1), 4.54 (dd, 

2J = 15.1 Hz, 2H, CH2Ph), 3.96 (m, J4,5 = 9.2, J4,OH = 3.1 Hz, 1H, H-4), 3.90-3.76 (m, 5H, 

H-6a, 6b, OCH3), 3.71 (dd, J5,6a = J5,6b = 9.5 Hz, 1H, H-5), 3.29 (d, 1H, OH), 2.75 (m, 

2H, SCH2CH3), 1.27 (m, 3H, SCH2CH3) ppm; 

Ethyl 2,3,4-tri-O-benzoyl-6-O-p-methoxybenzyl-1-thio-β-D-glucopyranoside (5.7).  

DMAP (180.8 mg, 1.5 mmol) was added to a solution of compound 5.6 (1.64 g, 3.0 

mmol) in pyridine (30 mL) followed by a dropwise addition of benzoyl chloride (1.25 g, 

8.9 mmol), and the resulting mixture was stirred under argon for 16 h at 40 °C. The 

reaction mixture was cooled to rt, MeOH (20 mL) was added, and the resulting mixture 

was stirred for 30 min. After that, the volatiles were removed under reduced pressure, and 

the residue was co-evaporated with toluene. The residue was dissolved in 

dichloromethane (~200 mL) and washed with water (40 mL), 1 N aq. HCl (40 mL), sat. 

aq. NaHCO3 (40 mL), and water (2 x 40 mL). The organic phase was separated, dried 

with magnesium sulfate, filtered, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (ethyl acetate - hexane gradient 

elution) to afford the title compound (1.85 g, 2.8 mmol) in 94% yield. Analytical data for 

5.7 was in accordance with that previously reported.9  
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2,3,4-Tri-O-benzoyl-6-O-p-methoxybenzyl-α/β-D-glucopyranosyl chloride (5.3).  

N-Bromosuccinimide (2.34 g, 13.1 mmol) was added to a solution of compound 5.7 (1.73 

g, 2.6 mmol) in acetone-water (150 mL, 9/1, v/v), and the resulting mixture was stirred 

for 15 min at rt. After that, the volatiles were removed under reduced pressure. The 

residue was dissolved in dichloromethane (~200 mL) and washed with water (40 mL), 

sat. aq. NaHCO3 (40 mL), and water (2 x 40 mL). The organic phase was separated, dried 

with magnesium sulfate, filtered, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (ethyl acetate - hexane gradient 

elution) to give 2,3,4-tri-O-benzoyl-6-O-p-methoxybenzyl-D-glucopyranose (5.15, 1.55 

g, 2.5 mmol) in 98% yield (α/β = 2.9/1). Selected analytical data for α-5.15: Rf = 0.4 

(ethyl acetate/hexane, 2/3, v/v);   1H NMR (300 MHz, CDCl3): δ 8.05-7.76 (m, 7H, 

aromatic), 7.59-7.09 (m, 14H, aromatic), 6.70 (m, 1H, aromatic), 6.20 (dd, J3,4 = 10.0 Hz, 

1H, H-3), 5.74 (d, J1,2 = 3.4 Hz, 1H, H-1), 5.55 (dd, J4,5 = 9.8 Hz, 1H, H-4), 5.29 (dd, J2,3 

= 10.2 Hz, 1H, H-2), 4.62-4.32 (m, 3H, H-5, CH2Ar), 4.23 (d, J1,OH = 3.3 Hz, 1H, OH), 

3.78 (s, 3H, OCH3), 3.66-3.48 (m, 2H, H-6a, 6b) ppm. 

A solution of oxalyl chroride (0.96 g, 7.6 mmol) in dichloromethane (15 mL) was added 

dropwise to a stirring solution of compound 5.15 (1.55 g, 2.5 mmol) in dichloromethane 

(50 mL) and DMF (5.0 mL), and the resulting mixture was stirred under argon for 30 min 

at 0 °C. The external cooling was then removed and the reaction mixture was allowed to 

slowly warm to rt and stirred for additional 1 h at rt. After that, the volatiles were 

removed under reduced pressure. The residue was dissolved in a mixture of ethyl acetate 

and hexane (40 mL, 1/1, v/v) and passed through a pad of silica gel (40 g) that was 

additionally eluted with a mixture of ethyl acetate and hexane (150 mL, 1/1, v/v). The 
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combined eluate was concentrated under reduced pressure and dried in vacuo to afford 

the title compound as a clear syrup in 81% yield (1.23 g, 2.0 mmol). Analytical data for 

α-5.3: Rf = 0.8 (ethyl acetate/hexane, 2/3, v/v); 1H NMR (300 MHz, CDCl3): δ 8.10-7.73 

(m, 6H, aromatic), 7.60-7.06 (m, 11H, aromatic), 6.73 (m, 2H, aromatic), 6.57 (d, J1,2 = 

3.9 Hz, 1H, H-1), 6.19 (dd, J3,4 = 9.9 Hz, 1H, H-3), 5.80 (dd, J4,5 = 9.6 Hz, 1H, H-4), 5.45 

(dd, J2,3 = 10.0 Hz, 1H, H-2), 4.63-4.31 (m, 3H, H-5, CH2Ph), 3.81 (s, 3H, OCH3), 3.75-

3.58 (m, 2H, H-6a, 6b) ppm. Analytical data for β-5.3: 1H NMR (300 MHz, CDCl3): δ 

8.10-7.73 (m, 6H, aromatic), 7.60-7.06 (m, 11H, aromatic), 6.73 (m, 2H, aromatic), 5.73-

5.51 (m, 4H, H-1, 2, 3, 4), 4.63-4.31 (m, 2H, CH2Ph), 4.09 (m, 1H, H-5), 3.81 (s, 3H, 

OCH3), 3.75-3.58 (m, 2H, H-6a, 6b) ppm. 

Ethyl 2-O-benzoyl-3,4-di-O-benzyl-6-O-picoloyl-1-thio-β-D-glucopyranoside (5.9).  

Picolinic acid (1.9 g, 15.2 mmol), 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC, 

2.9 g, 15.2 mmol), and 4-dimethylaminopyridine (DMAP, 185.9 mg, 1.5 mmol) were 

added to a solution of ethyl 2-O-benzoyl-3,4-di-O-benzyl-1-thio-β-D-

glucopyranoside16,18 (5.8, 3.90 g, 7.6 mmol) in dichloromethane (100 mL), and the 

resulting mixture was stirred under argon for 1 h at rt. After that, the reaction mixture was 

diluted with CH2Cl2 (~200 mL) and washed with water (2 x 75 mL). The organic phase 

was separated, dried with magnesium sulfate, filtered, and concentrated under reduced 

pressure. The residue was purified by column chromatography on silica gel (acetone - 

hexane gradient elution) to give the title compound (4.6 g, 7.4 mmol) in 98% yield. 

Analytical data for 5.9: Rf = 0.45 (acetone/hexane, 2/3, v/v);  1H NMR (300 MHz, 

CDCl3): δ 8.78 (dd, 1H, aromatic), 8.08-8.00 (m, 3H, aromatic), 7.84 (m, 1H, aromatic), 

7.63-7.54 (m, 1H, aromatic), 7.48 (ddd, 3H, aromatic), 7.34-7.06 (m, 10H, aromatic), 
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5.35 (dd, J4,5 = 9.8 Hz, 1H, H-4), 4.89 (d, 2J = 10.9 Hz, 1H, CHPh), 4.82- 4.53 (m, 6H, 

H-1, 2, 3, 3 x CHPh), 3.98-3.86 (dd, 1H, H-5), 3.85-3.74 (m, 2H, H-6a, 6b), 2.85-2.52 

(m, 2H, SCH2CH3), 1.17 (t, J = 7.4 Hz, 3H, SCH2CH3). 

Benzoxazolyl 2-O-benzoyl-3,4-di-O-benzyl-6-O-picoloyl-1-thio-β-D-glucopyranoside 

(5.4). 

A mixture containing compound 5.9 (1.63 g, 2.7 mmol) and molecular sieves (3 Å, 2.44 

g) in dichloromethane (40 mL) was stired under argon for 1.5 h at rt. The mixture was 

cooled to 0 °C, a 0.6 M solution of bromine in dichloromethane (25.5 mL) was added 

dropwise, and the resulting mixture was stirred for 15 min at 0 °C. The reaction mixture 

was then neutralized with triethylamine (15 mL). The solids were filtered off through a 

pad of Celite and rinsed successively with dichloromethane. The combined filtrate (~100 

mL) was washed with cold water (2 x 40 mL). The organic phase was separated, dried 

with magnesium sulfate, filtered, and concentrated under reduced pressure. The residue 

was dissolved in a mixture of acetone and hexane (40 mL 1/1, v/v) and filtered through a 

pad of silica gel (40 g). that was additionally eluted with a mixture of ethyl acetate and 

hexane (150 mL, 1/1, v/v).The combined eluate was concentrated under reduced 

pressure, and dried in vacuo for 2 h. The crude residue containing glycosyl bromide 

intermediate was dissolved in acetone (100 mL), 18-crown-6 (207.7 mg, 0.85 mmol) and 

KSbox (1.61 g, 8.5 mmol) were added, and the resulting mixture was stirred under argon 

for 6 h at rt. The volatiles were then removed under reduced pressure. The residue was 

dissolved in dichloromethane (200 mL) and washed with water (50 mL), 1% aq. NaOH 

(50 mL), and water (2 x 50 mL). The organic phase was separated, dried with magnesium 

sulfate, filtered, and concentrated under reduced pressure. The residue was purified by 



Scott Geringer | UMSL 2020 | Page  141 

 

 

column chromatography on silica gel (ethyl acetate - dichloromethane gradient elution) to 

give the title compound (890.1 mg, 1.27 mmol) in 45% yield. Analytical data for 5.4: Rf 

= 0.55 (ethyl acetate/dichloromethane, 1/4, v/v);  1H NMR (300 MHz, CDCl3): δ 8.71 (d, 

1H, aromatic), 8.05-7.96 (m, 2H, aromatic), 7.90 (d, 1H, aromatic), 7.67-7.47 (m, 3H, 

aromatic), 7.47-7.05 (m, 16H, aromatic), 5.82 (d, J1,2 = 10.3 Hz, 1H, H-1), 5.54 (dd, J2,3 = 

9.0 Hz, 1H, H-2), 4.80 (dd, 2J = 11.0 Hz, 2H, CH2Ph) 4.78 (dd, 2J = 10.9 Hz, 2H, 

CH2Ph), 4.63 (dd, 1H, H-6b), 4.55 (dd, J6a,6b = 12.1 Hz, 1H, H-6a), 4.07 (dd, J3,4 = 8.9 

Hz, 1H, H-3), 4.03 (ddd, J5,6a = J5,6b = 5.4 Hz, 1H, H-5), 3.86 (dd, J4,5 = 9.0 Hz, 1H, H-4) 

ppm. 

5.4.3 Synthesis of oligosaccharides by reverse orthogonal glycosylation 

Methyl 6-O-(2,3,4-tri-O-benzoyl-6-O-p-methoxybenzyl-β-D-glucopyranosyl)-2,3,4-

tri-O-benzyl-α-D-glucopyranoside (5.10).  

FeCl3 (1.5 mg, 0.009 mmol) was added to a solution of compound 5.1 (17.8 mg, 0.031 

mmol) in MeOH (0.9 mL) and dichloromethane (0.1 mL), and the resulting mixture was 

stirred for 30 min at rt. After that, the reaction mixture was concentrated under reduced 

pressure and the residue was dried in vacuo for 1.5 h. The resulting residue was dissolved 

in dichloromethane (1.0 mL), molecular sieves (4 Å, 150 mg) were added, and the 

resulting mixture was stirred under argon for 1 h at rt. Glycosyl chloride 5.3 (40.0 mg, 

0.059 mmol) and FeCl3 (2.9 mg, 0.018 mmol) were added, and the resulting mixture was 

stirred under argon for 16 h at rt. After that, the solids were filtered off through a pad of 

Celite, rinsed successively with dichloromethane, and the combined filtrate (~40 mL) 

was washed with sat. aq. NaHCO3 (10 mL). The organic phase was separated, dried with 

magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was 
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purified by column chromatography on silica gel (ethyl acetate - toluene, gradient 

elution) to give the title compound (22.8 mg, 0.022 mmol) in 70% yield. Analytical data 

for 5.10 was essentially the same as previously reported.9 

Methyl O-(3,4-di-O-benzyl-2-O-benzoyl-6-O-picoloyl-β-D-glucopyranosyl)-(1→6)-O-

(2,3,4-tri-O-benzoyl-β-D-glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-glucopyranoside 

(5.11) 

 Compounds 5.5 (40.1 mg, 0.038 mmol) and 5.4 (34.5 mg, 0.049 mmol) were dissolved 

in 1,2-dichloroethane (1 mL), molecular sieves (3 Å, 150 mg) were added and the 

resulting mixture was stirred for 1 h under argon at rt. The reaction was then cooled to 0 

°C and TMSI (24.51 mg, 0.12 mmol) was added and stirred for 20 minutes. Silver triflate 

(AgOTf, 37.8 mg, 0.15 mmol) was added and the resulting mixture was stirred for 3 h at 

rt. After that, the solids were filtered off through a pad of Celite, rinsed successively with 

dichloromethane, and the combined filtrate (~40 mL) was washed with water (10 mL), 

sat. aq. NaHCO3 (10 mL), and water (2 x 10 mL). The organic phase was separated, dried 

with magnesium sulfate, filtered, and concentrated under reduced pressure. The residue 

was purified by column chromatography on silica gel (ethyl acetate - dichloromethane 

gradient elution) to give the title compound (36.8 mg, 0.025 mmol) in 65% yield. 

Analytical data for 5.11: Rf = 0.83 (ethyl acetate/dichloromethane, 1/4, v/v);  1H NMR 

(300 MHz, CDCl3): δ 8.78 (d, 1H, aromatic), 8.01 (m, 3H, aromatic), 7.91-7.65 (m, 7H, 

aromatic), 7.55-6.89 (m, 42H, aromatic), 5.70 (dd, J3’4’ = 9.6 Hz, 1H, H-3’), 5.41 (dd, 

J2’,3’ = 8.3 Hz, 1H, H-2’), 5.29 (dd, J2’’,3’’ = 8.4Hz, 1H, H-2’’), 5.24 (dd, J4’,5’ = 9.4 Hz, 

1H, H-4’) 4.85 (m, 2H), 4.77-4.41 (m, 12H, H-1, 1’, 1”, CHPh x9), 4.25 (dd, 2J = 11.2 

Hz, 1H, CH2Ph), 3.98-3.65 (m, 8H, H-3, 3”, 5’, 5”, 6a, 6a’, 6b, 6b’), 3.49-3.29 (m, 4H, 
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H-2, 4, 4”, 5), 3.24 (s, 3H, OCH3) ppm; 13C NMR (151 MHz, CDCl3) δ 165.9, 165.5, 

165.2, 165.0, 164.7, 150.3, 147.8, 139.0, 138.5, 138.3, 137.6, 137.6, 137.2, 133.6, 133.4, 

133.3, 133.2, 130.0, 129.9 (x3), 129.8 (x7), 129.3, 128.9 (x2), 128.7 (x2), 128.6 (x5), 

128.5 (x5), 128.4 (x5), 128.3 9 (x5), 128.2, 128.1 (x4), 128.0, 127.7, 127.6, 127.5, 127.1, 

125.5, 101.3, 100.8, 98.3, 83.0, 82.0, 79.9, 77.7, 77.1, 75.6, 75.4, 75.3, 74.6, 74.4, 73.9, 

73.6, 73.4, 73.0, 71.9, 69.8, 69.5, 68.3, 67.5, 64.2, 55.5.  

Methyl O-(2,3,4-tri-O-benzoyl-6-O-p-methoxybenzyl-β-D-glucopyranosyl)-(1→6)-O-

(3,4-di-O-benzyl-2-O-benzoyl-β-D-glucopyranosyl)-(1→6)-O-(2,3,4-tri-O-benzoyl-β-

D-glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-glucopyranoside (5.12).  

FeCl3 (1.7 mg, 0.008 mmol) was added to a solution of compound 5.11 (37.7 mg, 0.025 

mmol) in MeOH (0.9 mL) and dichloromethane (0.1 mL), and the resulting mixture was 

stirred for 30 min at rt. After that, the reaction mixture was concentrated under reduced 

pressure and the residue was dried in vacuo for 1.5 h. The resulting residue was dissolved 

in dichloromethane (1.0 mL), molecular sieves (4 Å, 150 mg) were added, and the 

resulting mixture was stirred under argon for 1 h at rt. Glycosyl chloride 5.3 (47.6 mg, 

0.075 mmol) and FeCl3 (3.7 mg, 0.022 mmol) were added, and the resulting mixture was 

stirred under argon for 16 h at rt. After that, the solids were filtered off through a pad of 

Celite, rinsed successively with dichloromethane, and the combined filtrate (~40 mL) 

was washed with sat. aq. NaHCO3 (10 mL). The organic phase was separated, dried with 

magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was 

purified by column chromatography on silica gel (ethyl acetate - toluene, gradient 

elution) to give the title compound (29.0 mg, 0.015 mmol) in 58% yield. Analytical data 

for 5.12: Rf = 0.7 (ethyl acetate/toluene, 3/7, v/v);  1H NMR (300 MHz, CDCl3): δ 8.02 – 
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7.80 (m, 11H, aromatic), 7.76 (d, 2H, aromatic), 7.58 – 7.04 (m, 42H, aromatic), 7.04 – 

6.93 (m, 4H, aromatic), 6.70 (t, J = 9.4 Hz, 1H), 5.94 (t, J = 9.7 Hz, 1H), 5.74 (t, J = 9.6 

Hz, 1H), 5.61 – 5.43 (m, 3H), 5.35 (dd, J = 18.1, 8.5 Hz, 1H), 5.24 – 5.11 (m, 1H), 4.94 – 

4.81 (m, 2H), 4.76 – 4.62 (m, 2H), 4.62 – 4.29 (m, 10H), 4.17 (dd, 2H), 4.07 – 3.87 (m, 

2H), 3.88 – 3.50 (m, 11H), 3.48 – 3.26 (m, 4H), 3.22 (s, 3H).  

Methyl 6-O-(3,4-di-O-benzyl-2-O-benzoyl-6-O-picoloyl-β-D-glucopyranosyl)-2,3,4-

tri-O-benzyl-α-D-glucopyranoside (5.13)  

Compounds 5.2 (25.5 mg, 0.044 mmol) and 5.4 (40.0 mg, 0.057 mmol) were dissolved in 

1,1-dichloroethane (1 mL), molecular sieves  (3Å , 150 mg) were added and the resulting 

mixture was stirred for 1 h at rt. The reaction was cooled to 0 °C and TMSI (34.17 mg, 

0.17 mmol) was added and stirred for 20 minutes. Silver triflate (AgOTf, 43.9 mg, 0.17 

mmol) was added and the resulting mixture was stirred for 3 h at rt. The reaction was 

diluted with dichloromethane (40 mL) and washed with water (10 mL), sat. NaHCO3 (10 

mL), and water (2x 10 mL). The organic phase was separated, dried with magnesium 

sulfate, filtered, and concentrated under reduced pressure. The resulting residue was then 

purified by column chromatography on silica gel (ethyl acetate/toluene, gradient elution) 

to give the title compound in 58% yield (25.7 mg, 0.025 mmol). Analytical data for 5.13: 

Rf = 0.3 (ethyl acetate/toluene, 3/7, v/v);  1H NMR (300 MHz, CDCl3): δ 8.76 (d, 1H, 

aromatic), 8.05 (d, 1H, aromatic), 7.94 (d, 2H, aromatic), 7.79 (t, 1H, aromatic), 7.50 – 

7.40 (m, 2H, aromatic), 7.36 – 7.17 (m, 21H, aromatic), 7.08 – 6.93 (m, 2H, aromatic), 

5.39 (t, J2’,3’ = 8.5 Hz, 1H, H-2’), 4.96 – 4.80 (m, 2H, CHPh x2), 4.80 – 4.52 (m, 9H, H-

1’, 4’, 5’, 6 x CHPh), 4.45 (d, J1,2 = 3.5 Hz, 1H, H-1), 4.30 (dd, 2J = 11.0 Hz, 2H, 

CH2Ph), 4.08 (d, J6a,6b = 9.1 Hz, 1H, H-6a), 3.93-3.72 (m, 4H, H-3, 3’, 6a’, 6b’), 3.70 – 
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3.58 (m, 2H, H-5, 6b), 3.40 (dd, J2,3 = 9.7 Hz, 1H, H-2), 3.32 (dd, J4,5 = 9.4 Hz, 1H, H-4), 

3.16 (s, 3H, OCH3) ppm; 13C NMR (151 MHz, CDCl3) δ 165.1, 164.8, 150.2, 147.8, 

139.0, 138.3 (x2), 137.7, 137.6, 137.1, 133.2, 129.9 (x2), 128.7 (x3), 128.6 (x3), 128.5 

(x4), 128.4 (x4), 128.3 (x4), 128.2 (x3), 128.0 (x4), 127.7, 127.6 (x2), 127.1, 125.5, 

101.4, 98.0, 83.1, 82.0, 79.8, 77.8, 77.6, 75.6, 75.5, 75.2, 74.8, 73.8, 73.5, 73.4, 69.5, 

68.2, 64.3, 55.1. 

Methyl O-(2,3,4-tri-O-benzoyl-6-O-p-methoxybenzyl-β-D-glucopyranosyl)-(1→6)-O-

(3,4-di-O-benzyl-2-O-benzoyl-β-D-glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-

glucopyranoside (5.14)  

FeCl3 (1.2 mg, 0.008 mmol) was added to a solution of compound 5.13 (25.4 mg, 0.025 

mmol) in MeOH (0.9 mL) and dichloromethane (0.1 mL), and the resulting mixture was 

stirred for 30 min at rt. After that, the reaction mixture was concentrated under reduced 

pressure and the residue was dried in vacuo for 1.5 h. The resulting residue was dissolved 

in dichloromethane (1.0 mL), molecular sieves (4 Å, 150 mg) were added, and the 

resulting mixture was stirred under argon for 1 h at rt. Glycosyl chloride 5.3 (39.9 mg, 

0.063 mmol) and FeCl3 (3.1 mg, 0.019 mmol) were added, and the resulting mixture was 

stirred under argon for 16 h at rt. After that, the solids were filtered off through a pad of 

Celite, rinsed successively with dichloromethane, and the combined filtrate (~40 mL) 

was washed with sat. aq. NaHCO3 (10 mL). The organic phase was separated, dried with 

magnesium sulfate, filtered, and concentrated under reduced pressure. The residue was 

purified by column chromatography on silica gel (ethyl acetate - toluene, gradient 

elution) to give the title compound (18.2 mg, 0.012 mmol) in 49% yield. Analytical data 

for 5.14: Rf = 0.45 (ethyl acetate/toluene, 1/4, v/v);  1H NMR (300 MHz, CDCl3): δ 7.96 – 
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7.70 (m, 8H, aromatic), 7.58 – 6.99 (m, 41H, aromatic), 6.93 (d, J = 3.7 Hz, 2H, 

aromatic), 6.67 (d, J = 8.4 Hz, 1H, aromatic), 5.79 (t, J = 9.7 Hz, 1H), 5.62 – 5.42 (m, 

2H), 5.29 (dd, J = 8.6 Hz, 1H), 4.94 (d, J = 7.8 Hz, 1H), 4.86 (d, J = 11.0 Hz, 1H), 4.75 – 

4.51 (m, 7H), 4.48 (dd, J = 10.2 Hz, 1H), 4.41 (dd, J = 10.2 Hz, 1H), 4.38 – 4.25 (m, 3H), 

4.25 – 4.07 (m, 3H), 4.03 – 3.60 (m, 11H), 3.60 – 3.31 (m, 7H), 3.28 (s, 3H, OCH3) ppm; 

13C NMR (151 MHz, CDCl3) δ 165.9, 165.4, 165.1, 165.0, 155.5, 139.1, 138.5, 138.4, 

137.9, 137.8, 133.5, 133.3 (x2), 133.1 (x2), 131.5, 129.9, 129.9 (x6), 129.8 (x5), 128.6 

(x4), 128.5 (x5), 128.6, 128.4 (x5), 128.3 (x3), 128.1 (x3), 128.0 (x5), 127.9 (x3), 127.8, 

127.6 (x5), 127.5, 111.8, 111.5, 101.5, 101.0, 98.3, 82.8, 82.0, 79.8, 77.9, 75.6, 75.1, 

75.0, 74.7, 73.9, 73.7, 73.6, 73.2, 72.7, 72.2, 70.0, 69.6, 69.0, 68.4, 67.6, 56.3, 55.4. 
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CDCl3 300 MHz 

Figure A-1: 1H NMR spectrum of Ethyl 3,4,6-tri-O-benzyl-2-O-picoloyl-1-thio-b-D-

glucopyranoside (2.3).   

 
CDCl3 75 MHz 

Figure A-2: 13C NMR spectrum of Ethyl 3,4,6-tri-O-benzyl-2-O-picoloyl-1-thio-b-D-

glucopyranoside (2.3)   
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CDCl3 300 MHz 

Figure A-3: 2-D NMR COSY spectrum of Ethyl 3,4,6-tri-O-benzyl-2-O-picoloyl-1-thio-

b-D-glucopyranoside (2.3) 
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CDCl3 300 MHz 

Figure A-4: 1H NMR spectrum of Ethyl 2,3,4-tri-O-benzoyl-6-O-picoloyl-1-thio-b-D-

glucopyranoside (2.9). 

 

CDCl3 75 MHz 

Figure A-5: 13C NMR spectrum of Ethyl 2,3,4-tri-O-benzoyl-6-O-picoloyl-1-thio-b-D-

glucopyranoside (2.9).  
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CDCl3 300 MHz 

Figure A-6: 2-D NMR COSY spectrum of Ethyl 2,3,4-tri-O-benzoyl-6-O-picoloyl-1-

thio-b-D-glucopyranoside (2.9). 
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CDCl3 300 MHz 

Figure A-7: 1H NMR spectrum of Ethyl 3,6-di-O-benzyl-2-deoxy-4-O-picoloyl-2-

phthalimido-1-thio-β-D-glucopyranoside (2.13). 

 
CDCl3 75 MHz 

Figure A-8: 13C NMR spectrum of Ethyl 3,6-di-O-benzyl-2-deoxy-4-O-picoloyl-2-

phthalimido-1-thio-β-D-glucopyranoside (2.13). 
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CDCl3 300 MHz 

Figure A-9: 2-D NMR COSY spectrum of Ethyl 3,6-di-O-benzyl-2-deoxy-4-O-picoloyl-

2-phthalimido-1-thio-β-D-glucopyranoside (2.13).  
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CDCl3 300 MHz 

Figure A-10: 1H NMR spectrum of Methyl (phenyl 5-acetamido-7,8,9-tri-O-acetyl-3,5-

dideoxy-2-thio-D-glycero-α-D-galacto-non-2-ulopyranosid)onate (2.16).

 
CDCl3 75 MHz 

Figure A-11: 13C NMR spectrum of Methyl (phenyl 5-acetamido-7,8,9-tri-O-acetyl-3,5-

dideoxy-2-thio-D-glycero-α-D-galacto-non-2-ulopyranosid)onate (2.16). 
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CDCl3 300 MHz 

Figure A-12: 2-D NMR COSY spectrum of Methyl (phenyl 5-acetamido-7,8,9-tri-O-

acetyl-3,5-dideoxy-2-thio-D-glycero-α-D-galacto-non-2-ulopyranosid)onate (2.16). 
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CDCl3 300 MHz 

Figure A-13: 1H NMR spectrum of Ethyl 2-O-benzoyl-4-O-benzyl-3-O-(9-

fluorenylmethoxycarbonyl)-1-thio--D-galactopyranoside (2.18). 

 
CDCl3 75 MHz 

Figure A-14: 13C NMR spectrum of Ethyl 2-O-benzoyl-4-O-benzyl-3-O-(9-

fluorenylmethoxycarbonyl)-1-thio--D-galactopyranoside (2.18). 
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CDCl3 300 MHz 

Figure A-15: 2-D NMR COSY spectrum of Ethyl 2-O-benzoyl-4-O-benzyl-3-O-(9-

fluorenylmethoxycarbonyl)-1-thio--D-galactopyranoside (2.18). 
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CDCl3 300 MHz 

Figure A-16: 1H NMR spectrum of Ethyl 2,3-di-O-benzyl-4-O-p-methoxybenzyl-6-O-

picoloyl-1-thio-b-D-glucopyranoside (2.19). 

 

CDCl3 75 MHz 

Figure A-17: 13C NMR spectrum of Ethyl 2,3-di-O-benzyl-4-O-p-methoxybenzyl-6-O-

picoloyl-1-thio-b-D-glucopyranoside (2.19). 
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CDCl3 300 MHz 

Figure A-18: 2-D NMR COSY spectrum of Ethyl 2,3-di-O-benzyl-4-O-p-

methoxybenzyl-6-O-picoloyl-1-thio-b-D-glucopyranoside (2.19). 
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CDCl3 300 MHz 

Figure A-19: 1H NMR spectrum of Ethyl 2,3-di-O-benzyl-4-O-p-methoxybenyl-1-thio-

-D-glucopyranoside (2.20). 

 
CDCl3 75 MHz 

Figure A-20: 13C NMR spectrum of Ethyl 2,3-di-O-benzyl-4-O-p-methoxybenyl-1-thio-

-D-glucopyranoside (2.20).  
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CDCl3 300 MHz 

Figure A-21: 2-D NMR COSY spectrum of Ethyl 2,3-di-O-benzyl-4-O-p-methoxybenyl-

1-thio--D-glucopyranoside (2.20). 
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CDCl3 300 MHz 

Figure A-22: 1H NMR spectrum of Ethyl 2,3-di-O-benzyl-4,6-di-O-picoloyl-1-thio-b-D-

glucopyranoside (2.21). 

 

CDCl3 75 MHz 

Figure A-23: 13C NMR spectrum of Ethyl 2,3-di-O-benzyl-4,6-di-O-picoloyl-1-thio-b-D-

glucopyranoside (2.21).  
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CDCl3 300 MHz 

Figure A-24: 2-D NMR COSY spectrum of Ethyl 2,3-di-O-benzyl-4,6-di-O-picoloyl-1-

thio-b-D-glucopyranoside (2.21). 
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CDCl3 300 MHz 

Figure A-25: 1H NMR spectrum of Ethyl 2-O-benzyl-3,4,6-tri-O-picoloyl-1-thio-α-D-

mannopyranoside (2.23). 

 
CDCl3 75 MHz 

Figure A-26: 13C NMR spectrum of Ethyl 2-O-benzyl-3,4,6-tri-O-picoloyl-1-thio-α-D-

mannopyranoside (2.23). 
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CDCl3 300 MHz 

Figure A-27: 2-D NMR COSY spectrum of Ethyl 2-O-benzyl-3,4,6-tri-O-picoloyl-1-

thio-α-D-mannopyranoside (2.23). 
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MeOD 300 MHz 

Figure A-28: 1H NMR spectrum of Ethyl 2-O-benzyl-1-thio-α-D-mannopyranoside 

(2.24). 

MeOD 75 MHz 

Figure A-29: 13C NMR spectrum of Ethyl 2-O-benzyl-1-thio-α-D-mannopyranoside 

(2.24).   
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MeOD 300 MHz 

Figure A-30: 2-D NMR COSY spectrum of Ethyl 2-O-benzyl-1-thio-α-D-

mannopyranoside (2.24). 
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CDCl3 300 MHz 

Figure A-31: 1H NMR spectrum of ethyl 2,3-di-O-benzyl-4,6-O-p-methoxybenzylidene-

1-thio-β-D-glucopyranoside (2.31) 
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CDCl3 300 MHz 

Figure A-32: 2-D NMR COSY spectrum of ethyl 2,3-di-O-benzyl-4,6-O-p-

methoxybenzylidene-1-thio-β-D-glucopyranoside (2.31) 
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CDCl3 300 MHz 

Figure A-33: 1H NMR spectrum of Tolyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,6-tri-O-benzoyl-1-thio-β-D-glucopyranoside (4.21) 
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CDCl3 75 MHz 

Figure A-34: 13C NMR spectrum of Tolyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,6-tri-O-benzoyl-1-thio-β-D-glucopyranoside (4.21) 
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CDCl3 300 MHz 

Figure A-35: 2-D NMR COSY spectrum of Tolyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,6-tri-O-benzoyl-1-thio-β-D-glucopyranoside (4.21) 
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CDCl3 300 MHz 

Figure A-36: 1H NMR spectrum of Phenyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,4-tri-O-benzyl-1-thio-β-D-glucopyranoside (4.22) 
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CDCl3 75 MHz 

Figure A-37: 13C NMR spectrum of Phenyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,4-tri-O-benzyl-1-thio-β-D-glucopyranoside (4.22) 
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CDCl3 300 MHz 

Figure A-38: 2-D NMR COSY spectrum of Phenyl 6-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,4-tri-O-benzyl-1-thio-β-D-glucopyranoside (4.22) 
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CDCl3 300 MHz 

Figure A-39: 1H NMR spectrum of Ethyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (4.23) 
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CDCl3 151 MHz 

Figure A-40: 13C NMR spectrum of Ethyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (4.23) 
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CDCl3 300 MHz 

Figure A-41: 2-D NMR COSY spectrum of Ethyl 4-O-(2,3,4,6-tetra-O-benzoyl-β-D-

galactopyranosyl)-2,3,6-tri-O-benzyl-1-thio-β-D-glucopyranoside (4.23) 
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CDCl3 300 MHz 

Figure A-42: 1H NMR spectrum of 3,4,6-Tri-O-benzoyl-2-deoxy-2-phthalimido-β-D-

glucopyranosyl chloride (4.43). 
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CDCl3 75 MHz 

Figure A-43: 13C NMR spectrum of 3,4,6-Tri-O-benzoyl-2-deoxy-2-phthalimido-β-D-

glucopyranosyl chloride (4.43). 
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CDCl3 300 MHz 

Figure A-44: 2-D NMR COSY spectrum of 3,4,6-Tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl chloride (4.43). 
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CDCl3 300 MHz 

Figure A-45: 1H NMR spectrum of Methyl 4-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (4.47) 
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CDCl3 151 MHz 

Figure A-46: 13C NMR spectrum of Methyl 4-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (4.47) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Methyl 4-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-2,3,6-tri-O-benzyl-α-D-glucopyranoside (4.47) 
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CDCl3 300 MHz 

Figure A-48: 1H NMR spectrum of Methyl 3-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.48) 



Scott Geringer | UMSL 2020 | Page  188 

 

 

 

CDCl3 151 MHz 

Figure A-49: 13C NMR spectrum of Methyl 3-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.48) 
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CDCl3 300 MHz 

Figure A-50: 2-D NMR COSY spectrum of Methyl 3-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-2,4,6-tri-O-benzyl-α-D-glucopyranoside (4.48) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Methyl 2-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (4.49) 
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CDCl3 151 MHz 

Figure A-52: 13C NMR spectrum of Methyl 2-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (4.49) 
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CDCl3 300 MHz 

Figure A-53: 2-D NMR COSY spectrum of Methyl 2-O-(3,4,6-tri-O-benzoyl-2-deoxy-2-

phthalimido-β-D-glucopyranosyl)-3,4,6-tri-O-benzyl-α-D-glucopyranoside (4.49) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Methyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α-D-

glucopyranoside (5.1) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Methyl 2,3,4-tri-O-benzyl-6-O-picoloyl-α-

D-glucopyranoside (5.1) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of 2,3,4-Tri-O-benzoyl-6-O-p-methoxybenzyl-α/β-D-

glucopyranosyl chloride (5.3) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of 2,3,4-Tri-O-benzoyl-6-O-p-methoxybenzyl-

α/β-D-glucopyranosyl chloride (5.3) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Benzoxazolyl 3,4-di-O-benzyl-2-O-benzoyl-6-O-

picoloyl-1-thio-β-D-glucopyranoside (5.4) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Benzoxazolyl 3,4-di-O-benzyl-2-O-benzoyl-

6-O-picoloyl-1-thio-β-D-glucopyranoside (5.4) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Methyl O-(3,4-di-O-benzyl-2-O-benzoyl-6-O-

picoloyl-β-D-glucopyranosyl)-(1→6)-O-(2,3,4-tri-O-benzoyl-β-D-glucopyranosyl)-

(1→6)-2,3,4-tri-O-benzyl-glucopyranoside (5.6) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Methyl O-(3,4-di-O-benzyl-2-O-benzoyl-6-

O-picoloyl-β-D-glucopyranosyl)-(1→6)-O-(2,3,4-tri-O-benzoyl-β-D-glucopyranosyl)-

(1→6)-2,3,4-tri-O-benzyl-glucopyranoside (5.6) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Methyl O-(2,3,4-tri-O-benzoyl-6-O-p-

methoxybenzyl-β-D-glucopyranosyl)-(1→6)-O-(3,4-di-O-benzyl-2-O-benzoyl-β-D-

glucopyranosyl)-(1→6)-O-(2,3,4-tri-O-benzoyl-β-D-glucopyranosyl)-(1→6)-2,3,4-tri-O-

benzyl-glucopyranoside (5.7) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Methyl O-(2,3,4-tri-O-benzoyl-6-O-p-

methoxybenzyl-β-D-glucopyranosyl)-(1→6)-O-(3,4-di-O-benzyl-2-O-benzoyl-β-D-

glucopyranosyl)-(1→6)-O-(2,3,4-tri-O-benzoyl-β-D-glucopyranosyl)-(1→6)-2,3,4-tri-O-

benzyl-glucopyranoside (5.7) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Methyl 6-O-(3,4-di-O-benzyl-2-O-benzoyl-6-O-

picoloyl-β-D-glucopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.8) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Methyl 6-O-(3,4-di-O-benzyl-2-O-benzoyl-

6-O-picoloyl-β-D-glucopyranosyl)-2,3,4-tri-O-benzyl-α-D-glucopyranoside (5.8) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Methyl O-(2,3,4-tri-O-benzoyl-6-O-p-

methoxybenzyl-β-D-glucopyranosyl)-(1→6)-O-(3,4-di-O-benzyl-2-O-benzoyl-β-D-

glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-glucopyranoside (5.9) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Methyl O-(2,3,4-tri-O-benzoyl-6-O-p-

methoxybenzyl-β-D-glucopyranosyl)-(1→6)-O-(3,4-di-O-benzyl-2-O-benzoyl-β-D-

glucopyranosyl)-(1→6)-2,3,4-tri-O-benzyl-glucopyranoside (5.9) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of 2,3-di-O-benzoyl-6-O-p-methoxybenzyl-1-thio-β-D-

glucopyranoside (5.10) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of 2,3-di-O-benzoyl-6-O-p-methoxybenzyl-1-

thio-β-D-glucopyranoside (5.10) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of 2,3,4-tri-O-benzoyl-6-O-p-methoxybenzyl-D-

glucopyranose (5.12) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of 2,3,4-tri-O-benzoyl-6-O-p-methoxybenzyl-

D-glucopyranose (5.12) 
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CDCl3 300 MHz 

Figure A-51: 1H NMR spectrum of Ethyl 3,4-di-O-benzyl-2-O-benzoyl-6-O-picoloyl-1-

thio-β-D-glucopyranoside (5.13) 
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CDCl3 300 MHz 

Figure A-47: 2-D NMR COSY spectrum of Ethyl 3,4-di-O-benzyl-2-O-benzoyl-6-O-

picoloyl-1-thio-β-D-glucopyranoside (5.13) 
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