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Chapter 1: 

From common monosaccharide to rare 

monosaccharide: the use of site-selective 

reactions  
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Definition and basic facts of rare monosaccharides 

Rare monosaccharides are monosaccharides that occur in small amounts in Nature. 

Universal agreements on the definition of “small amounts” are lacking, which makes 

“small amounts” always up to arbitrary interpretation, and therefore the terminology “rare 

monosaccharides” is only loosely defined. Nonetheless, the scientific community which 

research is solely dedicated to the chemistry of rare sugars does not use a more concrete 

definition.[1] To better define which monosaccharides belong to the rare sugars, we 

examine here the abundance of monosaccharides in both the mammalian and bacterial 

glycome. The top 10 most prevalent mammalian and bacterial monosaccharides are 

shown in Table 1 and Table 2 respectively.[2] The most abundant monosaccharides in both 

systems are D-glucosides, D-mannosides and D-galactosides. Beyond these, sialic acid 

(SIA) and keto-deoxyoctulosonate (KDO) are also abundant monosaccharides in nature. 

Among all the hexoses in the two tables, only two have the L-configuration--- α-L-Fucp 

(L-fucose) and α-L-Rhap (L-rhamnose), and both of them are 6-deoxy-monosaccharides.  

Table 1. Top 10 most prevalent monosaccharides in mammalian glycome.[2] 

No IUPAC name Stem type Abundance (%) 

1 β-D-GlcpNAc D-Glc 26.36 

2 β-D-Galp D-Gal 21.32 

3 α-D-Manp D-Man 14.42 

4 α-D-Neup5Ac SIA 7.68 

5 α-L-Fucp L-Gal 6.92 

6 β-D-Manp D-Man 6.03 

7 β-D-GalpNAc D-Gal 1.22 

8 β-D-Glcp D-Glc 1.00 

9 α-D-Galp D-Gal 0.87 

10 α-D-GalpNAc D-Gal 0.71 

 

Table 2. Top 10 most prevalent monosaccharides in bacterial glycome. Note that entry 3, α-L-

Gro-D-Man-Hepp, also has a D-mannoside stem.[2] 

No IUPAC name Stem type Abundance (%) 

1 β-D-Glcp D-Glc 8.94 

2 β-D-Galp D-Gal 7.43 

3 α-L-Gro-D-Man-Hepp L-Gro-D-Man-Hepp 7.09 

4 α-D-Glcp D-Glc 6.80 

5 α-L-Rhap L-Man 6.60 

6 α-D-Galp D-Gal 4.68 

7 β-D-GlcpNAc D-Glc 4.54 

8 α-Kdop KDO 4.36 

9 α-D-Manp D-Man 3.11 

10 α-D-GlcpNAc D-Glc 2.04 

 

Based on Table 1, and Table 2, if we limit our discussion to pyranosides of hexoses, we 

get the following characteristics for the common monosaccharides: 

1. They have D-configuration, with the exception of L-fucose and L-rhamnose. 
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2. They have the configuration of either D-glucose, D-mannose, or D-galactose at 

C2, C3, and C4. 

3. They can have acetamide instead of hydroxyl at C2. 

A more concrete definition for rare monosaccharides would be monosaccharides 

which do not satisfy both of the above rules. In general, these rare monosaccharides 

have low commercial availability, i.e. either they are entirely unavailable, or only 

available at a very high cost. Even though the carbohydrate sequence data for plants are 

sparse, a similar picture is observed for plant glycosides where D-glucose, D-galactose, 

D-mannose, D-xylose and L-rhamnose are abundant due to their role in the formation of 

cellulose and hemicellulose, the main structural components of plants.[3] 

 

The biological relevance of rare monosaccharides 

Given that rare monosaccharides are present in nature in such a minute amount, one must 

raise the question: is there a purpose of studying them? To address this question, we turn 

our attention to some biologically important glycoconjugates which contain rare 

monosaccharides. 

Rare monosaccharide units within antibiotics and other therapeutic molecules 

Despite the low abundance of rare monosaccharides, they are often found in secondary 

metabolites from different microorganisms. These secondary metabolites can be 

biologically active and can have valuable therapeutic effects. Some of the examples are 

displayed in Figure 1.[4] Jadomycin is an aglycon containing either L-digitoxose or 6-

deoxy-L-altrose and is known to inhibit Aurora kinase and induce DNA cleavage, 

showing potent antitumor activities.[5],[6],[7],[8] Tetrocarcin A, another antitumor antibiotic, 

also contains L-digitoxose in its structure.[9] Benanomicin A has excellent activities 

against syncytium formation induced by the HIV virus both in vitro and in vivo.[10] It 

contains a D-fucose moiety instead of L-fucose, a common monosaccharide found in the 

mammalian body (Table 1). Hibarimicin A displays in vitro cytotoxicity against cancer 

cell lines.[11] It contains, among other unnamed monosaccharides, D-digitoxose in its 

structure. Last but not least, one variation of vancomycin (a famous antibiotic which is 

facing the problem of increasing drug resistance) contains L-vancosamine and ureido-L-

vancosamine, both are rare amino-monosaccharides.[4] These are but a few examples in a 

sea of secondary metabolites from microorganisms that contain a rare monosaccharide 

and that are potentially useful to mankind. Rare monosaccharides as a moiety in a natural 

product are therefore not a rare occurrence. Despite their omnipresence, the exact role 

they play in the biological activity displayed by the metabolite is often unknown or 

overlooked. A chemical synthesis of rare monosaccharides in such metabolites will aid 

in biological studies on both the metabolite itself and the role of the rare monosaccharide 

within it. 
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Figure 1. Antibiotics containing rare monosaccharides moieties in its structures. All the 

uncommon monosaccharides are highlighted in red. 
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Rare (artificial) monosaccharides moiety as biomimetic 

Antibiotics are susceptible to bacterial resistance after a long period of usage. However, 

enhanced bioactivity and suppressed cytotoxicity can be induced by small modification(s) 

of the antibiotics. One class of antibiotics which is of interest here are aminoglycosides. 

This class of antibiotic consists of monosaccharide subunits which can be either common 

or rare. Since these antibiotics are oligosaccharides, they can be synthesized via 

glycosylation, and their structure can be altered by replacing a common monosaccharide 

subunit by a rare one, thereby enhancing their biological activities. For example, 

Neomycin is an aminoglycoside which consists of four (amino)monosaccharide units 

(Figure 2). Neomycin has been used against both gram-positive and gram-negative 

bacteria for more than 50 years,[12] but is facing challenges due to the emergence of drug 

resistance. Luckily, the mechanism of neomycin is known,[13] and only part of the 

molecule is important for the active site binding, which is concentrated on ring I and ring 

II---the disaccharide known as Neamine. Ring III and ring IV can therefore be modified 

to enhance pharmaceutical properties. Chang and coworkers have demonstrated that rings 

III and IV can be substituted by an L-aminopyranose to enhance antibacterial activity in 

vitro due to the fact that pyranosides are more resilient against hydrolysis than 

furanosides.[12] The modified (rare) monosaccharide unit is not commercially available 

and must be synthesized and introduced to Neamine via glycosylation. 

Figure 2. Structure of neomycin B and the modifications done by Chang and co. The parts 

highlighted in blue are responsible for active site binding.  

 

Traditional approaches on the synthesis of rare monosaccharides---

protection, modification, deprotection vs. direct site-selective 

modifications. 

In order to synthesize rare monosaccharides, one can choose to utilize a total synthesis 

approach from simple achiral or enantioenriched starting material. This can sometimes 

be very effective, especially when the target contains few stereocenters such as D-/L-

digitoxose.[14] This approach does have its limitations, since all stereocenters must be 
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introduced either via enantioselective or stereoselective reactions. Substrate-controlled 

stereoselective reactions might favor the undesired stereoisomer, and the mismatch of the 

existing stereocenters on the intermediates might hamper the efficiency of asymmetric 

induction in the case of enantioselective reactions. It is therefore desirable to minimize 

the introduction of stereocenters during the synthesis by choosing starting materials 

which already contain most of the functional groups in the correct stereochemical 

configuration---in most cases a common monosaccharide. Site-selective reactions such 

as (stereo)inversion, α-functionalization and deoxygenation are often essential functional 

group transformations towards the target rare monosaccharide. However, 

monosaccharides are polyols in which all hydroxyl groups exhibit very similar reactivities. 

A careful selection of the starting common monosaccharide will be meaningless if the 

desired modifications cannot be executed in a site-selective manner. This challenge has 

been addressed by developing routes that single out the modifications site with the help 

of protecting groups, and more recently by developing methods that enable direct 

modification of unprotected monosaccharides. A survey of this traditional challenge is 

presented here. For a more comprehensive review, please refer to the work of Taylor,[15] 

Moitessier[16] and the previous review in our group.[17]  

Regardless of the synthetic approach, i.e. protecting groups vs direct modification, any 

modification of common monosaccharide rely on the inherent reactivity differences of 

the alcohols within a monosaccharide. Ignoring stereochemistry for the moment, a hexose 

in its pyranoside form has three different kinds of hydroxyl groups: the anomeric 

hydroxyl at C1, the primary hydroxyl at C6, and the secondary hydroxyls at C2, C3, and 

C4 (Figure 3, left). C1 hydroxyl is not an alcohol, but rather a hemiacetal. Therefore, it 

undergoes acid catalyzed reactions (e.g. Fischer glycosylation) quite readily in the 

presence of other alcohols. Since C6 is the only primary alcohol, C6 can be modified 

selectively by using reagents with a substantial steric bulk, and both protection or direct 

modification of C6 are relatively straightforward.[18],[19] To selectively modify C2, C3 or 

C4 is, however, another level of challenge. We must therefore be able to chemically 

differentiate between C2, C3, and C4. Diol protecting groups have been used to overcome 

this challenge in part (Figure 3, right). The hydroxyl group at C4, which is neighboring 

the primary OH, can be protected together with C6, while C2 can be protected together 

with C1. The most famous example is the benzylidene acetal. Benzylidene protecting 

groups are C4-C6 selective and can also be selectively removed to free up either C6 or 

C4 for further modification (Figure 4).[20],[21]  

 



7 

 

Figure 3. Logic behind protecting group selectivity based on chemoselectivity. Left: Protecting 

group selectivity for C1 and C6 only. This strategy has little selectivity between C2, C3 and C4. 

Right: Diol protecting group exploiting selectivity for C1 and C6 in order to differentiate between 

C2, C3 and C4.  

 

Figure 4. Benzylidene protection and subsequent regioselective opening of the acetal towards C4 

or C6 upon different reaction conditions 

In addition to the logic presented above, by carefully considering the stereochemistry of 

the substrate and applying different reaction conditions and other diol protecting groups, 

different desired regioselectivities can be achieved for diol protecting groups. For 

instance, galactosides can be protected as either the 4,6-acetonide or the 3,4-acetonide 

depending on the reaction conditions (kinetic vs. thermodynamic) (Figure 5). Under 

kinetic conditions, a ketal will first form on C6, then cyclization of the ketal will happen 

with C4 to form a cyclic 4,6-acetonide.[22] However, under thermodynamic conditions, 

the 3,4-acetonide will eventually form due to the 1,3-diaxial strain in a 6-membered ring 

exhibited in the 4,6-acetonide.[23] To further illustrate the importance of stereochemistry, 

a diketal can form between C2 and C3 if 2,3-butadione is used instead of acetone 

surrogates (Figure 5, green). Under thermodynamic condition, 6,6-trans fused rings are 

favored over cis-fused rings in order to minimize 1,3-diaxial interactions. Diketal 

formation therefore favors trans vicinal diols C2 and C3, leaving hydroxyl groups at C4 

and C6 open for further modification.[24] 
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Figure 5. Various ketal-based protection of galactosides demonstrating the utilization of the 

interplay between sterics and stereochemistry, including 3,4-acetonide, 4,6-acetonide and 2,3-

diacetal. 

With this in mind, we now have ways to differentiate one of the three secondary alcohols. 

However, that will still leave in some cases two secondary alcohols unprotected. In order 

to differentiate between the two unprotected secondary alcohols, more delicate methods 

are used which make use of subtle reactivity differences and/or stereochemical 

differences (selected examples in Figure 6).[25],[26]  

 

Figure 6. Selective acylation of secondary alcohols based on subtle structural differences. 

All these protecting groups allow us to single out a secondary alcohol for further 

productive transformations. Before we claim that the selectivity problem is solved, we 

must re-emphasize that the chemical transformations introduced in order to differentiate 
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the different alcohols are protecting groups. They are designed to be unreactive towards 

most reaction conditions so that the necessary transformations (e.g. oxidations, inversions, 

etc.) can be carried out on the unprotected alcohol with all the other alcohols untouched. 

The drawback is that a single but specific modification will require multiple steps to 

obtain an appropriately protected monosaccharide that can be employed for the necessary 

transformation, and not to mention the deprotection steps afterwards if the unprotected 

monosaccharide is desired. Furthermore, functional groups used for monosaccharide 

protection, such as ethers, esters, silyl ethers and acetals/ketals are almost never 

functional groups that appear in the target product (Figure 7, left). The more desirable 

synthetic pathway would be either site-selective modifications of alcohols which allow 

further functionalizations towards the desired product, or modifications which lead 

directly to the desired functional group in the target rare monosaccharide (Figure 7, right). 

Site-selective oxidation (of alcohols to ketones) is an examples of modifications which 

allow further functionalizations, since they install electrophilic functional groups and 

thereby allow the attack of nucleophiles, such organometallic reagents and cyanide. In 

fact, ketones have been the sole entry point of rare monosaccharides with α-branching 

until recently.[27] Similarly, site-selective halogenation allows the formation of radical on-

site.[28] Despite the utility of such reactions, site-selective modifications other than C1 

and C6 are still underdeveloped. Nevertheless, some landmarks have been achieved 

(Figure 8). In the case of Muramatsu[29] and the group of Taylor,[30] both targeted the axial 

secondary hydroxyl in the monosaccharide through the use of a 1,2-cis diol temporary 

chelate which is deprotected during work up. With such a chelate, the C-H bond of the 

axial alcohol is weakened and susceptible to homolytic cleavage, leading to radical 

oxidation or α-alkylation. Our group and the group of Waymouth has also devised the 

efficient C3-selective oxidation of glucosides and other pyranoses using a palladium 

complex as catalyst. While the observed selectivity is predictable,[31] it is not entirely 

understood. Over the course of the preparation of this thesis, Wendlandt[32] has developed 

a one pot site-selective inversion which is partly based on the work described in chapter 

2. 
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Figure 7. Comparison of functional groups specialized for protection (left, red) and functional 

groups which lead to modifications which are productive for the synthesis of rare monosaccharides 

(right, blue). 
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Figure 8. Recent developments of site selective modifications with remarkable selectivity on 

monosaccharides.  
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Outline of this thesis 

As is evident from this chapter, rare monosaccharides is an important class of molecule 

which deserves our attention. However, the synthesis of such monosaccharides remains 

tedious due to their polyol structure with multiple stereocenters, a hallmark of 

carbohydrates. Throughout the years, carbohydrate chemists have been working to 

overcome this problem. To this day, most rare monosaccharides can be synthesized. 

However, depending on the structure of the target, the syntheses can range from a few 

steps to a long sequences of protecting group manipulations. While minimally 

hydroxylated rare monosaccharides with few stereocenters can be synthesized from 

simple and economically available enantiopure compounds, most rare monosaccharides 

with multiple alcohols and stereocenters have to be synthesized from common 

monosaccharides. Despite both the starting molecule and the synthetic target being C6 

molecules, such syntheses pose challenges on the design where the site-selectivity of each 

reaction in the synthesis is a concern. Most of the carbohydrate chemistry focuses on the 

use of protecting groups with excellent and predictable site-selectivity. In contrast, site-

selective modifications such as oxidations, inversions and α-alkylations aim to minimize 

synthetic steps towards rare monosaccharides and are more desirable. However, much of 

the field remains unexplored, and some of the observed selectivities are not entirely 

understood. This thesis aims to expand the toolbox of the site-selective modification of 

monosaccharides and our understanding of such reactions. These reactions have the 

potential to apply to economically available monosaccharides and transform them into 

rare monosaccharides or other valuable building blocks.  

Chapter 2 describes the C3 selective α-alkylation of glucoside-configured 

monosaccharides via photoredox catalysis. Various Michael acceptors are used to α-

alkylate glucosides/xylosides selectively at C3 with inversion of stereochemistry, leading 

to several C3-branched products. In chapter 3, further studies on the reaction described 

in chapter 2 are described. Attempts to optimize the C3-selective α-alkylation regarding 

the light source and catalyst loading, as well as a study on the side reactions observed 

with phenyl vinyl sulfone as the Michael acceptor are presented. In chapter 4, an unusual 

approach towards rare L-monosaccharides from common D-monosaccharides is presented. 

By installing a redox active ester at C6 and subsequent decarboxylation with photoredox 

catalysis, C5 can be re-alkylated with inversion of stereochemistry. A concise synthesis 

of L-guloside is presented starting from the economically available D-mannoside. 

Chapter 5 starts with an attempt on the concise synthesis of N-acetyl talosaminuronic 

acid from N-acetylglucosamine and later diverges into a study of an unexpected C4 

stereoinversion observed during sodium borohydride reduction. Optimization and 

mechanistic study of the aforementioned reaction is presented. In chapter 6, the puzzling 

origin of the C3 selectivity observed in the palladium catalyzed oxidation of glucosides 

will be revealed via lab experiments and a computational study.  
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