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Chapter 1: 

From common monosaccharide to rare 

monosaccharide: the use of site-selective 

reactions  



2 

 

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 



6 

 

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]  
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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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Introduction 

Site-selective catalysis is a rapidly developing area, pushed by the plethora of 

contemporary catalytic methods possessing high functional group compatibility and 

selectivity.[1],[2] This approach is of particular importance in late-stage modification of 

complex natural products.[3] The number of methods to selectively functionalize 

carbohydrates is, however, still very limited and mainly focused on the anomeric 

hydroxyl group in reducing sugars and the primary hydroxyl group.[4] This is not 

surprising as the secondary hydroxyl groups in, for example, glucose are very similar. 

Regioselective esterification and silylation in monosaccharides, mostly with the anomeric 

center and the primary hydroxyl group protected, have been reported using several 

catalysts and has been applied in natural product synthesis.[5],[6] These reaction types, 

while being very versatile, do not modify the structure of the carbohydrate itself. We have 

shown that catalytic regioselective oxidation of pyranoses, either mono- di- or 

oligosaccharides,[7],[8] can be achieved with excellent selectivity. This provides an entry 

into carbohydrate interconversion, e.g. allose can be prepared from glucose,[9] and to 

aminosugars. Still, also in these cases the carbon skeleton of the carbohydrate at hand 

remains unchanged, with the exception of an α-ketol rearrangement observed in a number 

of cases.[9] 

Among the approaches in site-selective catalysis, the currently developing photocatalytic 

Hydrogen Atom Transfer (HAT) strategies seem as such particularly suitable for 

application in the modification of unprotected carbohydrates, although this has not been 

reported until now.[10] Radical chemistry, unlike most polar chemistry, does not require 

protection of hydroxyl groups and is largely compatible with polar and protic solvents. 

The latter is an important requirement as carbohydrates have a limited solubility in most 

solvents other than water, and polar aprotic solvents like DMSO. A major stumble block 

in the application of HAT reactions to modify unprotected carbohydrates is, no different 

than for the other reactions, control over regioselectivity. If any selectivity would be 

expected, it would be at C1 as, in particular in the case of β-glycosides, the formed radical 

would be more stable.[11] The picture seemed bleak, until the group of MacMillan 

disclosed a study showing that HAT could be steered to a hydroxyl group in the presence 

of ethers and acetals.[12] By adding a hydrogen bond acceptor (dihydrogenphosphate), the 

charge density on the oxygen of the hydroxyl group is increased compared to the present 

ether oxygen atoms and HAT takes place with good selectivity on that α-carbon. The 

concept was demonstrated in, among other non-carbohydrate examples, a protected 

galactose derivative in which only the primary hydroxyl group at C6 remained (Scheme 

1). 
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 Scheme 1. Photoredox activation of an α-hydroxy C-H bond as performed by MacMillan and 

coworkers. 

 

Taking this a step further, we reasoned that preferential hydrogen bond formation in 

compounds containing more than one hydroxyl group, in casu unprotected carbohydrates, 

might lead to site-selective HAT. It is known that carbohydrates form intramolecular 

hydrogen bonding networks that lead to subtle differences in the pKa of the various 

secondary hydroxyl groups, a phenomenon that is used in site-selective acylation and 

silylation, and in liquid chromatography.[13],[14] 

 

Result and discussion 

In order to study this hypothesis, methyl α-D-glucoside 1 was treated with methyl acrylate 

as the somophile using similar conditions as employed by MacMillan et al. As in contrast 

to the substrates reported, the reactivity of the various C-H bonds in tetraol 1 is expected 

to differ only slightly and the use of a large excess of somophile (10 equiv. in the 

aforementioned study) would likely lead to multiple HAT reactions. Therefore, only a 

slight excess of somophile (1.5 equiv.) was used when performing the reaction with 1. 

Solvent selection initially proved to be problematic as well, as 1 has a limited solubility 

in acetonitrile and no reaction was observed in that solvent. While addition of water did 

improve solubility, it did not improve conversion. Finally, DMSO was selected to ensure 

acceptable solubility of 1, and in the course of this study was shown to be compatible 

with photoredox catalysis conditions.[15] Although after 18 h irradiation conversion was 

not complete, NMR analysis revealed to our delight that one main coupling product had 

formed. However, isolation and characterization of this ester product was severely 

complicated by regioisomeric lactone formation and the use of tert-butyl acrylate instead 

of methyl acrylate did not overcome this problem. By using phenyl vinyl sulfone as the 

somophile, lactone formation was avoided and near complete conversion (~80-90%) to a 

single product was observed, next to 10% oxidation at C3 (See ESI). 

Tetrabutylammonium phosphate co-eluted with the product when the reaction mixture 

was subjected to silica gel column chromatography after removal of DMSO by 

lyophilization. Treating the crude reaction mixture with an ion-exchange resin (sodium 

form) prior to lyophilization effectively removed these salts and column chromatography 
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then provided 2 in 52% yield. 1H-NMR and COSY analysis readily revealed that HAT 

had taken place at C3, because of the simplification of the splitting pattern of C2H and 

C4H and the disappearance of C3H. In addition, 13C-NMR (APT) showed that a tertiary 

alcohol had formed. NOE and NOESY studies unambiguously proved the 

stereochemistry of 2 to be as shown in Scheme 2. NOEs between C7H, C4H and C2H are 

observed which are typical for equatorial product 2, while the expected NOE for the axial 

product is not detected. The stereoselectivity is most probably induced by shielding of 

the bottom face of the molecule by the axial anomeric methoxy group. According to 1H-

NMR analysis of the crude reaction mixture, with an estimated detection limit of 4%, 

HAT had taken place selectively at C3. This is an excellent result given the fact that all 

carbon atoms in the substrate are involved in either an ether, an acetal or a hydroxyl 

functionality. The isolated yield is decreased compared to the crude yield clearly because 

of the high polarity of the product impeding effective isolation. Surprisingly, when the 

reaction was carried out without tetrabutylammonium dihydrogenphosphate, no reaction 

was observed, which is in contrast with the observation by MacMillan et al. in the reaction 

depicted in Scheme 1.[12] 

Scheme 2. Determination of the stereochemistry at C3 by NOE. 

 

Subsequently, we studied several somophiles using methyl α-D-glucoside 1 as the 

substrate. It turned out that the reaction works well with vinyl phosphonate providing 

again reaction at C3. The same was the case for cyclopentenone as the somophile, 

providing a 1:1 mixture of diastereomers. Methyl vinyl ketone afforded an intractable 

reaction mixture, probably due to polymerization of this somophile, whereas acrylamide 

and acrylonitrile afforded a single product, but with low conversion (Table 1).  

Because of the difficult isolation of the products, the reaction of methyl α-D-glucoside 1 

with phenyl vinyl sulfone was also carried out in DMF and the C6OH of product was 

silylated in situ with TBDMSCl/imidazole. This procedure led to a yield of 57% of 9 after 

work up and purification. Alternatively, using C6-TBDMS ether 3 for the HAT reaction 

in DMSO, the expected product 9 was obtained in 52% yield. The isolated yield could 

not be significantly increased by partial silylation of the starting material or the product. 

Although the use of a larger excess of somophile increased the conversion of 1, the 

isolated yield of the product dropped as expected since more side products were formed, 

most likely due to HAT at various positions in the substrate.  
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Table 1. Somophiles in the HAT reaction of 1 

 

Entry Somophile Isolated Yielda 

1  
52% 

2 
 

48% 

3 
 

59% (1:1 mixture of diastereomers) 

aadjusted for residual DMSO, if present. 

 

Subsequently, the scope of the reaction was studied applying several methyl glycosides. 

With the results of 1 established, its C1 epimer (anomer) methyl β-D-glucoside 4 was 

studied. Also in this case the main product resulted from C3 alkylation, although in a 

lower yield compared to 1. This is at least partly explained by a decreased 

stereoselectivity, as both faces of the ring are now accessible. Methyl α-D-xyloside 5 

reacted similarly to 1, providing the expected product 11 in 55% isolated yield. Methyl 

β-D-xyloside 6, in turn, gave again a rather unselective reaction. Remarkably, methyl β-

D-galactoside was unreactive confirmed by a competition experiment with glucoside 1, 

while methyl α-D-mannoside gave multiple products. Methyl α-D-N-acetyl glucosamine 

gave no conversion, but this is probably due to HAT at nitrogen. [16] Why this does not 

lead to further reaction is not clear. Methyl α-D-alloside 7, possessing an axial instead of 

an equatorial hydroxyl group at C3, reacted in an identical way as 1 producing 2 in 46% 

yield. Apparently, the stereochemistry at C3 is irrelevant for HAT. 

Eager to get more insight into the role of the structure of the substrate in the observed 

regioselectivity, 1,2-propanediol 8 was subjected to the same reaction conditions. It 

turned out that the reaction shows a preference for HAT at the methine carbon but the 

selectivity is not outspoken, in contrast to the selectivity observed in the carbohydrates at 

hand. So, the intrinsic reactivity difference between the C-H bond of a primary alcohol 

and that of a secondary alcohol is clearly not enough to explain the selectivity observed 

in the carbohydrate substrates, let alone the observed preference for HAT at C3. A second 

difference is that 8 reacted also in the absence of dihydrogenphosphate, despite with low 

conversion, indicating that the hydroxyl groups in carbohydrates are deactivated 

compared to the hydroxyl groups in 8 (Table 2). 
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Table 2. Carbohydrates in the HAT reaction with vinyl phenyl sulfone 

Entry Substrate Product Yield 

1 

  

52%a 

2 

  

52% 

3 

  

57% 

4 

  

30%a,b 

5 

  

55% 

6 

  

30%c 

7 

  

46%a 

8 

  

-d 

aYield adjusted for residual DMSO bUsing 2 equiv of substrate and 1 equiv of somophile 

due to purification problems csubstantial side product formation d product not isolated. 

Regioselectivity = ~2:1. 

 

This study demonstrates that the “hydrogen bonding induced” selective HAT reaction as 

proposed by the MacMillan group is not only able to address a hydroxyl group in the 

presence of ethers and acetals but can also single out a particular hydroxyl group in a 

polyol. This is a key observation, in particular for the regioselective functionalization of 

unprotected carbohydrates as shown here. The observed selectivity deserves further 

study, as it is not clear why in 1, 5 and 7 reaction takes place selectively at C3, whereas 

methyl mannoside reacts unselective and methyl galactoside is unreactive. This could be 

due to different hydrogen bonding networks in the substrates, influencing the pKa of the 
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C3OH. On the other hand, 7 reacts similar to 1, whereas the hydrogen bonding network 

should be significantly different. Also the profound selectivity for the secondary hydroxyl 

group in the presence of a (sterically less hindered) primary hydroxyl group is remarkable. 

As the reaction does not take place in the absence of dihydrogenphosphate, its influence 

on the regioselectivity of the reaction is difficult to determine. The stereoselectivity of 

the reaction is better understood and probably due to steric shielding of the axial C1-

OMe. This we deduce from the observation that β-configured substrates seem to react 

selectively at C3 as well, just like α-configured substrates, but with a low 

stereoselectivity.  

Conclusion 

Being able to modify, extend and branch the carbon skeleton of glucosides and 

related monosaccharides without multi-step protection-deprotection strategies is 

important.[17]  It expands the use of these readily available starting materials as 

pharmacophores and pharmaceutical building blocks. In chemical biology, the 

selective modification of carbohydrates is key to study the many cellular processes 

carbohydrates are involved in. For oligosaccharides, selective modification is 

currently hardly an option as protection strategies do not exist.[8] The strategy 

reported here might contribute to this field, all the more so because seemingly 

disappointing results like the lack of reactivity of galactosides are welcomed in the 

modification of carbohydrates containing various different monosaccharides. 

Possibilities to expand the method to di- and oligosaccharides are therefore 

currently under investigation.  

 

Experimental section 

General Information 

 

Solvents and Reagents 

All solvents used for reactions were of commercial grade, and used without further 

purification. DMSO (or DMSO-d6) was degassed using a freeze-pump-thaw procedure 

for 5 cycles and kept under nitrogen. Reagents were purchased from Sigma-Aldrich, TCI 

and were used without further purification. Photocatalyst [Ir(dF(CF3)ppy)2(dtbpy)]PF6 

was purchased from Strem Chemicals. 

 

Ion Exchange Resin 

Dowex 50WX8 (200-400 mesh) was prepared in the Na+ form by stirring the resin in an 

excess of saturated NaCl solution overnight, filtered and washed with deionized water 

until no observable precipitation occurred when a drop of 0.1 M aqueous AgNO3 was 

added to the fresh mother liquor. 
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Experimental procedure 

 

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

(phenylsulfonyl)ethyl)tetrahydro-2H-pyran-3,4,5-triol (2):  

From methyl α-D-glucopyranoside 1: A 4 mL vial equipped with a septum and magnetic 

stir bar was charged with methyl α-D-glucopyranoside (48 mg, 0.25 mmol, 1.0 eq), 

[Ir(dF(CF3)ppy)2(dtbpy)]PF6 (3.2 mg, 0.003 mmol, 0.012 eq), quinuclidine (3.0 mg, 

0.027 mmol, 0.11 eq), tetrabutylammonium dihydrogenphosphate (21 mg, 0.062 mmol, 

0.25 eq) and degassed DMSO (0.5 mL). The reaction mixture was purged with nitrogen 

for 5 min, and phenyl vinyl sulfone (62 mg, 0.37 mmol, 1.5 eq) was added. The septum 

was subsequently replaced with a normal vial cap and tightly sealed. The reaction was 

irradiated for 18 h at room temperature. The reaction mixture was then diluted with water 

(10 mL) and stirred with ~1.0 g Dowex resin for 12 h. The resin was filtered off and 

washed with water and MeOH (4 mL each × 20). The filtrate was then concentrated in 

vacuo and freeze-dried, and the remaining solid was dissolved in MeOH and coated onto 

~0.5 g of celite. The resulting celite was loaded onto a silica column. The flash column 

was then eluted with 8% MeOH in DCM to obtain 2 as an off-white wax (46 mg, 52% 

yield adjusted for 15 mol% residual solvent). Rf = 0.3 (8% MeOH in DCM); visualized 

with p-anisaldehyde stain. 1H NMR (400 MHz, Methanol-d4) δ 7.92 (dd, J = 8.3, 1.4 Hz, 

2H), 7.76 – 7.69 (m, 1H), 7.64 (dd, J = 8.3, 6.9 Hz, 2H), 4.65 (d, J = 3.8 Hz, 1H, H1), 

3.81 (dd, J = 11.7, 2.2 Hz, 1H, H6), 3.70 (dd, J = 11.7, 5.3 Hz, 1H, H6), 3.64 (ddd, J = 

9.9, 5.2, 2.1 Hz, 1H, H5), 3.60 – 3.45 (m, 2H, H8), 3.45 – 3.40 (m, 4H, OMe and H2), 

3.27 (d, J = 9.9 Hz, 1H, H4), 2.14 (ddd, J = 13.3, 12.1, 5.0 Hz, 1H, H7), 2.03 (ddd, J = 

13.5, 12.0, 5.2 Hz, 1H, H7). 13C NMR (101 MHz, Methanol-d4) δ 140.4, 134.9, 130.5, 

129.0, 101.7 (C1), 75.8(C3), 71.7(C2), 70.6(C4), 70.3(C5), 62.7(C6), 56.1(OMe), 

53.3(C8), 29.7(C7). HRMS (ESI+) Calcd. for C15H22O8SNa ([M + Na]+): 385.093, found: 

385.093. Optical rotation: [α]D
20= + 76.6 (c = 0.128 , CH3OH). 

From methyl α-D-allopyranoside 7: A 4 mL vial equipped with a septum and magnetic 

stir bar was charged with methyl α-D-allopyranoside (50 mg, 0.26 mmol, 1.0 eq), 

[Ir(dF(CF3)ppy)2(dtbpy)]PF6 (2.7 mg, 0.002 mmol, 0.009 eq), quinuclidine (3.5 mg, 

0.031 mmol, 0.12 eq), tetrabutylammonium dihydrogenphosphate (23 mg, 0.069 mmol, 

0.27 eq) and degassed DMSO (0.5 mL). The reaction mixture was purged with nitrogen 

for 5 min, and phenyl vinyl sulfone (63 mg, 0.37 mmol, 1.5 eq) was added. The septum 

was subsequently replaced with a normal vial cap and tightly sealed. The reaction was 

irradiated for 18 h at room temperature. The reaction mixture was then diluted with water 

(10 mL) and stirred with ~1.0 g Dowex resin for 12 h. The resin was filtered off and 

washed with water and MeOH (4 mL each×20). The filtrate was then concentrated in 

vacuo and freeze-dried, and the remaining solid was dissolved in MeOH and coated onto 

~0.5 g celite. The resulting celite was loaded onto a silica column. The flash column was 
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then eluted with 8% MeOH in DCM to obtain 2 as an off-white wax (46 mg, 52% yield 

adjusted for 9 mol% residual solvent).  

 

diethyl (2-((2R,3R,4R,5R,6S)-3,4,5-trihydroxy-2-(hydroxymethyl)-6-

methoxytetrahydro-2H-pyran-4-yl)ethyl)phosphonate (2a):  

A 4 mL vial equipped with a septum and magnetic stir bar was charged with methyl α-D-

glucopyranoside (50 mg, 0.26 mmol, 1.0 eq), [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (3.1 mg, 0.003 

mmol, 0.011 eq), quinuclidine (3.5 mg, 0.031 mmol, 0.12 eq), tetrabutylammonium 

dihydrogenphosphate (23 mg, 0.069 mmol, 0.27 eq) and degassed DMSO (0.5 mL). The 

reaction mixture was purged with nitrogen for 5 min, and diethyl vinylphosphonate (60 

μl, 64 mg, 0.39 mmol, 1.5 eq) was added. The septum was subsequently replaced with a 

normal vial cap and tightly sealed. The reaction was irradiated for 18 h at room 

temperature. The reaction mixture was then diluted with water (10 mL) and stirred with 

~1.0 g Dowex resin for 12 h. The resin was filtered off and washed with water and MeOH 

(4 mL each × 20). The filtrate was then concentrated in vacuo and freeze-dried, and the 

remaining solid was dissolved in MeOH and coated onto ~0.5 g celite. The resulting celite 

was loaded onto a silica column. The flash column was then eluted with 8% MeOH in 

DCM to obtain 2a as an off-white wax (46 mg, 50% yield). Rf = 0.3 (8% MeOH in DCM); 

visualized with p-anisaldehyde stain. 1H NMR (400 MHz, Methanol-d4) δ 4.70 (d, J = 

3.8 Hz, 1H, H1, H1), 4.09 (ddq, J = 14.5, 7.2, 3.4 Hz, 4H, CH2 on OEt), 3.84 (dd, J = 

11.4, 1.9 Hz, 1H, H6), 3.77 – 3.66 (m, 2H, H6 and H5), 3.49 (d, J = 3.9 Hz, 1H, H2), 3.45 

(s, 3H, OMe), 3.35 (d, J = 9.5 Hz, 1H, H4), 2.10 – 1.88 (m, 4H, H7 and H8), 1.33 (t, J = 

7.1 Hz, 6H, CH3 on OEt). 13C NMR (101 MHz, Methanol-d4) δ 101.8(C1), 76.4 (d, J = 

17.8 Hz, C3), 70.4 (2 overlapping signals, C2 and C5), 69.1(C4), 63.2 (d, J = 6.6 Hz, CH2 

on OEt), 62.8(C6), 56.1(OMe), 27.9 (d, J = 4.2 Hz, C7), 21.1 (d, J = 140.4 Hz, C8), 16.7 

(d, J = 5.9 Hz, CH3 on OEt). 31P NMR (162 MHz, Methanol-d4) δ 34.1. HRMS (ESI+) 

Calcd. for C15H27O9PNa ([M + Na]+): 381.129, found: 385.129. Optical rotation:  [α]D
20= 

+ 79.3 (c = 0.082, CH3OH). 

 

3-((2R,3R,4R,5R,6S)-3,4,5-trihydroxy-2-(hydroxymethyl)-6-methoxytetrahydro-

2H-pyran-4-yl)cyclopentan-1-one (2b):  
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A 4 mL vial equipped with a septum and magnetic stir bar was charged with methyl α-D-

glucopyranoside (45 mg, 0.23 mmol, 1.0 eq), [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (3.1 mg, 0.003 

mmol, 0.012 eq), quinuclidine (3.1 mg, 0.028 mmol, 0.12 eq), tetrabutylammonium 

dihydrogenphosphate (20 mg, 0.059 mmol, 0.25 eq) and degassed DMSO (0.5 mL). The 

whole reaction mixture was purged with nitrogen for 5 min, and cyclopentenone (29 μl, 

29 mg, 0.35 mmol, 1.5 eq) was added. The septum was subsequently replaced with a 

normal vial cap and tightly sealed. The reaction was irradiated for 18 h at room 

temperature. The reaction mixture was then diluted with methanol (12 mL) and water (32 

mL) and stirred with ~1.0 g Dowex resin for 12 h. The resin was filtered off and washed 

with water and MeOH (4 mL each × 20). The filtrate was then concentrated in vacuo and 

freeze-dried, and the remaining solid was dissolved in MeOH and coated onto ~0.5 g 

celite. The resulting celite was loaded onto a silica column. The flash column was then 

eluted with 8% MeOH in DCM to obtain 2b as an off-white wax (38 mg, 59% yield, 

mixture of diastereomers). Rf = 0.35 (8% MeOH in DCM); visualized with p-

anisaldehyde stain. HRMS (ESI+) Calcd. for C12H20O7Na ([M + Na]+): 299.110, found: 

299.110. Due to the complexity of the NMR spectra, as the product is a mixture of 

diastereomers, the reader is referred to the spectra reported in the publication. 

 

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

(phenylsulfonyl)ethyl)tetrahydro-2H-pyran-3,4,5-triol (9):  

Method 1: A 4 mL vial equipped with a septum and magnetic stir bar was charged with 

C6-TBS methyl α-D-glucopyranoside (78 mg, 0.25 mmol, 1.0 eq), 

[Ir(dF(CF3)ppy)2(dtbpy)]PF6 (2.8 mg, 0.002 mmol, 0.010 eq), quinuclidine (3.0 mg, 

0.027 mmol, 0.11 eq), tetrabutylammonium dihydrogenphosphate (22 mg, 0.064 mmol, 

0.25 eq) and degassed DMSO (0.5 mL). The reaction mixture was purged with nitrogen 

for 5 minutes, and phenyl vinyl sulfone (128 mg, 0.76 mmol, 3.0 eq) was added. The 

septum was subsequently replaced with a normal vial cap and tightly sealed. The reaction 

was irradiated for 18 h at room temperature. The reaction mixture was transferred to a 

separatory funnel and diluted to 10 mL with EtOAc. The organic layer was washed with 

water (1× 5 mL) and brine (1× 5 mL). The organic layer was dried over MgSO4 and 

concentrated in vacuo. The flash column was then eluted with 1:1 EtOAc/toluene to 

obtain 10 as an off-white wax (63 mg, 52% yield adjusted for residual solvent). 1H NMR 

(400 MHz, Methanol-d4) δ 7.94 – 7.88 (m, 2H), 7.75 – 7.68 (m, 1H), 7.66 – 7.60 (m, 2H), 

4.62 (d, J = 3.8 Hz, 1H, H1), 3.92 (dd, J = 11.1, 2.1 Hz, 1H, H6), 3.78 (dd, J = 11.2, 5.6 

Hz, 1H, H6), 3.63 (ddd, J = 10.1, 5.6, 2.1 Hz, 1H, H5), 3.59 – 3.44 (m, 2H, H8), 3.42 – 

3.37 (m, 4H, OMe and H2), 3.23 (d, J = 10.0 Hz, 1H, H4), 2.20 – 1.93 (m, 2H, H7), 0.90 

(s, 9H), 0.07 (s, 6H). 13C NMR (101 MHz, Methanol-d4) δ 140.4, 134.9, 130.5, 129.0, 

101.6(C1), 75.7(C3), 71.9(C2), 70.7(C4/C5), 70.7(C4/C5), 64.4(C6), 56.0(OMe), 
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53.3(C8), 29.8(C7), 26.4, 19.2, -5.1, -5.1. HRMS (ESI+) Calcd. for C21H36O8SSiNa ([M 

+ Na]+): 499.179, found: 499.179. Optical rotation:  [α]D
20= + 92.5 (c = 0.080, CH3OH) 

Method 2: A 4 mL vial equipped with a septum and magnetic stir bar was charged with 

methyl α-D-glucopyranoside (47 mg, 0.24 mmol, 1.0 eq), [Ir(dF(CF3)ppy)2(dtbpy)]PF6 

(2.9 mg, 0.003 mmol, 0.011 eq), quinuclidine (2.8 mg, 0.025 mmol, 0.11 eq), 

tetrabutylammonium dihydrogenphosphate (23 mg, 0.067 mmol, 0.28 eq) and degassed 

DMF (0.5 mL). The reaction mixture was purged with nitrogen for 5 minutes, and phenyl 

vinyl sulfone (63 mg, 0.38 mmol, 1.6 eq) was added. The septum was subsequently 

replaced with a normal vial cap and tightly sealed. The reaction was irradiated for 18 h at 

room temperature. After switching off the light source, TBDMSCl (94 mg, 0.63 mmol, 

2.6 eq) and imidazole (69 mg, 1.0 mmol, 4.2 eq) were added, and the solution was stirred 

at room temperature for 2.5 h. MeOH (0.5 mL) was subsequently added and stirring was 

continued for an additional 5 min. The reaction mixture was transferred to a separatory 

funnel and diluted with 9 mL EtOAc. The organic layer was washed with water (2× 5 mL) 

and brine (1× 5 mL). The organic layer was dried over MgSO4 and concentrated in vacuo 

and loaded onto a silica column. The flash column was then eluted with 1:1 

EtOAc/petroleum ether to obtain 10 as an off-white wax (62 mg, 54% yield). 1H NMR 

(400 MHz, Methanol-d4) δ 7.91 – 7.82 (m, 2H), 7.65 (t, J = 7.4 Hz, 1H), 7.56 (t, J = 7.6 

Hz, 2H), 4.63 (d, J = 3.8 Hz, 1H, H1), 3.87 (dd, J = 11.1, 2.7 Hz, 1H, H6), 3.77 (dd, J = 

11.1, 5.4 Hz, 1H, H6), 3.61 – 3.41 (m, 3H, H5 and H8), 3.39 (s, 3H, OMe), 3.36 (d, J = 

3.9 Hz, 1H, H2), 3.21 (d, J = 9.9 Hz, 1H, H4), 2.13 (td, J = 12.8, 12.1, 4.8 Hz, 1H, H7), 

2.00 (td, J = 13.5, 12.7, 5.1 Hz, 1H, H7), 0.86 (s, 9H), 0.04 (s, 6H). 13C NMR (101 MHz, 

Methanol-d4) δ 139.1, 134.1, 129.6, 128.2, 100.4(C1), 74.7(C3), 71.0(C2), 70.3(C4), 

69.5(C5), 63.7(C6), 55.8(OMe), 52.5(C8), 28.9(C7), 26.1, -5.2, -5.2. HRMS (ESI+) 

Calcd. for C21H36O8SSiNa ([M + Na]+): 499.179, found: 499.179. The NMR shifts differ 

from Method 1 due to added CDCl3. 

 

(2R,3R,4R,5R,6R)-2-(hydroxymethyl)-6-methoxy-4-(2-

(phenylsulfonyl)ethyl)tetrahydro-2H-pyran-3,4,5-triol (10):  

A 4 mL vial equipped with a septum and magnetic stir bar was charged with methyl β-D-

glucopyranoside (97 mg, 0.50 mmol, 2.0 eq), [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (3.1 mg, 0.003 

mmol, 0.011 eq), quinuclidine (3.0 mg, 0.027 mmol, 0.11 eq), tetrabutylammonium 

dihydrogenphosphate (23 mg, 0.069 mmol, 0.27 eq) and degassed DMSO (0.5 mL). The 

reaction mixture was purged with nitrogen for 5 min, and phenyl vinyl sulfone (43 mg, 

0.25 mmol, 1 eq) was added. The septum was subsequently replaced with a normal vial 

cap and tightly sealed. The reaction was irradiated for 18 h at room temperature. The 

reaction mixture was then diluted with water (10 mL) and stirred with ~1.0 g Dowex resin 

for 12 h. The resin was filtered off and washed with water and MeOH (4 mL each×20). 



26 

 

The filtrate was then concentrated in vacuo and freeze-dried, and the remaining solid was 

dissolved in MeOH and coated onto ~0.5 g celite. The resulting celite was loaded onto a 

silica column. The flash column was then eluted with 8% MeOH in DCM to obtain 9 as 

an off-white wax (27 mg, 30% yield adjusted for 39 mol% residual solvent). Rf = 0.3 (8% 

MeOH in DCM); visualized with p-anisaldehyde stain. 1H NMR (400 MHz, Methanol-

d4) δ 8.00 – 7.87 (m, 2H), 7.76 – 7.66 (m, 1H), 7.64 (dd, J = 8.3, 6.9 Hz, 3H), 4.43 (d, J 

= 7.7 Hz, 1H, H1), 3.81 (dd, J = 11.5, 2.0 Hz, 1H, H6), 3.69 – 3.56 (m, 2H, H6 and H5), 

3.52 – 3.41 (m, 5H, H8 and OMe), 3.26 (d, J = 9.3 Hz, 1H, H4), 3.07 (d, J = 7.7 Hz, 1H, 

H2), 2.11 (dtt, J = 13.0, 10.3, 6.7 Hz, 2H, H7). 13C NMR (101 MHz, Methanol-d4) δ 

140.5, 134.9, 130.5, 129.1, 103.4(C1), 76.0(C5), 75.3(C3), 74.1(C2), 70.6(C4), 63.1(C6), 

57.2(OMe), 53.1(C8), 29.8(C7). HRMS (ESI+) Calcd. for C15H22O8SNa ([M + Na]+): 

385.093, found: 385.093. 

 

(2S,3R,4R,5R)-2-methoxy-4-(2-(phenylsulfonyl)ethyl)tetrahydro-2H-pyran-3,4,5-

triol (11):  

A 4 mL vial equipped with a septum and magnetic stir bar was charged with methyl α-D-

xylopyranoside (42 mg, 0.25 mmol, 1.0 eq), [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (2.8 mg, 0.003 

mmol, 0.010 eq), quinuclidine (3.2 mg, 0.029 mmol, 0.11 eq), tetrabutylammonium 

dihydrogenphosphate (22 mg, 0.065 mmol, 0.26 eq) and degassed DMSO (0.5 mL). The 

whole reaction mixture was purged with nitrogen for 5 min, and phenyl vinyl sulfone (67 

mg, 0.40 mmol, 1.6 eq) was added. The septum was subsequently replaced with a normal 

vial cap and tightly sealed. The reaction was irradiated for 18 h at room temperature. The 

reaction mixture was then diluted with MeOH (12 mL) water (32 mL) and stirred with 

Dowex resin for 12 h. The resin was filtered off and washed with water and MeOH (4 

mL each × 20). The filtrate was then concentrated in vacuo and freeze-dried, and the 

remaining solid was dissolved in MeOH and coated onto ~0.5 g celite. The resulting celite 

was loaded onto a silica column. The flash column was then eluted with 5% MeOH in 

DCM to obtain (2S,3R,4R,5R)-2-methoxy-4-(2-(phenylsulfonyl)ethyl)tetrahydro-2H-

pyran-3,4,5-triol as an off-white wax (45 mg, 55% yield). Rf = 0.3 (5% MeOH in DCM); 

visualized with p-anisaldehyde stain. 1H NMR (400 MHz, Methanol-d4) δ 7.96 – 7.86 (m, 

2H), 7.76 – 7.68 (m, 1H), 7.68 – 7.59 (m, 2H), 4.56 (d, J = 3.8 Hz, 1H, H1), 3.63 – 3.48 

(m, 3H, H5a and H8), 3.47 – 3.36 (m, 6H, H2, H4, H5b and OMe), 2.18 – 1.97 (m, 2H, 

H7). Signals on the right (~1.01) correspond to incomplete exchange and coelution of 

tetrabutylammonium salt. 13C NMR (101 MHz, Methanol-d4) δ 140.4, 134.9, 130.5, 

129.1, 101.6(C1), 75.6(C3), 71.9(C4), 70.4(C2), 59.8(C5), 56.2(OMe), 53.3(C8), 

29.6(C7). HRMS (ESI+) Calcd. for C14H20O7SNa ([M + Na]+): 355.082, found: 355.082. 

Optical rotation:  [α]D
20= + 71.0 (c = 0.16, CH3OH) 
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(2R,3R,4R,5R)-2-methoxy-4-(2-(phenylsulfonyl)ethyl)tetrahydro-2H-pyran-3,4,5-

triol (12):  

A 4 mL vial equipped with a septum and magnetic stir bar was charged with methyl β-D-

xylopyranoside (41 mg, 0.25 mmol, 1.0 eq), [Ir(dF(CF3)ppy)2(dtbpy)]PF6 (2.8 mg, 0.002 

mmol, 0.010 eq), quinuclidine (2.7 mg, 0.025 mmol, 0.10 eq), tetrabutylammonium 

dihydrogenphosphate (21 mg, 0.062 mmol, 0.25 eq) and degassed DMSO (0.5 mL). The 

reaction mixture was purged with nitrogen for 5 minutes, and phenyl vinyl sulfone (63 

mg, 0.38 mmol, 1.6 eq) was added. The septum was subsequently replaced with a normal 

vial cap and tightly sealed. The reaction was irradiated for 18 h at room temperature. The 

reaction mixture was then diluted with MeOH (12 mL) water (32 mL) and stirred with 

Dowex resin for 12 h. The resin was filtered off and washed with water and MeOH (4 

mL each×20). The filtrate was then concentrated in vacuo and freeze-dried, and the 

remaining solid was dissolved in MeOH and coated onto ~0.5 g celite. The resulting celite 

was loaded onto a silica column. The flash column was then eluted with 5% MeOH in 

DCM to obtain (2S,3R,4R,5R)-2-methoxy-4-(2-(phenylsulfonyl)ethyl)tetrahydro-2H-

pyran-3,4,5-triol as an off-white wax (45 mg, 55% yield). Rf = 0.3 (5% MeOH in DCM); 

visualized with p-anisaldehyde stain. 1H NMR (400 MHz, Methanol-d4) δ 7.92 (dd, J = 

7.5, 1.8 Hz, 2H), 7.77 – 7.69 (m, 1H), 7.64 (dd, J = 8.7, 7.0 Hz, 2H), 4.37 (d, J = 7.0 Hz, 

1H, H1), 3.67 – 3.51 (m, 2H, H5), 3.51 – 3.39 (m, 6H, H4, H8 and OMe), 3.07 (d, J = 7.1 

Hz, 1H, H2), 2.14 – 2.00 (m, 2H, H7). Signals on the right (~1.01) correspond to 

incomplete exchange and coelution of tetrabutylammonium salt. 13C NMR (101 MHz, 

Methanol-d4) δ 139.0, 133.5, 129.1, 127.7, 102.4(C1), 73.0(C3), 72.6(C2), 69.3(C4), 

63.9(C5), 55.7(OMe), 51.7(C8), 28.4(C7). HRMS (ESI+) Calcd. for C14H20O7SNa ([M 

+ Na]+): 355.082, found: 355.082.  
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Chapter 3: 

C3-selective C-C bond formation: 

optimization and mechanistic study 
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Introduction 

In chapter 2, the α-alkylation of alcohols via photoredox catalysis was applied to 

monosaccharides, which led to unexpected site-selectivity for C3 with glucosides and 

xylosides. While the origin of the regioselectivity in this particular class of substrates is 

not yet understood, the mechanism of the reaction as such has already been well-studied. 

MacMillan proposed the following mechanism for the photoalkylation of alcohols which 

is supported by experimental and computational evidence (Figure 1).[1] First, excitation 

of the photocatalyst by light leads to an electron hole in the iridium catalyst which is long-

lived.[2] An electron from the lone pair of a quinuclidine molecule in the mixture is 

transferred onto the iridium catalyst (single electron transfer, SET), forming a 

quinuclidine radical cation and the reduced iridium catalyst. The quinuclidine radical 

cation is then able to abstract a hydrogen atom from the C-H bond of the α-carbon of the 

alcohol (hydrogen atom transfer, HAT), provided that the C-H bond is weakened due to 

hydrogen bond formation with the OH-group. This is effectuated by the present phosphate. 

The electron-rich radical created on the α-position of the hydroxy group reacts with an 

electron-poor somophile, forming a C-C bond. After single electron transfer from the 

reduced iridium catalyst to the carbon-centered radical and protonation of the resulting 

anion by the quinuclidinium cation, the cycle is complete. Both the iridium complex and 

the quinuclidine are regenerated in the cycle and the α-alkylated alcohol is the product. 

Labeling of the α-hydrogen of the hydroxy group with a deuterium revealed that the HAT 

step is irreversible and rate-determining. The phosphate anion was determined 

experimentally to be necessary for the reaction, and its role in lowering the strength of 

the C-H bond was demonstrated computationally. The reason is that an increase in 

electron density on the alcohol oxygen leads to an increased nO→σ*CH donation, thereby 

weakening the α C-H bond, which makes it more susceptible to homolytic cleavage.  

Armed with our report on the use of the quinuclidine radical cation to achieve selective 

HAT in monosaccharides, Taylor and coworkers demonstrated that the selectivity can be 

steered from C3 to C2 or C4 by using a diarylborinic acid as an additive instead of a 

phosphate salt. Their DFT calculations show that the hydrogen atom abstraction at C2 of 

a diarylborinic acid-chelated mannoside (by the quinuclidine radical cation) has the 

lowest energy barrier with respect to C3 and C4.[3] 
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Figure 1. The mechanism of the photoalkylation proposed by MacMillan and coworkers. 

In the original report by MacMillan and coworkers on which the photoalkylation 

described in chapter 2 is based,[1] the isolated yields were decent to good (ca. 80%). 

However, when this approach was applied to unprotected glucosides, as I did, isolated 

yields dropped to ca. 50%. As mentioned in chapter 2, this drop in yield is not due to 

formation of regioisomers. Rather, it is the result of two factors which are impeding the 

isolated yield: conversion and product isolation. To study how these somewhat 

disappointing yields could be improved and the reaction optimized, we took a closer look 

at our benchmark reaction, the alkylation of methyl α-D-glucoside 1 with phenyl vinyl 

sulfone 2, forming the C3-alkylated product 3 (Figure 2).  
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Figure 2. The benchmark reaction with standard reaction conditions investigated in this chapter. 

Assuming that the described mechanism applies to our benchmark reaction, we conducted 

the following study to maximize the yield by 1) optimization of the reaction conditions 

to increase conversion, and 2) optimization of the isolation and purification of the product. 

Since the aim of our work is to eventually apply this methodology to more complex and 

biologically relevant carbohydrates, we focused our optimization efforts on unprotected 

glucoside 1. Our initial photoalkylation experiments were performed using a commercial 

blue LED (Kessil LED H150 Grow Light, Blue) as the light source (known now as 

“Kessil lamp”). During the course of the study, we copied the photoreactor designed by 

the group of MacMillan and the company Merck (USA).[4] In order to be able to do this, 

we gratefully received the 3D Printing files from Dr. Wismer (Merck) and the 

photoreactor was constructed by HuloTech in Stadskanaal. In studies by MacMillan et al., 

various reported photoredox reactions with different photocatalysts all showed an 

increase in reaction rate using this reactor compared to their respective “traditional” setup. 

We therefore also investigated the effect of a different reaction setup (i.e. Kessil lamp vs. 

photoreactor) on the benchmark reaction. 

Results and discussion 

The problem with incomplete conversion and the unexpected consumption of 

phenyl vinyl sulfone 

As stated in chapter 2, full conversion of the monosaccharide could never be achieved in 

any of the photoalkylation reactions. Even though sulfone 2 was always added in excess 

(1.5 eq) to the benchmark reaction, no signals indicative the characteristic vinyl group 

were observed in the NMR spectra of the crude reaction mixture, indicating full 

consumption of the vinyl sulfone 2. Instead, multiple additional signals in the aromatic 

region of the 13C-NMR deriving from sulfone 2 were visible (Figure 3). Loss of sulfone 

2 via unknown side reactions apparently decreased the amount of 2 available for the 

productive reaction. At first, we attempted to solve this problem by increasing the amount 

of 2 to three equivalents, hoping that the excess of sulfone would compensate for its loss 
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in side-reactions. However, despite this large excess of 2, we still obtained approximately 

the same conversion of monosaccharide 1, or even lower! On a positive note, and contrary 

to our initial fear (chapter 2), we concluded that overalkylation did not seem to occur as 

the 50 – 80 ppm region in the 13C-NMR spectra remained rather unchanged. Furthermore, 

we observed that the three equivalents of 2 were not entirely consumed, as vinyl signals 

remained in the NMR spectra. In parallel, the intensity of the additional signals in the 

aromatic region of the 13C-NMR spectra of the crude mixture increased drastically. Upon 

close inspection, it turned out that with both 1.5 equivalents or three equivalents of 2, 

eight new signals in the 13C-NMR spectra appeared, which corresponded to two “sets” of 

phenyl signals (Figure 3). Comparison of the relative intensity of these signals in the 

spectra obtained with 1.5 equivalent and with three equivalents of 2 revealed a large 

difference.  

Based on these results, we concluded that  

(1) the extent of oxa-Michael addition of the hydroxy groups to sulfone 2 is negligible, 

since only two sets of signals, one corresponding to unmodified monosaccharide 1, and 

one corresponding to alkylated monosaccharide 3, are visible in the diagnostic region of 

the 13C-NMR spectrum (δ = 65 – 80 ppm),  

(2) a higher loading of 2 increases the amount of side products, but does not increase the 

conversion of 1 significantly, 

(3) overalkylation is not occurring to a significant extent and, 

(4) at least two side products are formed in the reaction.  

We reasoned therefore that suppressing the loss of sulfone 2 via side reactions could 

improve the yield and therefore started the identification of the side products, and the 

ways in which these are generated. 
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Figure 3. Aromatic region of the 13C-NMR spectrum of the crude of the benchmark reaction, with 

the unknown signals identified as A and B, which correspond to the aromatic signals of the side 

products sulfone A and sulfone B. The numbers 2 and 3 correspond to the aromatic signals of 

sulfone 2 and product 3, respectively. Top: benchmark reaction with standard reaction conditions 

but with 3 eq. of sulfone 2 instead of 1.5 eq. Bottom: benchmark reaction with standard reaction 

conditions.  

Firstly, we attempted to identify the minimal required reagent combination leading to the 

formation of the side products. The study was started by eliminating 1 from the reaction, 

with the result that the same two sets of phenyl signals appeared (Table 1, entry 1). We 

then performed the reaction without TBAP or without the iridium catalyst, respectively 

(Table 1, entries 2 and 3). Interestingly, different conditions gave different ratios of the 

unknown signals, confirming that two different sulfone-based side products are formed 

in the reaction and not just one. For convenience, we labeled them sulfone A and sulfone 

B (Figure 3). 
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Table 1. Conditions studied to produce sulfone A and sulfone B. All of the reactions were run under 

standard conditions with concentrations stated in Figure 2 without glucoside 1 unless stated 

otherwise, and only reagents marked with an “X” were present in the solution.  

Entry 
Sulfone 

2 

Ir 

cat. 
Quinuclidine TBAP Light Mol ratio (2 : A : B) 

1 X X X X X 1 : 0.91 : 0.30 

2a X X X  X 1 : 0.82 : 0.01 

3 X  X X X 1 : 0.12 : 0.79 

4 X    X 1 : 0.1 : 0 

5b X  X  X 1 : 0.1 : 0.99 

6 X   X X 1 : 0.1 : 0.3 

7 X  X   1: 0.03 : 0 

8 X   X  1 : 0.04 : 0 

9 X X   X 1 : 0 : 0 

10 X  X  

Ambient 

light, 

>2 weeks 

1 : 1.5 : 0 

a Compared to the Kessil lamp, when the photoreactor was used as the light source, the mol ratio 

(2 : A : B) became 1 : 0.79 : 0.12. b When solvent was used without degassing, the mol ratio (2 : A : 

B) became 1 : 0.02 : 0. 

For entries 2 and 3, the major products (sulfone A and sulfone B) were isolated. In the 
1H-NMR spectrum of A, next to the aromatic signals, only a singlet at 3.44 ppm was 

found, which integrates to 2H with respect to the protons found in the aromatic region. 

Via HMQC, this signal correlates to a signal in the APT 13C-NMR at 49.7 ppm with an 

even number of protons attached. This can only be the case if the carbon is a methylene 

carbon with no neighboring protons and a neighboring electron withdrawing group. Since 

only one set of phenyl signals is observed, each phenyl must correspond to one methylene 

in a symmetric fashion, so that both the methylene groups and the phenyl groups are 

magnetically equivalent. We therefore propose the structure for A as in Figure 4. A has 

been reported in literature,[5] and both the NMR and HRMS spectra of A are in agreement 

with that literature report. 

In the 1H-NMR spectrum of sulfone B, next to the aromatic signals, 3 multiplets at 4.20 

ppm, 2.53 ppm and 2.35 ppm, each integrating to 1H, are present. Via me-HSQC, the 

signals at 2.53 ppm and 2.35 ppm correspond to the same carbon at 19.3 ppm in the 13C-

NMR, and therefore the two protons are diastereotopic. Combining all the 

aforementioned evidence, a cyclic structure shown in Figure 4 was proposed for B. The 

compound has been reported in literature, albeit with no reference to its stereochemistry.[6] 

Both NMR and HRMS spectra of B are in agreement with the literature. Furthermore, as 

sulfone B is a crystalline solid, an X-Ray structure was obtained. The X-Ray structure 

showed the structure of sulfone B unambiguously to have the phenylsulfone groups trans 

and vicinal with respect to each other on a cyclobutane ring (Figure 4). 
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Figure 4. Top: The structures of sulfone A and sulfone B. All important chemical shifts (δ) of both 
1H and 13C are shown in ppm. All equivalent protons are labelled accordingly (as HA, HB and HC in 

each molecule). Bottom: Crystal structure of sulfone B. H atoms are hidden for clarity (CCDC 

deposition no: 1987469). 

Investigations into the formation of sulfone B 

Starting with sulfone B, this seemed to be the product of a straightforward [2+2] 

photocycloaddition. However, subjecting a solution of 2 in DMSO to irradiation by blue 

light did not lead to the formation of B  (Table 1, entry 4). On the contrary, substantial 

amounts of B were formed when sulfone 2 was irradiated in the presence of either 

quinuclidine or TBAP (Table 1, entries 5 and 6). Formation of B was completely blocked 

in the absence of light (Table 1, entries 7 and 8) or in the presence of oxygen (Table 1, 

entry 5). Thus, sulfone B is formed in the presence of light, i.e. via a [2+2] cycloaddition 

mechanism, but only in the presence of either quinuclidine or TBAP. Thus far, B has been 

prepared by electrochemical reduction, leading to the dimerization of two molecules of 

2,[6],[7] and we do not see an obvious link between these two processes. A posteriori it 

should not surprise us that the straightforward irradiation of vinyl phenyl sulfone refuses 
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to produce sulfone B. Excitation of the vinyl group would require considerably shorter 

wavelengths than the 450 nm produced by the Kessil lamp. In this context it is also 

worthwhile to note that we did not observe the formation of “[2+2] cycloaddition-like” 

products in reactions with other somophiles like cyclopentenone and vinyl phosphonate. 

The light source used in the experiments so far is the aforementioned Kessil lamp, which 

is optimized for horticulture, but not for scientific purposes. The precise characterization 

of this light source has been reported neither by MacMillan nor by other researchers, and 

therefore we characterized the light source ourselves (Figures 5 and 6).  The emission 

spectrum of the Kessil lamp shows that the light source is far from monochromatic, with 

two Gaussian shaped peaks centered around 419 nm and 454 nm. As we hypothesized 

that sulfone 2 undergoes a [2+2] photocycloaddition we performed the same experiment 

(Table 1, entry 5) with a 420 nm longpass filter (abbreviated as “light filter” below). No 

B was formed in the presence of this filter. We therefore conclude that the formation of 

sulfone B is due to the photons with wavelength < 420 nm, and can therefore be prevented 

(Figure 5). A redshift is observed upon addition of quinuclidine to a solution of sulfone 2 

(Figure 7), suggesting that the presence of quinuclidine shifts the absorption of sulfone 2 

to such an extent that a small number of photons with a wavelength < 420 nm emitted by 

the Kessil lamp can be absorbed, leading to a [2+2] photocycloaddition. What remains 

unclear is what causes the redshift in the absorption spectrum upon the addition of 

quinuclidine (and to a lesser extent TBAP). We did not study this photocycloaddition 

reaction as a potential synthetic procedure for the formation of B, but are of the opinion 

that this would be well possible.  

We were also interested in whether sulfone B would form under similar reaction 

conditions with the light source of the photoreactor, since its emission spectrum contains 

only one Gaussian peak around 445 nm. The reaction according to entry 2 was repeated 

with the photoreactor, and sulfone B was formed after irradiation, indicating that the LED 

in the photoreactor also emits photons with shorter wavelengths. Scrutinizing Figure 6, 

one might conclude that only a small number of photons with a wavelength < 420 nm is 

emitted by the photoreactor light source. This seemingly small number of photons 

generates a substantial amount of B nevertheless. Either this number of photons is very 

efficient in converting sulfone 2 to sulfone B (i.e. the reaction has a high quantum yield), 

or this seemingly small number of photons is not small in an absolute sense. If we would 

like to establish any quantitative relationship between the input of photons and the 

conversion of sulfone 2 to sulfone B, we need better quantitative techniques than just 

measuring the intensity of an emission spectrum. A more accurate way to quantify the 

number of photons of a certain wavelength is to perform chemical actinometry after the 

incident light has passed through optical filters, to select only the photons with the desired 

wavelength, which are to be quantified.  
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Figure 5. Emission spectrum of the light source (Kessil lamp). Note that the detector was at an 

arbitrary distance from the light source during the measurements, so the intensity of the 

measurements should not be compared. 

 

 

 

Figure 6. Emission spectrum of the light source in the photoreactor. Note that the detector was at 

an arbitrary distance from the light source during the measurements, so the intensity of the 

measurements should not be compared. Furthermore, the peak at 586 nm is due to ambient light. 
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Figure 7 Absorption spectrum of sulfone 2 (63.6 mg) in DMSO (0.5 ml) with / without quinuclidine 

(2.8 mg). Path length = 0.1 cm. Red: absorption spectrum of sulfone 2 only. Blue: absorption 

spectrum of sulfone 2 with quinuclidine.  

According to the [2+2] cycloaddition mechanism, the regiochemistry and stereochemistry 

can also be explained. Whether the [2+2] cycloaddition undergoes a concerted or stepwise 

mechanism has been the subject of debate.[8] However, in the dimerization of 2 forming 

B, both mechanisms lead to the same regio- and stereochemistry in sulfone B. 

In a concerted mechanism, the Woodward-Hoffmann rules must be considered. 

Photochemically, only a suprafacial [π2s+ π2s] approach is allowed. To predict the 

regiochemical outcome, we must consider the symmetry matches between frontier 

orbitals with similar energies (Figure 8). The two pairs of orbitals which are very close in 

energy are the HOMO and the SOMO(1), and the LUMO and the SOMO(2), with each 

pair having the same symmetry. Both pairs form new MO combinations such that the 

resulting new bond order is 0.5, indicating a favorable orbital interaction and the partial 

formation of a bond. To maximize the overlap between the pair of orbitals, the 

cycloaddition product is formed such that the atoms with the largest coefficient in each 

of the π system are overlapping. In both cases; HOMO + SOMO(1) or LUMO + 

SOMO(2), the predicted product is the same—a cyclobutane adduct with vicinal sulfones, 

which is in line with the experimentally observed product. The stereochemistry of sulfone 

B can be explained by the unfavorable steric interaction between the large phenylsulfone 

groups in the transition state when the phenylsulfone groups are syn to each other (Figure 

9). 
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Figure 8. The interaction between the LUMO/SOMO(2) pair (left) and the HOMO/SOMO(1) pair 

(right), leading to the observed [2+2] product sulfone B. In both cases, the resulting bond order for 

the MO combinations is 0.5. By connecting the atoms with the largest coefficients, the sulfone 

substituents are vicinal to each other in the product in both cases.  

 

Figure 9. Stereochemical explanation of the formation of B in a concerted mechanism. Left: 

Transition state leading to the cis-disulfone product, in which a serious steric clash occurs. Right: 

Transition state of the sulfones leading to the trans-disulfone product. 
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In the stepwise mechanism, the biradical of sulfone 2, I, is generated via irradiation 

(Figure 10). Stepwise addition takes place to another molecule of 2 to form stable 

biradical II, which closes intramolecularly to form B. Since the mechanism is not 

concerted, the Woodward-Hoffmann rules do not apply here. A study on [2+2] 

cycloaddition reactions with α,β-unsaturated ketones by Houk and coworkers suggested 

that a twisted triplet biradical is generated by irradiation, analogous to biradical I.[9] 

Following their reasoning, the β-position of I resembles a nucleophilic alkyl radical, 

while the α-position resembles an electrophilic radical through conjugation with the 

electron withdrawing group. The less stabilized, nucleophilic radical then adds to the most 

electrophilic position of 2, which is the β-carbon, forming the biradical II. This explains 

the regioselectivity in the case of a biradical mechanism. Stereochemistry in this 

mechanism is determined in the following step, where the single bonds can rotate freely 

to avoid the clashing of the two large phenylsulfone groups in the transition state when 

the radicals recombine (Figure 10). 

Figure 10. Biradical mechanism of the formation of sulfone B 

Investigations into the formation of sulfone A 

The results of the screening showed that sulfone A has the property of being omnipresent 

as long as either quinuclidine or TBAP is present, and that the amounts of A vary 

depending on the conditions (Table 1, all entries except entry 9). We observed that A is 

generated slowly over time even in the absence of photocatalyst (Table 1, entry 10). 

However, conversion of 2 into A is most pronounced (with mol ratio 2 : A > 1: 0.2) when 

the photocatalyst and quinuclidine are present (Table 1, entry 2 and entry 9). The synthetic 

chemist would quickly conclude that phenylsulfinate is generated during the reaction, 

adding to sulfone 2 in a Michael addition, thereby upon protonation forming sulfone A. 

Indeed, formation of A has been reported in literature by the addition of phenylsulfinyl 

anion to 2.[10] However, the generation of phenylsulfinate (either the anion or phenyl 

sulfonyl radical) from sulfone 2 is not obvious and has not been reported. The formation 

of phenyl sulfonyl radical has been postulated via radical addition to (E)-1,2-

bis(phenylsulfonyl)ethylene followed by elimination of this stabilized radical.[11] It is not 

clear though, how that would work with 2. Due to the formation of A in the presence of 

a base/Lewis base, regardless of the presence of the photocatalyst, we are left with 

hypotheses on the mechanism of formation in the presence of a base/Lewis base (Figure 

11). Firstly, the quinuclidine, the phosphate ion or even DMSO (R) may carry out a 

Michael addition onto sulfone 2, leading to an anion at the α-carbon. The resulting anion 

may be protonated by the TBAP (or trace amounts of water in its absence) in DMSO. An 

elimination reaction by a general base R may generate the phenylsulfinate anion, and the 

alkene. This despite the fact that the anion resulting from deprotonation is just reasonably 
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stabilized (in the case of DMSO as nucleophile), just slightly stabilized (in the case of 

quinuclidine) or not stabilized at all (in the case of phosphate as the nucleophile). Further 

elimination of the phosphate / quinuclidine / DMSO by a general base R leads to the 

formation of acetylene and RH+, which can be deprotonated by any anion generated 

during the Michael addition in the first step. The sulfinate anion generated can carry out 

a Michael addition on sulfone 2 to form sulfone A. While the elimination steps are 

certainly kinetically slow and usually require heat,[12] the process can happen slowly over 

time (As shown in Table 2, entries 3-8). On the other hand, the rapid generation of sulfone 

A in the presence of both photocatalyst and quinuclidine suggests that the generation of 

sulfone A must at least in that case run via another mechanism in which both components 

are involved (Table 2, entries 2, 7 and 9). The presence of the irradiated photocatalyst 

suggests that the mechanism involves the generation of quinuclidine radical cation and 

the reduced photocatalyst Ir(II) species as in Figure 2 (Figure 11). However, the following 

steps remain a puzzle, as neither the quinuclidine radical cation nor the reduced Ir(II) 

species are expected to react with sulfone 2 (Figure 12). Since the quinuclidine radical 

cation is electrophilic, it is unlikely to add to the electrophilic LUMO of sulfone 2. On 

the other hand, the Ir(II) species, while being a powerful reducing agent, is unlikely to be 

powerful enough to reduce sulfone 2. The oxidation potential of Ir(II) is the reduction 

potential of the Ir(III) species and has been determined to be -1.35 (v. SCE in ACN).[13] 

The reduction potential of sulfone 2, although as such unavailable, is approximately equal 

to the reduction potential of the analogous sulfone 2’ (where the phenyl is substituted by 

tolyl), and has been reported to be -2.1 V (v. SCE in ACN). For spontaneity (ΔG < 0), ΔE 

= Ered - Eox > 0, and the reduction potential of sulfone 2 is likely to be exceedingly negative 

for the single reduction of sulfone 2 to happen. Another possibility is that the electrophilic 

quinuclidine radical cation adds to the α-carbon of sulfone 2, forming a primary radical 

as an intermediate and subsequently expel a sulfonyl radical. However, electrophilic 

attack on an electrophilic species forming an unstable intermediate is difficult to imagine. 

The following mechanistic steps thus warrant further study. 

Nonetheless, caution must be exercised on all the presumptions that are made in the 

hypothesized mechanisms. These include 1) phenylsulfinate is generated in the process 

and 2) Ir(II) species cannot react with sulfone 2 based on the reduction potentials 

reported in ACN and not in DMSO. These are the assertions which should be verified 

before further investigations are carried out. In order to confirm that phenylsulfinate is 

indeed generated in the reaction, a large excess of another good Michael acceptor (e.g. 

methyl acrylate) could be added to check if the adduct forms. It is also important to keep 

in mind that phenyl sulfonyl radical can react with 2 in the same fashion as 

phenylsulfinate anion, forming sulfone A via a radical mechanism. Moreover, cyclic 

voltammetry can be carried out in DMSO instead of ACN, directly on our photocatalyst 

and sulfone 2.  
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Figure 11. The hypothesized mechanism of the formation of phenylsulfinate, ionic pathway 

 

Figure 12. Mechanistic questions that a radical pathway, involving photocatalyst and quinuclidine, 

towards sulfone A, encounters. 
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Catalyst loading and conversion 

An essential component for the photoalkylation reaction to work is the iridium catalyst, 

since it converts light energy into redox potential and kick-starts the whole catalytic cycle 

(Figure 1). While the catalyst loading in the benchmark reaction was based on the 

reported literature procedures,[1] the effect of catalyst loading had not been assessed. The 

interaction of light and catalyst is also important. A catalyst loading is too low if not all 

photons are absorbed by the catalyst. On the other hand, a catalyst loading is too high if 

most of the catalyst cannot receive sufficient light to excite and initiate the photoredox 

cycle. Furthermore, such a setting is a breeding ground for a high concentration of radicals, 

potentially leading to side reactions and degradation of the catalyst if these radicals 

combine. In attempt to gain insight into the relationship between catalyst loading, catalyst 

degradation and conversion to the desired product, we varied the catalyst loading and 

monitored the conversion by NMR. 

Since no signals of product 3 which are baseline-resolved are present in the crude 1H-

NMR, we opted to use 13C-NMR integration to follow conversion. 13C-NMR integration 

has a similar accuracy to 1H-NMR integration given that the same type of carbon (in our 

case, the anomeric carbon) is compared.[14] Integration of the anomeric carbon in the 13C-

NMR of the crude mixture is commonly used as quantitative measure in carbohydrate 

chemistry as well.[15-20] We thus embarked on the journey of quantifying conversion by 

varying irradiation time, catalyst loading and light input.  

Conversion dependence on catalyst loading 

First, we carried out the benchmark reaction under standard reaction conditions with 4.8 

mM and 5.2 mM of Ir catalyst (graph 1), which gave 85% and 89% conversion 

respectively. Due to difficulty in weighing accurate amounts of solid catalyst, in all 

following entries the catalyst was added from a stock solution and diluted to the 

appropriate concentration. The use of 2.5 mM of Ir catalyst (half of the standard loading) 

gave 61% yield within the same period of irradiation time, while using 1.25 mM (a quarter 

of the standard loading) gave 59% conversion. A significant drop in conversion (21%) 

was observed when only 0.63 mM of catalyst was used. (Graph 1) The correlation 

between conversion and catalyst concentration is non-linear. Significant increases in 

conversion is only observed when the catalyst loading increases from 0.63 mM to 1.25 

mM, and from 2.5 mM to 4.8 mM, while decreasing catalyst loading from 2.5 mM to 1.25 

mM resulting only in a ~2% loss in conversion. The effect of additional catalyst seems 

not to be accelerating the reaction, but to replenish the activity of the deactivated catalyst. 

This effect is also not linear, as going from 2.5 mM to 4.8 mM only results in a 24% 

increase in conversion, suggesting that the catalyst is also deactivating at an increased 

rate at higher catalyst concentration. For maximum turnover number (TON), a 

concentration at 1.25 mM of photocatalyst should be used despite incomplete conversion 

of the starting material. 
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Graph 1. Conversion dependence on catalyst loading. All reactions are performed with standard 

reaction conditions in the photoreactor.  

 

Conversion dependence on light source: the use of filters 

We have mentioned that the formation of B can be prevented by using a longpass filter in 

combination with the light source (vide supra). However, minimizing the formation of 

sulfone B does not mean that we also put sulfone 2 into the productive reaction pathway. 

In fact, using the light filter diminishes the conversion to the desired product. (Graph 2) 

A consistently diminished conversion is observed when a longpass filter is used. The 

diminished conversion can be attributed to the decrease in the number of photons which 

are productive for the reaction (See the absorption behavior of the photocatalyst in Figure 

13). 

Graph 2. Conversion dependence on the light source. All reactions were run under standard 

conditions for 6 h. The two light sources are a Kessil lamp with and without light filter. 
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Figure 13. UV-Vis absorption spectrum of the Ir-catalyst at 4.8 mM (standard) concentration, with 

l = 0.1 cm. A > 2 (> 99% absorption) for λ < 440 nm. 

Conversion dependence on the light source: the photoreactor vs the Kessil lamp 

The group of MacMillan has published a design of a photochemical reactor that is claimed 

to result in accelerated reactions and improved yields.[4] Our group therefore acquired 

such a reactor for the study of our reactions. The conversion of the benchmark reaction 

was determined after irradiation for 16 h. However, the conversion did not significantly 

differ compared to the reaction irradiated by the Kessil lamp. This result suggests that the 

limiting factor in the conversion is catalyst deactivation rather than photon influx. Also, 

via chemical actinometry using ferrioxalate as the actinometer, (vide infra for details) the 

two light sources were found to have a similar power output (62.4 mW in the photoreactor 

setup vs 64.5 mW in the Kessil lamp setup). It is therefore not a surprise that consistent 

conversions are observed with both setups. 

Light source Ratio starting material 1 : product 3 

Kessil lamp, without light filter 1 : 0.18 

Photoreactor 1 : 0.13 

 

Stepwise addition of photocatalyst 

Since a high concentration of catalyst might lead to a high rate in catalyst decomposition, 

we attempted the benchmark reaction by adding catalyst over time (Graph 3). After 

irradiation for 6 h at 2.5 mM catalyst concentration, another batch of catalyst stock 

solution was added so that the total catalyst loading was the same as in standard reaction 

condition. This however did not increase the overall conversion. Even though the 

concentration of active catalyst was kept low, the final conversion remained the same, i.e. 

the total turnover number remained the same. The relationship between catalyst 

concentration and the rate of deactivation of the catalyst is apparently more complicated 

than anticipated. 
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Graph 3. Conversion dependence on single addition of photocatalyst vs. stepwise addition of 

catalyst. Both reactions were run for 12 h in total, with the Kessil lamp combined with a longpass 

filter. *For stepwise addition, the reaction was run at 2.5 mM concentration for 6 h, then additional 

catalyst was added via stock solution to a total concentration of 4.0 mM. 

 

Attempts to quantify the catalyst degradation 

A remarkable observation made during the studies was that the rate of catalyst 

deactivation, as monitored by NMR, did not fully correspond to the (decreasing) turnover 

frequency. The amount of remaining “original” catalyst was monitored using 19F-NMR 

with a sufficient relaxation time and using PF6
- as the internal standard. The 

disappearance of the signal corresponding to the –CF3 on the ligand indicates 

photocatalyst degradation. The amount of remaining catalyst did not correlate to 

conversion-in-time and in addition was dependent on the light source. (Graph 4) 

Moreover this process of catalyst decomposition was not very reproducible whereas the 

conversion was. This casts doubt on the original proposed mechanism, since the 

photoexcited species is hypothesized to be not necessarily (Ir[dF(CF3)ppy]2(dtbpy))2+, 

but could well be a derivative. The product(s) of catalyst degradation was untraceable by 
19F-NMR, since no new signals were observed within the range of +20 ppm to -200 ppm. 

At this point, the relationship between the catalyst (decomposition), the light and the 

conversion is not clear. 
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Graph 4. Relationship between conversion and catalyst degradation. All reactions were run under 

standard reaction condition for 6 h. The two entries on the left are reactions run without longpass 

filter, and the three entries on the right are run with a 420 nm light filter. a reactions run in duplicate. 
b reaction runs for 12 h. c reaction runs for 5 h. 

 

The role of the solvent 

Most unprotected monosaccharides like 1 have limited solubility in organic solvents due 

to their high polarity. This property limits our choice of solvents to highly polar solvents 

in order to create a homogeneous solution during irradiation. Pure water, while being a 

perfect solvent for such chemistry, is not suitable due to the poor solubility of the iridium 

catalyst in water.  While the reaction can be carried out in DMSO, this creates multiple 

problems during purification. Firstly, DMSO must be removed before column 

chromatography, otherwise the highly polar matrix will drastically increase the local 

polarity of the mobile phase, causing fast elution and poor separation. Secondly, DMSO 

has an extremely high boiling point, rendering concentration in a rotary evaporator 

impossible unless at a high temperature for a very long time. Thirdly, the conventional 

way to remove DMSO is to carry out a liquid-liquid extraction using its water solubility. 

In most organic reactions, the desired products are sufficiently hydrophobic to stay in the 

organic phase during extraction with water, while DMSO, which is water soluble will be 

extracted into the aqueous phase. In our benchmark reaction, however, the product 

partitions in both phases and cannot be extracted back from the aqueous phase into the 

organic phase efficiently, even when polar water-immiscible solvents such as ethyl 

acetate or chloroform are used. To solve this problem, we attempted to improve the 

extraction procedure and tried to substitute DMSO with another solvent. The attempts to 
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improve the extraction procedure will be elaborated and discussed in detail in the next 

section (vide infra). Here, we focus on the selection of solvent candidates which can 

potentially replace DMSO. 

The solubility of monosaccharide 1 in various solvents was determined. The criterion for 

passing was that a ~0.25 M solution of 1, i.e. 2x dilution of the standard condition, must 

be homogeneous at equilibrium. We ruled out unlikely candidates such as pentane and 

toluene. 48 ± 1 mg batches of 1 were weighed in vials and dissolved in 1 ml of a candidate 

solvent overnight (Table 2). No aprotic solvents qualified other than DMSO. We 

proceeded to run the reaction under standard conditions with the homogeneous mixtures. 

We anticipated that water could not dissolve quinuclidine and sulfone 2, so a 1:1 mixture 

of DMF and water was used. The reaction was not entirely homogeneous, but we 

proceeded to run the reaction anyway. No conversion was observed in any of the protic 

solvents.  

While the attempt to escape from DMSO failed therefore, these results were nevertheless 

valuable. In order to understand why protic solvents are not suitable, we considered the 

pKa (or pKaH) of quinuclidine and TBAP (which is diprotic/monobasic) in both aprotic 

and protic media (Table 3). It is well known that the pKa of water increases drastically 

from ~16 in water to ~31 in DMSO. Since polar aprotic solvents can only stabilize cations, 

the counter-anion becomes more deshielded, increasing its basicity. It is important to note 

that the change in solvent has little to no effect on neutral bases due to the absence of 

anionic species. This effect has been quantified in a study by Knapp and coworkers, in 

which the pKaH of the conjugate acids of neutral and charged bases in DMSO are 

approximated from the pKaH in aqueous medium using the empirical conversion method 

(ECM) (Table 4).[21] While subject to factors such as delocalization of charges, neutral 

conjugate acids show an increase of at least 5 units in pKa going from aqueous medium 

to DMSO, while localized, cationic conjugate acids have <1 unit change in pKa. While 

the pKa of dihydrogenphosphate in DMSO has not been reported, we can approximate its 

pKa conservatively with the method by Knapp by adding ~5 pKa units to the pKa in 

aqueous medium. When we compare the pKa shift from aqueous medium to DMSO, we 

can see that in aqueous medium, >99% of the quinuclidine in the reaction is protonated 

by the dihydrogenphosphate. It supports the mechanism proposed by MacMillan in which 

the lone pair of quinuclidine is necessary for the creation of the organic radical for C-H 

abstraction, without which a quinuclidine radical cation cannot be generated via reductive 

quenching of the photocatalyst (Figure 2). On the other hand, in DMSO, >99% of the 

quinuclidine is not protonated since dihydrogenphosphate becomes much less acidic, so 

quinuclidine stays available for single electron transfer. 

Table 2. Solubility of 1 in various solvents.  

Candidate 

solvent 

CHCl3 DMF Acetone DMSO MeOH Water HFIP 

 

Homogeneity    X X X X 
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Table 3. Reference pKa values tabulated for our discussion. a a conservative approximation using 

the empirical conversion method (ECM) developed by Knapp and coworkers. 

Species pKa (water) pKa (DMSO) 

Quinuclidinium 

(protonated quinuclidine) 

11.0 9.8 

H2PO4
- 7.2 (>12)a 

Water 15.7 31.4 

 

Table 4. Computed pKa shifts in pKa by Knapp and co according to the ECM.[21] For alcohols, the 

shift is exceedingly large to be computed according to the author. 

Molecular family ΔpKa relative to water 

Anionic bases (neutral conjugate acids) 

Alcohols >> 8 

Phenols 7.9 

Carboxylic acids 7.2 

Imides 5.7 

Neutral bases (cationic conjugate acids), localized 

Amines (1°,2° or 3°) -0.5 to 0.2 

Aniline -0.7 

 

 

Product isolation and purification 

Product isolation, as described in chapter 2, consistently gives a ca. 30% loss of yield 

compared to conversion. To understand this problem, we took a careful look at the 

composition of the reaction mixture and the components that had to be removed. To 

simplify the problem, we assume that the reaction has 80% conversion and all organic 

side products and starting materials 1 and 2 can be separated at a later stage by column 

chromatography. After irradiation, the reaction mixture then consists of 80% of the 

desired product, 20% of the starting material and organic side products, an excess of the 

somophile, a minute amount of iridium catalyst, 10% quinuclidine, 25% 

tetrabutylammonium dihydrogenphosphate, and the reaction solvent. This list of 

materials looks overwhelming, yet each of these is either part of the reaction itself, or 

plays a vital role in the reaction. In the case of MacMillan et al., the reagents were 

designed in such a way that an extraction with organic solvent would remove the TBAP 

as well as the quinuclidine. With volatile somophiles (e.g. methyl acrylate) and solvents 

(e.g. acetonitrile) removed after concentration in vacuo, the side products can be readily 

separated from the desired product via column chromatography. 

However, this advantage is lost when the product is water soluble to a significant degree, 

as in the case of glucoside 3. The product is an amphiphile and has significant solubility 

in both organic and aqueous media. Subjecting the entire crude mixture to column 

chromatography is also not an option, as DMSO coelutes with the desired product and 

increases the local polarity of the eluting solvent in the column so drastically that 
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separation becomes nearly non-existent. The second problem is TBAP, which coelutes 

partially with the desired product because of a similar polarity. 

In our hands, the best method to purify the product is to dilute the crude reaction mixture 

with a large amount of water (> 10 times), then stir the mixture with Dowex 50WX8 

(200–400 mesh) resin in Na+ form to remove the tetrabutylammonium from the reaction 

mixture. After filtration and multiple washings of the resin with methanol, the solution is 

then concentrated in vacuo to remove methanol. The remaining water-DMSO mixture is 

freeze-dried to remove the water and most of the DMSO. This yields a pure compound 

after column chromatography containing at most 10 mol% of DMSO. 

While this removal of the tetrabutylammonium ion with an ion-exchange resin and 

subsequent lyophilization solved the separation problems, the isolated yield adjusted for 

DMSO was only moderate (ca. 50%). The reason for the low isolated yields could not be 

pin-pointed to a single factor, but the lengthy filtration to flush all desired product from 

the ion exchange resin is surely a contributing factor. Furthermore, not only is the ion-

exchange and filtration decreasing the yield, the whole process is lengthy, with ion-

exchange and freeze-drying being a slow processes, on top of the fact that freeze-drying 

of DMSO can only be carried out efficiently with a large-scale dilution with water, which 

makes scaling up difficult. The goal of the next section is to find ways to remove DMSO 

and TBAP efficiently without impeding the isolated yield of the reaction. 

Hofmeister series and extraction attempts 

Even though extractions are routine for organic chemists, extractions with combinations 

of organic solvents and salt solutions to control the partition of desired product and 

undesired compounds is a long forgotten “art” in organic chemistry[22] and has largely 

been replaced by other methods such as distillation and column chromatography. This art 

has been revived by Peng and coworkers, who have shown that extractions of even very 

polar compounds can be efficient if the organic solvents and salt solutions are chosen 

carefully.[23] In our case, a simple extraction to remove DMSO and TBAP sounded 

extremely tempting, and therefore we delved into this possibility. 

Peng and coworkers have detailed the theoretical basis of such extractions. This approach 

is based on the observation by Hofmeister[24] when he was precipitating out proteins with 

a salt solution. He observed that some salts are “more efficient” (i.e. only a low 

concentration is necessary) than other salts in precipitating out protein from an aqueous 

solution. The important point is that anions which have a high  charge density (e.g. F- and 

Cl-) cause a salting-out effect, i.e. organic molecules are forced away from the aqueous 

layer into the organic layer, while anions with delocalized charges (e.g. nitrate) tend to 

cause the organic molecules to partition between the organic and the aqueous layer. The 

compound at hand for Peng and co. was chlorouridine, which is a highly water soluble 

intermediate in the synthesis of Uprifosbuvir, a drug which treats HCV.[25] Multiple salts 

were screened throughout the study, and a few salts identified as having a high mass 

distribution ratio (Dm) for the target molecule, where 
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Dm = D ×
Vorg

Vaq
, D =

[A]org

[A]aq
 

Vorg = volume of organic layer, Vaq = volume of aqueous layer, 

[A]org = concentration of species A in organic layer, [A]aq = concentration of species A 

in aqueous layer 

A high Dm thus corresponds to a high partitioning coefficient in the organic layer. We 

have chosen three salts which are common in standard organic chemistry labs: 

dipotassium hydrogenphosphate (K2HPO4, Dm = 390), NaK-tartrate (Rochelle’s salt, Dm 

= 91) and sodium sulfate (Na2SO4, Dm = 82). (Ref: NaCl Dm = 5.7) Saturated solutions of 

these salts were used for salting out the unwanted components.  

Results of the salting-out experiments 

A crude mixture of the benchmark reaction was subjected to salting-out extraction with 

one of the three aforementioned salt solutions (vide infra for the salting-out extraction 

procedure). With both K2HPO4 and Rochelle’s salt solutions, a significant amount of 

product 3 was still in the aqueous phase after 6x extraction, i.e. a permanent spot of the 

product was observed on the TLC plate after staining. Even worse, a significant amount 

of DMSO was back-extracted into the organic layer. The saturated solution of Na2SO4 

was made and kept at ~40 oC as the hydrate would precipitate at room temperature. Also 

the extraction procedure was carried out with a crude mixture of the benchmark reaction, 

by heating to 40 oC and stirring until homogeneous before transferring into a warm 

separatory funnel preheated by a heat gun. The extraction was repeated 6x, and the 

aforementioned TLC analysis showed a significant amount of product being still in the 

aqueous layer, as well as DMSO in the organic layer.  

To determine the effectiveness of the extraction with regard to the removal of DMSO and 

TBAP, a solution which consisted of 21.0 mg TBAP and 0.3 ml (330 mg) DMSO was 

extracted once with K2HPO4 solution using the above procedure. After the extraction, 

95% of the TBAP and 25% of the DMSO remained in the organic layer. This experiment 

shows that while a large amount of DMSO was removed, TBAP was barely removed. 

More DMSO/TBAP was likely to be extracted back to the organic phase during re-

extraction. Together with the results of the previous extraction attempts we concluded 

that this method is ineffective in separating desired product 3 from DMSO/TBAP. (Vide 

infra for a detailed experimental) 

Trityl protection 

The original purpose of the reaction and its optimization aimed at the possibility to 

eventually apply the site-selective alkylation on more complex carbohydrates and 

carbohydrate derivatives. Therefore, so far we avoided the use of protecting groups. 

Isolation of the product 3 is problematic, but this can be solved entirely by the installation 

of a trityl “protecting” group at C6, making the photoalkylation product soluble in organic 

solvents. While this slightly defeats the original purpose of the reaction, i.e. a reaction 

which is site-selective on unprotected carbohydrates, this allows to determine more 
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accurately which part of the product is actually lost upon isolation when 3 is used as the 

substrate.  

The use of a trityl unit as protecting group (we stick to the term protecting group although 

the group is used as a hydrophobic anchor) is straightforward and well-documented.[26] 

Moreover, product 4 produced by protecting glucoside 1, could be recrystallized in ethyl 

acetate or toluene, leading to easy bulk purification. The photoalkylated product 5 (Figure 

14) hardly partitions into the water layer, so TBAP and DMSO can be washed away and 

will not coelute with the product. The isolated yield of 5 was 70% after column 

chromatography, which is approaching the yields in the original report by MacMillan and 

is 20% higher than the isolated yield of 3.[1] The loss in yield is thus partly due to difficulty 

isolation of 3.  

 

Figure 14. Photoalkylation of trityl-protected glucoside 4 with phenyl vinyl sulfone. 

Conclusion 

We have studied our benchmark reaction, the site-selective photoalkylation of α-methyl 

glucoside with phenyl vinyl sulfone. We have identified two side products and the 

conditions of their formation. We have determined that phenyl vinyl sulfone 2 undergoes 

homo-dimerization via a [2+2] cycloaddition mechanism even with a commercial LED 

light source. The mechanism of the formation of the other side product, A, is yet to be 

investigated. We have characterized the light sources (the Kessil lamp and the 

photoreactor) by spectroscopy and actinometry. The relationship between catalyst 

loading and conversion is shown to be non-linear, and no clear correlation has been 

determined between the conversion and the amount of catalyst consumed. While the use 

of a longpass filter suppresses the formation of homo-dimer via a [2+2] cycloaddition 

mechanism, it also decreases the conversion to the product due to a less efficient 

excitation of the photocatalyst. Development of a new extraction method making use of 

the Hofmeister series was attempted in order to remove salts and DMSO, but the method 

turned out to be inapplicable to our photoalkylation product. A change in solvent was also 

not productive, since protic solvents affect the pKa of the different species, causing the 

protonation of quinuclidine and the termination of the reaction. Changing strategy, the 

reaction was carried out on trityl-protected glucoside, allowing an easy work up and 

purification strategy and leading to a 70% yield of the photoalkylated product, 

approaching the yields in the original protocol presented by MacMillan and coworkers. 
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Experimental section 

Photoalkylation of trityl-protected glucoside 4 

 

A 10 ml vial equipped with a septum and magnetic stir bar was charged with compound 

4 (217 mg, 0.50 mmol, 1.0 eq), phenyl vinyl sulfone 2 (133 mg, 0.79 mmol, 1.6 eq), 

[Ir(dF(CF3)ppy)2(dtbpy)]PF6 (5.9 mg, 0.005 mmol, 0.011 eq),  quinuclidine (5.6 mg, 0.05 

mmol, 0.10 eq), tetrabutylammonium dihydrogenphosphate (43 mg, 0.13 mmol, 0.26 eq) 

and degassed DMSO (1.0 mL). The reaction mixture was purged with nitrogen for 5 min. 

The reaction was subsequently irradiated for 18 h in the photoreactor. The reaction 

mixture was then diluted with EtOAc (20 ml) and transferred to a separatory funnel. The 

organic layer was washed with brine (15 ml). TLC of the aqueous phase showed no 

product. The organic layer was dried over MgSO4, and the product was coated onto celite. 

The resulting celite was loaded onto a silica column. The flash column was eluded with 

1:1 (v/v) EtOAc/pentane with 1% triethylamine added to obtain 5 as a wax, then co-

evaporate with DCM to yield a white foam (210 mg, 70% yield). Rf = 0.3 (1:1 v/v 

EtOAc/pent); visualized with p-anisaldehyde. 1H NMR (400 MHz, Methanol-d4) δ 7.91 

– 7.84 (m, 2H), 7.66 – 7.60 (m, 1H), 7.55 (dd, J = 8.3, 6.9 Hz, 2H), 7.49 – 7.43 (m, 6H), 

7.29 – 7.20 (m, 6H), 7.21 – 7.15 (m, 3H), 4.71 (d, J = 3.8 Hz, 1H, H1), 3.88 (ddd, J = 

10.2, 6.8, 1.9 Hz, 1H, H5), 3.59 – 3.38 (m, 7H) [including 3.50 (s, 3H), 3.44 (d, J = 3.9 

Hz, 1H, H2), 3.42 (dd, J = 10.0, 2.0 Hz, 1H, H6a) and 2H corresponding to H8], 3.24 (dd, 

J = 9.8, 6.8 Hz, 1H, H6b), 3.17 (d, J = 10.1 Hz, 1H, H4), 2.12 (ddd, J = 13.6, 12.1, 4.9 

Hz, 1H, H7a), 2.00 (ddd, J = 13.6, 12.0, 5.1 Hz, 1H, H7b). 13C NMR (101 MHz, 

Methanol-d4) δ 145.4, 140.3, 134.8, 130.4, 129.9, 129.0, 128.7, 128.0, 101.4 (C1), 87.6, 

75.8 (C3), 71.7 (C2), 71.3 (C4), 69.4 (C5), 65.3 (C6), 56.0, 53.2 (C8), 29.6 (C7). HRMS 

(ESI+) Calcd. for C34H36O8SNa ([M + Na]+ ): 627.2023, found: 627.2006. 

Extraction based on the Hofmeister series: salting-out extraction procedures 

K2HPO4 and Rochelle’s salt were dissolved in deionized water in excess to produce the 

corresponding saturated solutions. These solutions were used as the aqueous phase during 

the extraction. The solution for the organic phase was prepared by adding 200 ml of 2-

MeTHF and 100 ml of DME to produce the 2:1 2-MeTHF/DME v/v solution. The crude 

mixture of the benchmark reaction was transferred to a separatory funnel and diluted with 

30 ml of the organic solution. The organic solution was then washed with 15 ml of the 

salt solution. The amount of product 3 in the aqueous phase was quantified crudely by 

running a TLC in 5% MeOH in DCM with 1 μL of the organic phase and subsequently 

stained with p-anisaldehyde solution (acetic acid : sulfuric acid : p-anisaldehyde = 300 : 
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6 : 3). The aqueous phase was re-extracted with 30 ml of the organic solution, then the 

quantification was carried out again by TLC for the organic phase.  

To test the effectiveness of the extraction against the loss of DMSO and TBAP, 21.0 mg 

TBAP was dissolved in 0.3 ml (330 mg) DMSO, and the solution was diluted with 30 ml 

organic solution and washed with 15 ml saturated K2HPO4 solution. After discarding the 

aqueous layer, the organic layer was dried over MgSO4 and concentrated in vacuo. The 

residue was 103 mg. 1H-NMR showed that the ratio between TBAP and DMSO is ~1:18 

in the residue, corresponding to 20 mg of TBAP (95% recovered) and 83 mg (25% 

recovered) of DMSO.  

Characterization of light source: emission spectra and actinometry 

Both the light sources, the Kessil lamp and the LEDs in the photoreactor, have originally 

not been designed for scientific purposes. Therefore, we expect variations in both the 

wavelength and intensity with respect to each other. These two factors are directly related 

to the efficiency of the excitation of the photocatalyst. In addition, given that the side 

products are formed during irradiation, the nature of the light sources become an 

important aspect regarding the reaction. To assess the nature of the light sources, the 

spectrum of the emitted light from both light sources was determined and the intensities 

of that were measured via chemical actinometry.   

Commercial information on the light sources 

Kessil lamp: Officially known as Kessil LED H150 Grow Light, Blue (50W power 

output), it was manufactured by Kessil LED lights and was available on and purchased 

from Amazon. However, this model was discontinued in 2019. Instead, more specific 

models for different purposes have been manufactured. Models specific for 

photoreactions (PR160L) are also available with a range of wavelengths. 

(https://www.kessil.com/photoreaction/PR160L.php) According to the official website, 

the light produced is not monochromatic, but unlike H150, PR160L only has one 

Gaussian peak in its emission spectrum. 

Photoreactor: The light source used in the photoreactor is manufactured by Kiwi 

lighting (https://www.kiwilighting.com/) and was purchased from Toplight China. 

(http://www.toplightled.com/) The model is “20W Cree XTE XT-E 4Leds Led Emitter 

Lamp Light On 20MM Copper PCB Board”. 

Emission spectra 

Emission spectra were recorded with a 50 micron round to line fiber bundle (Thorlabs) 

and fed into an Andor Technology Shamrock163 spectrograph equipped with a 500 nm 

blaze (150 l/mm) grating and Andor Technology CCD (iDus-420-OE). The emission 

spectra were shown above (Figure 5 and 6). 

Chemical actinometry 

Although there are different physical measurements for the strength (intensity) of light 

sources, these measurements have limited uses for photochemical reactions. One problem 

https://www.kessil.com/photoreaction/PR160L.php
https://www.kiwilighting.com/
http://www.toplightled.com/
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is that these measurements often do not take into account the irradiation situation during 

the reaction. The amount of photons received can differ largely, depending on the 

diameter of the reaction vial, and thus the cross-section area of irradiation. A more reliable 

way to assess the amount of photons received over a certain amount of time is to irradiate 

directly a solution containing a compound which can reliably react with photons in a 

reproducible manner, in a setup identical to the experimental setup.  

To compare the power of the two different light sources that we were using, we used 

potassium ferrioxalate as the chemical actinometer. The solution of potassium 

ferrioxalate K3[Fe(C2O4)3] decomposes under light to generate Iron(II) ions (Equations 1 

and 2) which can then be complexed by phenanthroline for UV-Vis spectroscopic 

quantification, which will be discussed in detail. (Equation 3) Looking plainly at 

Equations 1 and 2, we might assume that 1 photon produces 2 Iron(II) ions. However, the 

quantum yield is not uniform across the spectrum, i.e. the quantum yield is dependent on 

wavelength, even if absorption has taken place. For the ease of calculation, we assume 

for now that the two light sources were monochromatic, emitting photons at 430 nm only. 

We will revisit the validity of our assumption in the following discussion. 

 

Procedure 

The procedure was published by Hatchard et al.[27] The procedure below is the exact 

procedure carried out. 

Solution preparation 

All solutions were prepared with volumetric flasks. Note that  

1. 2.8 ml of concentrated sulfuric acid (95-97%, assumed to be 18 M) was 

dissolved in water (always double-distilled water) and diluted to 100 ml in a 

volumetric flask. This is the 0.5 M sulfuric acid. 

2. 10 ml of the above solution was taken and diluted to 100 ml in a volumetric flask. 

This is the 0.05 M sulfuric acid. 

3. 50 ml of the solution made in step 1 was taken out, to it 6.783 g NaOAc was 

added. This is the buffer solution. 

4. 50.3 mg phenanthroline was added in the buffer solution made in step 3. pH was 

determined to be 4.0-5.0. 

5. In darkness / red light, 0.736 g potassium ferrioxalate trihydrate was dissolved 

in 10 ml of 0.05 M sulfuric acid made in step 2. 
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Photolysis (all steps should be carried out in darkness / red light) 

6. Take twice 2 ml (V1) of Ferrioxalate solution made in step 5. These samples 

were labelled control sample (sample 0) and irradiation sample (sample 1) 

respectively. 

7. Absorbance was checked at 430 nm. The absorbance was above 2. (The 

wavelength of the blue light emitted was unfortunately not at 430 nm. See 

“Systematic error” for details) 

8. Take the control sample (sample 0) from step 6, keep it in dark. 

9. Take the irradiation sample (sample 1) from step 6, irradiate in the 

corresponding experimental setup for t1, (~30 s, t1 recorded to the nearest 

second) with stirring.** 

10. The following steps were done to both sample 0 and sample 1: Within 10 s, 1 ml 

(V2) solution was taken from the sample. The sample taken out was mixed with 

2 ml buffered solution containing phenanthroline (made in step 4), and 

subsequently diluted to 25 ml (V3) in a volumetric flask. The pH was checked 

again to be ~4. 

11. Both samples were left untouched for 60 min. 

12. Aliquots were taken from both samples without dilution, (volume is not 

important here) and the absorptions were checked by UV-Vis at 510 nm. The 

absorptions from sample 0 and sample 1 were labeled A0 and A1 respectively. 

**The procedure called for 120 s to 720 s of irradiation time. However, precipitation 

occurred after ~45 s of irradiation in our systems. We therefore opted for a shorter 

irradiation time than that suggested in the original procedure.  

Calculation 

The aim is to calculate how many iron(II) ions are generated during photolysis. Since 

iron(II) ions formed during photolysis can be quantitatively complexed to phenanthroline 

to form Fe(phen)3
2+ , which has a λmax at 510 nm, the amount of Fe(phen)3

2+ (and thus 

Fe2+) can be quantified using the Beer-Lambert Law: ∆A =  ε c l , where ∆A = A1 − A0 , 

ε = extinction coefficient, which is 11100 L.mol-1.cm-1 for our actinometer, c = 

concentration of Fe(phen)3
2+ in mol.L-1, and l = path length in cm, which is a constant 1 

cm in all of our cuvettes. After rearranging, Beer-Lambert law becomes the following: 

c =  
∆A

εl
 

We can then calculate the amount of Fe2+ in sample 1 right after irradiation (Step 9): 

moles Fe2+ = c × V3 ×
V1

V2
 

The moles of photons absorbed by the irradiated solution per second (Nhν/t) would be: 

Nhν

t
=  

moles Fe2+

Φλ × t × F
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Where F = fraction of the photons the actinometer absorbed (characterized by absorption 

at the particular wavelength), Φλ = quantum yield of the actinometer, which is 

wavelength-dependent, and t = irradiation time in s.  

Results 

Example calculation: 

Photoreactor measurement 

A0 = 0.079, A1 = 1.42, t = 30 s, ε = 11100 L.mol-1.cm-1, V1 = 2 ml, V2 = 1 ml, V3 = 25 ml, 

F assumed to be 1, Φλ=436 nm = 1.01 (closest reference value with respect to highest peak) 

(cite) 

∆A = A1 − A0 = 1.34 

c =  
∆A

εl
=

1.34

11100 L. mol−1. cm−1 × 1 cm
= 1.21 × 10−4 mol. L−1 

moles Fe2+ = c × V3 ×
V1

V2
= 1.21 × 10−4 mol. L−1 ×

1 L

1000 ml
× 25 ml ×

1 ml

2 ml

= 6.04 × 10−6 mol 

 

moles photons per second =  
Nhν

t
=  

moles Fe2+

Φλ × t × F
=  

6.04 × 10−6 mol

0.85 × 29 × 1

= 2.37 × 10−7 mol per second 

To convert the moles of photons into power unit (mJ/s), assume monochromic light 

around peak 455 nm 

E (J. mol−1 photon) =  
hc

λ
× NA = 236160 J. mol−1 , where h = Planck’s constant, c = 

speek of light, λ = 436 nm = 4.36 × 10-7 m, NA = Avogadro’s number 

Power =  E ×
Nhν

t
= 236160 J. mol−1 × 2.37 × 10−7 mol. s−1 ×

1000 mJ

1J
=

62.4 mJ. s−1 = 62.4 mW  

Apparatus A0 A1 
t 

(s) 

V1 

(ml) 

V2 

(ml) 

V3 

(ml) 
Φλ 

Mol 

photons 

Power 

(mW) 

Photoreactor 

0.079 

1.42 30 

2 1 25 1.01 

2.37
× 10−7 

62.4 

Kessil lamp 1.43 29 
2.47
× 10−7 

64.5 
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Systematic errors: 

Monochromatic light vs. polychromatic light. 

The LEDs used, both in the Kessil lamp and in the photoreactor, are not monochromatic 

(See the emission spectra in Figure 5 and 6). The emission spectrum of the Kessil lamp 

has 2 maxima, one at 419 nm, and one at 454 nm, while the emission spectrum of the 

lamp in the photoreactor has only 1 maximum at 445 nm. Both of the peaks are not 

monochromatic, but rather a Lorentzian spread, covering ±20 nm to an appreciable 

amount. Meanwhile, the quantum yield of the actinometer depends on the wavelength of 

the incoming photons, i.e. Φλ is a function of λ.[28] The exact way to do it would be 

calculating the following integral to replace Φλ: 

∫ Φλ(λ)f(λ)dλ
all λ

 

where f(λ) is a normalized distribution of emitted photons with respect to wavelength of 

the photons, i.e. the curves shown in Figure 5 and 6, normalized. While f(λ) could be 

measured and computed, Φλ(λ) is not available and must be approximated at individual 

wavelengths. With our calculations, the quantum yield at a single wavelength is used, 

thereby introducing an error which cannot be quantified entirely. Fortunately, Φλ(λ) does 

not change abruptly over the range 392 nm to 458 nm, where the Φλ(λ)  fluctuates 

between 1.19 to 1.10, a maximum of 8% change. This fact shows that Φλ(λ) is well-

behaved (i.e. it is a continuous function which does not have stochastic fluctuations). This 

behavior of the function has also been utilized to approximate the Φλ(λ) at an unknown 

intermediate wavelength. For example, the group of Taylor used a linear approximation 

from the two known values, Φλ(436 nm)  and Φλ  (468 nm), to approximate 

Φλ(450 nm) during the characterization of their laser, even though the Φλ(450 nm) is 

not available.[29] By the mean-value theorem for integrals, the errors are likely to be 

cancelling out each other if the Φλ(λ) taken is an intermediate value over the range of 

wavelengths, leading to a smaller error. 

Absorption behavior of the actinometer 

The factor F (F = fraction of the photons the actinometer absorbed) was assumed to be 

unity. This assumption is usually valid, since the actinometer was chosen so that most of 

the incident light (>99%) would be absorbed. It is verified by checking the absorption at 

the wavelength of the light emitted. An absorption above 2 would mean that >99% of the 

incident light were absorbed at the path length (l) when the absorption was measured 

(which was always 1 cm in our cuvettes), therefore F≈1. An absorption below 2 means 

that F can no longer be assumed to be unity. In our measurement, the absorption of the 

actinometer Fe(C2O4)3
3- at the emission λmax of the photoreactor (454 nm) is 1.4 (~96% 

absorption at l = 1 cm). The path length in the photoreactor during irradiation was 1.7 cm, 

which would still correspond to a >99% absorption during irradiation of the actinometer, 

thereby partially negating the unwanted effect of low absorption.  
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The other problem would be the absorbance (A) of photons with wavelengths beyond 465 

nm. Aλ=465nm = 0.63 with l = 1.0 cm. During actinometry, the thickness of the actinometer 

solution is 1.7 cm. Therefore, ~10% of the photons with wavelength at 465 nm are not 

absorbed by the actinometer. Beyond 465 nm, absorbance decreases further, i.e. more 

photons escape the solution without being absorbed by the actinometer. This leads to an 

underestimation of photons beyond 465 nm, since a significant amount of photons with 

wavelength beyond 465 nm are not absorbed. Overall, the calculated power of the 

radiation sources would be an underestimation. By integrating the area under the curve 

of Figure 5 and Figure 5 (without longpass filter) from 380 nm to 550 nm, we can 

calculate the relative amount of photons with wavelength below 465 nm and above 465 

nm by calculating the ratio of the area under the curve from 380 nm to 465 nm, and the 

area under the curve from 465 nm to 550 nm. With the Kessil lamp, 21% of the photons 

emitted are beyond 465 nm, and only 9% of the photons emitted by the photoreactor 

LEDs are beyond 465 nm. Therefore, the irradiation power of Kessil lamp would be more 

underestimated than that of the photoreactor LEDs. Nevertheless, the absorption of the 

photocatalyst drops rapidly from 84% of the photons at 465 nm to 5% of the photons are 

490 nm (l = 0.4 for a standard reaction setup), while the absorption of the actinometer 

drops relatively slowly from 90% of the photons at 465 nm to 60% of the photons at 490 

nm. This means that photons which are not absorbed (thus not accounted for) by the 

actinometer are also unlikely to initiate photoexcitation. This error is therefore 

insignificant when the efficiency of the photocatalyst is considered. All in all, both light 

sources provide approximately the same amount of power for the photocatalyst. 

References 

[1] J. L. Jeffrey, J. A. Terrett, D. W. C. MacMillan, Science (80-. ). 2015, 349, 1532–

1536. 

[2] M. S. Lowry, J. I. Goldsmith, J. D. Slinker, R. Rohl, R. A. Pascal, G. G. Malliaras, 

S. Bernhard, Chem. Mater. 2005, 17, 5712–5719. 

[3] V. Dimakos, H. Y. Su, G. E. Garrett, M. S. Taylor, J. Am. Chem. Soc. 2019, 141, 

5149–5153. 

[4] C. C. Le, M. K. Wismer, Z.-C. Shi, R. Zhang, D. V. Conway, G. Li, P. Vachal, I. 

W. Davies, D. W. C. MacMillan, ACS Cent. Sci. 2017, 3, 647–653. 

[5] Y. Bin, R. Hua, Molecules 2016, 22, 39. 

[6] J. F. Bergamini, J. Delaunay, P. Hapiot, M. Hillebrand, C. Lagrost, J. Simonet, E. 

Volanschi, J. Electroanal. Chem. 2004, 569, 175–184. 

[7] J. Delaunay, G. Mabon, A. Orliac, J. Simonet, Tetrahedron Lett. 1990, 31, 667–

668. 

[8] A. Kınal, P. Piecuch, J. Phys. Chem. A 2006, 110, 367–378. 

[9] J. L. Broeker, J. E. Eksterowicz, A. J. Belk, K. N. Houk, J. Am. Chem. Soc. 1995, 

117, 1847–1848. 

[10] A. Bhunia, S. R. Yetra, S. S. Bhojgude, A. T. Biju, Org. Lett. 2012, 14, 2830–

2833. 

[11] L. M. Kammer, B. Lipp, T. Opatz, J. Org. Chem. 2019, 84, 2379–2392. 

[12] W. Franke, W. Ziegenbein, H. Meister, Angew. Chemie 1960, 72, 391–400. 

[13] A. Singh, K. Teegardin, M. Kelly, K. S. Prasad, S. Krishnan, J. D. Weaver, J. 

Organomet. Chem. 2015, 776, 51–59. 



61 

 

[14] D. A. L. Otte, D. E. Borchmann, C. Lin, M. Weck, K. A. Woerpel, Org. Lett. 

2014, 16, 1566–1569. 

[15] M. Heuckendorff, L. T. Poulsen, H. H. Jensen, J. Org. Chem. 2016, 81, 4988–

5006. 

[16] S. K. Kristensen, S. Salamone, M. R. Rasmussen, M. H. S. Marqvorsen, H. H. 

Jensen, European J. Org. Chem. 2016, 2016, 5365–5376. 

[17] L. T. Poulsen, M. Heuckendorff, H. H. Jensen, Org. Biomol. Chem. 2018, 16, 

2269–2276. 

[18] T. Ghosh, A. Mukherji, H. K. Srivastava, P. K. Kancharla, Org. Biomol. Chem. 

2018, 16, 2870–2875. 

[19] L. T. Poulsen, M. Heuckendorff, H. H. Jensen, ACS Omega 2018, 3, 7117–7123. 

[20] T. Holmstrøm, C. M. Pedersen, J. Org. Chem. 2019, 84, 13242–13251. 

[21] E. Rossini, A. D. Bochevarov, E. W. Knapp, ACS Omega 2018, 3, 1653–1662. 

[22] W. L. Gattermann, Die Praxis Des Organischen Chemikers Leipzig, Verlag Von 

Veit & Comp., Leipzig, 1894. 

[23] A. M. Hyde, S. L. Zultanski, J. H. Waldman, Y.-L. Zhong, M. Shevlin, F. Peng, 

Org. Process Res. Dev. 2017, 21, 1355–1370. 

[24] F. Hofmeister, Arch. für Exp. Pathol. und Pharmakologie 1888, 24, 247–260. 

[25] D. A. DiRocco, Y. Ji, E. C. Sherer, A. Klapars, M. Reibarkh, J. Dropinski, R. 

Mathew, P. Maligres, A. M. Hyde, J. Limanto, A. Brunskill, R. T. Ruck, L.-C. 

Campeau, I. W. Davies, Science (80-. ). 2017, 356, 426–430. 

[26] B. K. Gadakh, P. R. Patil, S. Malik, K. P. R. Kartha, Synth. Commun. 2009, 39, 

2430–2438. 

[27] Proc. R. Soc. London. Ser. A. Math. Phys. Sci. 1956, 235, 518–536. 

[28] M. Montalti, A. Credi, L. Prodi, M. T. Gandolfi, Handbook of Photochemistry, 

Taylor & Francis Inc, 2006. 

[29] V. Dimakos, D. Gorelik, H. Y. Su, G. E. Garrett, G. Hughes, H. Shibayama, M. 

S. Taylor, Chem. Sci. 2020, 11, 1531–1537. 

 



62 

 

  



63 

 

 

 

 

 

 

 

 

Chapter 4: 

From D- to L-monosaccharide derivatives 

via photodecarboxylation-alkylation  
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Introduction 

Modern photoredox catalysis has opened new doors for organic synthesis and has 

challenged bond disconnection approaches. [1] It exploits the reactivity of carbon centered 

radicals that are generated either by hydrogen atom transfer (HAT) or via 

decarboxylation.[2],[3] Both processes are productive, provided that the resulting radical is 

stabilized by either orbital overlap of the singly occupied p-orbital with a σ-bond 

(hyperconjugation)[4] or by neighboring heteroatoms with lone pairs (conjugation).[5]  

Photoredox catalysis has been utilized in the synthesis of natural products[6-8] and even to 

derivatize complex bio-molecules.[5],[9],[10] Its application in the field of carbohydrate 

chemistry enables the synthesis of derivatives that are difficult to access via existing 

synthesis routes. We showcased this by employing photocatalytic HAT for the site-

selective alkylation of unprotected glucosides.[11] Using this approach, C3-alkylated 

allosides were prepared. Taylor and coworkers recently demonstrated that in the presence 

of diarylborinic acids the strategy can be extended to differently configured glycosides.[12] 

We subsequently realized that decarboxylative photoalkylation could provide another 

means to prepare carbohydrate derivatives. If C6 in a hexose is a carboxylic acid, as in 

uronic acids, it should be amendable to this strategy. In particular, their pyranoside forms 

should be suitable substrates. After decarboxylation, the resulting radical at C5 is 

stabilized by the ring oxygen, similar to the classical Barton radical decarboxylations.[13-

16] The radical has nucleophilic character and can attack electron poor somophiles such 

as Michael acceptors, forming a carbon-carbon bond at the β-position of the somophile. 

Modification, including homologation, of the C6 hydroxyl group in readily available D-

sugars such as glucose, mannose, galactose and N-acetylglucosamine has been 

extensively studied and is well developed.[17-21] Nonetheless, the decarboxylative 

photoalkylation would provide a unique opportunity to invert the stereochemistry at C5, 

which leads to the corresponding C6 functionalized L-sugars and sugar derivatives. In 

contrast to the commonly found C6-deoxy sugars L-rhamnose and L-fucose, L-sugars 

oxidized at C6 are not readily available. Therefore, the latter have to be prepared either 

from C6-deoxy sugars by C-H activation[22] or by epimerization protocols that are mostly 

lengthy.[23] As such the decarboxylative photoalkylation would fill an unmet need in the 

synthesis of L-sugar derivatives, which are a rare but integral part of biology.[24] The 

challenge in this strategy is the control of stereochemistry at the (re)formed C5-

stereocenter. It seemed most productive to rely on substrate control, in this case control 

over the conformation of the six-membered ring upon formation of the radical. Inspired 

by the work of the group of Overman,[25] we decided to adopt their method for the 

activation of the carboxylic acid at C6—using the N-hydroxyphthalimide ester (NHP 

ester) as the redox active group (Figure 1).  
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Figure 1. Our previous work on glucoside C-H activation and new approaches to C5 activation via 

photodecarboxylation. 

While carrying out our studies, the group of Wang published their results on the 

decarboxylative photoalkylation of furanoses and pyranoses.[26] Their results showed that 

the alkylation of benzyl and benzoyl-protected glycuronides led to retention of 

configuration at C5. We present here an approach in a complementary vein, leading on 

the contrary to inversion of configuration at C5. To illustrate the scope and utility of our 

method, we demonstrate how methyl L-guloside is prepared from methyl D-mannoside in 

6 steps and 21% overall yield. 

 

Result and discussion 

We initiated our investigation with the hypothesis that radical 1’, generated from the NHP 

ester 1, would add to a somophile, e.g. a Michael acceptor, to give the photoalkylation 

products (Scheme 1). To indicate the stereochemistry at C5 throughout this chapter, 

regardless the exact nature of the substituent, and relate this to accepted nomenclature in 

carbohydrate chemistry, we denote products with retention of stereochemistry as “D” and 

those with inversion as “L”. Initial success was obtained with methyl acrylate under the 

reaction conditions proposed by Overman, leading to the separable diastereomers 2a and 

2b in 24% and 45% yield, respectively. Other somophiles, such as phenyl vinyl sulfone, 

acrylonitrile and methyl vinyl ketone worked as well with comparable yields and again 

with a slight preference for the L-isomer (Scheme 1, products 3, 4 and 5). Cyclopentenone 

gave somewhat lower yields (6) due to a troublesome purification. Diethyl 

vinylphosphate as somophile caused problems in purification and multiple addition but 

still afforded the desired product (7). Use of the less polarized somophile 3-methoxy 

methyl acrylate gave the corresponding xyloside, rather than the desired product (8). 

Reduction of the substrate is an expected side reaction, also observed by Okada in the 

original report of the reaction associated with NHP esters.[27] Alkynes were not suitable  
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as somophiles; methyl propiolate provided a mixture of uncharacterized products, 

whereas phenyl acetylene yielded the xyloside. For both alkynes, the desired products (9 

and 10) were not obtained. 

The study proceeded with the NHP esters of methyl 2,3,4-O-tribenzyl-β-glucuronide and 

methyl 2,3,4-O-tribenzyl-α-mannuronide (34 and 35, see Experimental section). The 

yields and D:L ratios for β-glucuronide  products 11 and 12 were comparable to those of 

α-glucuronide 2 and 4. We obtained the products of the α-mannuronide 13 as an 

inseparable mixture of the expected diastereomers with, in this case, a slight preference 

for D- isomer 13a.  

At this point it was clear that although the reaction protocol was fine, the stereochemistry 

of the product was not fully under control. In literature, the stereoselectivity of radical 

glycosylation at C1, a related process, has been well studied. Protected glucuronides give 

α-C-glycosides via a radical intermediate that adopts a boat conformation so that the C2 

acyl/alkoxy substituent is axial, maximizing overlap of the lone pair on the ring-O, the 

radical at C1 and the σ*CO orbital at C2.[28],[29] Under similar conditions, xylosides yield 

mainly β-C-glycosides, presumably via the inverted 1C4 chair intermediate due to its 

stability relative to the boat conformer.[30] Moreover, the reactivity of the somophile has 

an effect on the stereoselectivity.[31] We concluded that the fluxional nature of the 

glycosyl radical was the reason for the poor stereoselectivities observed with 

perbenzylglycuronides.  

The group of Matsuda showed that the stereochemical outcome of radical glycosylations 

can be controlled by locking the substrate either in the 4C1 conformation using the butane 

diacetal (BDA) protecting group or in the 1C4 conformation using a boronate 

ester.[32],[34],[35] They revealed that conformationally restricted C1 radicals are 

predominantly attacked from the axial direction, due to the overlap in the transition state 

of the σ*‡ orbital of the forming C-C bond with the lone pair of the ring oxygen.  This 

special case of the anomeric effect determines the outcome of the reaction. Approach 

from the top face, even though less hindered, disrupts this favorable overlap, leading to a 

less stable transition state. 

We realized that a similar approach could be used to enhance the L-selectivity of the 

decarboxylative photoalkylation of glycuronides. The rigid 6,6-trans-fused bicyclic 

system that is formed upon protection of a 1,2-trans diol with the BDA group[33-36] should 

restrict the conformational freedom of the glycosyl radical. This reasoning is supported 

by our DFT calculation (ZORA-BLYP-D3(BJ)/TZ2P) of the BDA-mannosyl, -galactosyl 

and -2-deoxyglucosyl C5 radical. The 4C1 conformer is by far the most stable conformer 

(See Experimental section). This is in line with the ab initio calculations of Matsuda et al. 

on the conformers of a C1 radical.[30] As in the case of a C1 radical, axial attack of the C5 

radical should be favored, leading to the L-product (Figure 2). 
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Only the L- products are shown. aRu(bpy)3Cl2.6H2O. Solvent: 7:3 THF:water. bRu(bpy)3(PF6)2. 

Solvent: dry THF. cTCNHPI ester was used instead. dYield for the L- product. Products are separable 

by column chromatography, but the D-product was impure. D:L ratio determined by HPLC. eYield 

adjusted for coeluting phthalimide. fYield calculated after subsequent deprotection. gMixture of 

diastereomers. hD-product contaminated with coeluting unknown. i Reduction to xyloside. 
jIntractable mixture.  

Scheme 1. Scope of the decarboxylative photoalkylation reaction.  
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Figure 2. Top: Results of DFT geometry optimization of the mannosyl radical for both the chair 

and the half-chair conformer. Bottom: Prediction of the stereochemical outcome of the C5 

alkylation in both the α-galactosyl and α-mannosyl radical modelled after Matsuda et al. Chair 

conformer and Newman projection viewed from the ring oxygen are depicted. 

Therefore, we embarked on the synthesis of the BDA-locked NHP-esters of glycuronides. 

Mannuronide 17 was prepared in 50% yield over 3 steps without intermediate purification 

by reacting the C3-OH and C4-OH in 14 with butanedione, oxidizing the primary OH 

with TEMPO/BAIB[37] and esterifying the resulting acid with N-hydroxyphthalimide 

(Scheme 2).  
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Scheme 2. L-selective decarboxylative alkylation of methyl--mannoside 14. 

NHP-ester 17 was subjected to the photoalkylation reaction with acrylonitrile to give 18 

in 77% yield, with a rewarding D : L ratio of 1:11, overwhelmingly favoring the L- isomer. 

The presence of the D- isomer was confirmed after quantitative removal of the BDA 

group.[24] A small amount of double addition product was also isolated (18s). In an 

attempt to minimize the formation of 18s, the amount of acrylonitrile and Hantzsch ester 

was varied, but this did not result in a significantly improved yield. Compound 25 adopts 

the 1C4 conformer, as judged from the coupling constants in the variable temperature 1H-

NMR spectra (J1,2 = 1.5 Hz in 18 and 8.2 Hz in 25) 

To assess the generality of the approach, the methyl glycosides of N-acetylglucosamine, 

2-deoxyglucose and galactose, were similarly converted into the corresponding NHP-

esters and subjected to decarboxylative photoalkylation with various somophiles (Scheme 

1, 18-24). The mannuronides and galacturonides provided the L-product with high 

selectivity upon alkylation with acrylonitrile (18 and 24), while the NHP-esters of N-

acetylglucosaminuronide and 2-deoxyglucuronide showed a somewhat lower L-

selectivity upon alkylation (22 and 24). The stereoselectivity was sensitive for the 

somophile used (18, 19 and 21). Nevertheless, the L-product was always favored. This 

scope demonstrated the functional group tolerance of the current strategy as well, as free 

hydroxyl groups and amides were tolerated. During the course of the investigation, the 

NHP-ester of methyl galacturonide was found to be susceptible to hydrolysis, and 

therefore the reaction was carried out in anhydrous THF with the organic soluble 

Ru(bpy)3(PF6)2. Yields and selectivities were comparable, as expected. The procedure 
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was further fine-tuned by switching N-hydroxyphthalimide to N-

hydroxytetrachlorophthalimide (TCNHPI), the latter pioneered by Baran and coworkers 

as a redox-active group.[38],[39] This  avoided coelution of the by-product phthalimide. To 

demonstrate the utility of the methodology for oligosaccharide synthesis, L-thio-guloside 

20, a donor in glycosylation reactions, was prepared in 48% yield. 

To compare our results with those of Wang et al., the TCNHPI -ester of methyl 2-

deoxyglucuronide 26 was used in their benchmark reaction with the p-fluoroaniline imine 

of ethyl glyoxylate (Scheme 3). Contrary to the aforementioned somophiles, the isolated 

product 27 had the D-configuration. Combining this result with the previously observed 

low selectivity with the NHP-esters of the perbenzyl glycosides, we hypothesize that the 

addition of radical 1’ to the imine is reversible, leading to the thermodynamic product, 

whereas the addition to a Michael acceptor is irreversible, leading to a mixture of D- and 

L- products. This explains as well the poor selectivity observed in the reaction of NHP-

glycoside esters without conformational lock (Scheme 3, bottom). 

 

Scheme 3. Top: Photoalkylation of 26 with an imine somophile according to Wang et al. Bottom: 

An explanation of the observed D- selectivity in the case of imine addition. 

With these results in hand, we decided to apply our methodology to the synthesis of L-

gulose from D-mannose. L-gulose is a rare sugar that has been synthesized before via 

different routes[40-43], and that is part of the important anticancer drug bleomycin A2.[44] L-

guluronic acid forms, together with D-mannuronic acid, the biopolymer alginic acid, 

widely found in the cell walls of brown algae and the pathogenic bacterium P. 

aeruginosa.[45] A strategy to introduce the required hydroxymethylene unit was found 
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using ethyl (Z)-β-bromoacrylate as the somophile, which eliminates HBr after 

photoalkylation to produce the corresponding alkene 28 in 70% yield (Scheme 4). We 

noted that ozonolysis followed by reductive work-up led invariably to epimerization of 

the axial C5 substituent. Therefore, the BDA group was removed first, allowing ring flip, 

so that the C5 substituent would be equatorial. In the event, ozonolysis followed by 

reductive work-up using NaBH4 afforded methyl L-guloside 29 in 59% yield with 

retention of stereochemistry. 

 

Scheme 4. Synthesis of methyl β-L-guloside 29 

Conclusion 

In this investigation, we have synthesized alkylated glycosides from their corresponding 

NHP-esters via decarboxylative photoalkylation. The stereochemical outcome of the 

reaction could be controlled by locking the substrate in a 4C1 chair conformation via its 

butane diacetal derivative. This strategy provides the products with inversion of 

stereochemistry at C5, when Michael acceptors are used as somophiles. Compared to 

most of the previous strategies to prepare L-hexoses, the current strategy has the 

advantage that the pyranose connectivity is preserved. This is important, since most 

synthetic manipulations of monosaccharides rely heavily on the substrate control 

provided by the rigid pyranose form.[46] 
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Experimental section 

General Information 

 

Solvents and Reagents 

Reactions were generally run in normal glass vials (CBN labsuppliers, available in 2 ml, 

4 ml or 20 ml) or round bottom flasks. Progress of the reactions was monitored using 

TLC plates "POLYGRAM SIL G/UV254", visualised using either p-anisaldehyde (PAA) 

stain (AcOH (300 ml), H2SO4 (6 ml), p-anisaldehyde (1ml))  or phosphomolybdic acid 

(PMA) stain (phosphomolybdic acid (10 g), EtOH (100 ml)). Compounds were purified 

by flash chromatography using pentane, diethyl ether (Et2O), ethyl acetate (EtOAc), 

acetone, toluene and mixtures thereof as the eluent. Anhydrous dichloromethane, and 

tetrahydrofuran (THF) were obtained from a MBraun solvent purification system (SPS-

800), other dry solvents such as methanol and DMF were purchased from Sigma-Aldrich.  

 

Automated column 

Automated column chromatography were performed using Büchi (formerly Grace) 

Reveleris X2 Flash Chromatography system. All crude mixtures were coated onto celite 

and loaded onto the system using a solid loader cartridge. Using default settings for the 

flow rate for the respective sizes of silica columns (40 g silica column: 40 ml / min; 25 g 

silica column: 32 ml / min; 12 g silica column: 30 ml / min), a linear gradient of 

increasingly polar solvent in a solvent mixture was set at the beginning before elution had 

started. The elution was constantly monitored with UV (254 nm, 265 nm, 280 nm) and 

ELSD, and the composition of the eluent was kept constant manually every time when a 

signal was observed in either of the detectors (detection limit: UV: 0.05 AU, ELSD: 20 

mV). The linear gradient was resumed manually when the signal fell below the detection 

limit. The fractions collected were then checked by TLC before combining to yield the 

purified product. Elution time point, if compound could be detected, was indicated with 

either elution time (min) or column volume (CV) 

Ozone generation 

Ozone was generated with a Triogen LAB2B Laboratory Ozone Generator. The generator 

was fed with a steady stream of pure oxygen (2 L / min) from an oxygen cylinder, and 

the power knob was set to 4. This corresponded to a delivery rate of 3 g / h ozone. The 

ozone was delivered via a glass Pasteur pipette. 

Procedure for the synthesis of NHP-esters of perbenzylated glucoside/mannoside 
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Methyl 2,3,4-tri-O-benzyl-α-D-glucopyranoside (32a) 

Step 1 (Tritylation): To a stirred solution of methyl α-d-glucopyranoside 29a (10.7 g, 55.0 

mmol, 1.5 eq) in DCM (200 ml), trityl chloride (10.0 g, 35.9 mmol, 1.0 eq) and DABCO 

(4.28 g, 38.2 mmol, 1.06 eq) were added. After overnight stirring, TLC analysis indicated 

complete consumption of trityl chloride. The solution was stripped of DCM under vacuo. 

The remaining mixture was redissolved in a 2:1 mixture of EtOAc/water (500 ml). The 

reaction mixture was transferred to a separatory funnel, and the layers were separated. 

The organic layer was washed with water (2  100 ml) and saturated copper(II) sulfate 

solution (1  50 ml), then brine (1  100 ml). The organic layer was dried over magnesium 

sulfate and concentrated in vacuo, during which white solid appeared. The solid was 

recrystallized in hot toluene to yield pure trityl glucoside 30a (14.6 g, 93% yield). The 

analytical data were in full accord with those reported previously.[47] 

Step 2 (perbenzylation): Trityl glucoside 30a (10.5 g, 24.1 mmol, 1 eq) was dissolved in 

dry DMF (55 ml). The solution was cooled to 0 oC in an ice bath, and 60% w/w sodium 

hydride in mineral oil (5.78 g, 145 mmol, 6.0 eq) was added. (Caution: depending on the 

reaction volume and cooling efficiency, it is advised to add sodium hydride portionwise 

to avoid a runaway reaction.) Benzyl bromide (15.0 ml, 126 mmol, 5.2 eq) was 

subsequently added slowly. A small exotherm occurred, and the solution became 

homogeneous. The reaction was left stirring overnight, after which TLC (stained with p-

anisaldehyde) indicated complete conversion of starting material with no intermediates. 

The reaction was subsequently quenched with water (20 ml) and stirred for 10 min. The 

reaction mixture was then transferred to a separatory funnel and diluted with EtOAc (250 

ml) and water (100 ml). The layers were separated and the organic layer was washed with 

brine (1  100 ml), dried over magnesium sulfate and concentrated in vacuo, the crude 

product 31a was used in the next step without further manipulation. 

Step 3 (Detritylation): the crude product 31a (24.1 mmol, 1.0 eq) was dissolved in 10:1 

MeOH/DCM (110 ml). Amberlite-H+ (2.01 g) was added, and the mixture was stirred 

overnight. Complete consumption of the starting material was indicated by TLC. The 

solution was filtered, and concentrated. The crude product was purified by silica gel 

column chromatography in 1:4 v/v EtOAc/pentane to afford 32a (7.39 g, 66% yield over 

2 steps) as a pale yellow wax. The analytical data were in full accord with those reported 

previously.[48] 
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Methyl 2,3,4-Tri-O-benzyl-β-D-glucopyranoside (32b) 

Step 1 (Tritylation): To a stirred solution of methyl β-D-glucopyranoside 29b (5.19 g, 

26.7 mmol, 1.0 eq) in DCM (100 ml), trityl chloride (9.20 g, 33.0 mmol, 1.2 eq) and 

DABCO (3.32 g, 29.6 mmol, 1.1 eq) was added. After overnight stirring, TLC indicated 

complete consumption of 29b. The solution was stripped of DCM under vacuo. The 

remaining crude was redissolved in a 2:1 mixture of EtOAc:water (500 ml). The reaction 

mixture was transferred to a separatory funnel, and the layers were separated. The organic 

layer was washed with 2 M hydrochloric acid (1  100 ml) and brine (1  100 ml). The 

organic layer was dried over magnesium sulfate and concentrated in vacuo, during which 

a voluminous foam formed. The crude product 30b was used in the following step without 

further purification. 

Step 2 (perbenzylation): Crude trityl glucoside 30b (26.7 mmol, 1.0 eq) was dissolved in 

dry DMF (60 ml). The solution was cooled to 0 oC in an ice bath, and 60% w/w sodium 

hydride in mineral oil (5.16 g, 129 mmol, 4.8 eq) was added portionwise. Benzyl bromide 

(15.4 ml, 134 mmol, 5.0 eq) was subsequently added SLOWLY. A small exotherm 

occurred, and the solution became homogeneous. The reaction was left stirring overnight, 

after which TLC (stained with p-anisaldehyde) indicated complete conversion of the 

starting material into a more apolar spot with no intermediates remaining. The reaction 

was subsequently quenched with ethanol (50 ml) and left stirring for 10 min. The reaction 

mixture was then transferred to a separatory funnel and diluted with EtOAc (200 ml). The 

organic layer was washed with water (2  100 ml) and brine (1  100 ml), dried over 

magnesium sulfate and concentrated in vacuo. The crude product 31b was used in the 

next step without further manipulation. 

Step 3 (Detritylation): The crude product from the previous step 31b (26.7 mmol, 1.0 eq) 

was dissolved in DCM (130 ml). Iron trichloride hexahydrate (21.1 g, 79.8 mmol, 3.0 eq) 

and triethylsilane (6.4 ml, 41 mmol, 1.5 eq) were added. After overnight stirring, 

complete consumption of starting material was indicated by TLC. The reaction was 

concentrated in vacuo, then redissolved in EtOAc (200 ml), washed with water (2  100 

ml), then brine (1  100 ml). The organic layer was dried over magnesium sulfate and 

concentrated. Crystals (N.B. Triphenylmethane, thus NOT the desired product!) 

appeared upon standing. The crystals were filtered off and washed with cold EtOH, and 

the filtrate was concentrated in vacuo. The crude product was purified by silica gel 

column chromatography in 1:91:4 EtOAc/pentane to afford 32b (7.61 g, 61% yield 

over 3 steps) as a wax. The analytical data were in full accord with those reported 

previously.[49] 
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Methyl 2,3,4-tri-O-benzyl-α-D-mannopyranoside (32c) 

Step 1 (Tritylation): To a stirred solution of methyl α-D-mannopyranoside 14 (5.31 g, 

27.3 mmol, 1.0 eq) in DCM (100 ml), trityl chloride (9.46 g, 33.9 mmol, 1.2 eq) and 

DABCO (3.50 g, 31.2 mmol, 1.1 eq) were added. After overnight stirring, TLC indicated 

complete consumption of 14. The solution was stripped of DCM under vacuo. The 

remaining gruel was redissolved in a 2:1 mixture of EtOAc/water (500 ml). The reaction 

mixture was transferred to a separatory funnel, and the layers were separated. The organic 

layer was washed with 2M hydrochloric acid (1  100 ml) and brine (1  100 ml). The 

organic layer was dried over magnesium sulfate and concentrated in vacuo, during which 

a large foam formed. The crude product 30c was used in the following step without further 

purification. 

Step 2 (perbenzylation): Crude trityl mannoside 30c (27.3 mmol, 1.0 eq) was dissolved 

in dry DMF (62 ml). The solution was cooled to 0 oC in an ice bath, and 60% w/w sodium 

hydride in mineral oil (6.10 g, 129 mmol, 4.8 eq) was added portionwise. Benzyl bromide 

(16.0 ml, 135 mmol, 4.9 eq) was subsequently added SLOWLY. A small exotherm 

occurred, and the solution became homogeneous. The reaction was left stirring overnight, 

after which TLC (stained with p-anisaldehyde) indicated complete conversion of starting 

material with no intermediates. The reaction was subsequently quenched with water (30 

ml) and left stirring for 10 min. The reaction mixture was then transferred to a separatory 

funnel and diluted with EtOAc (300 ml) and brine (100 ml). The layers were separated. 

The water layer was extracted with EtOAc (3  100 ml). The combined organic layer was 

washed with brine (2  100 ml), dried over magnesium sulfate and concentrated in vacuo. 

The crude product 31c was used in the next step without further manipulation. 

Step 3 (Detritylation): The crude product from the previous step 31c (27.3 mmol, 1.0 eq) 

was dissolved in DCM (130 ml). Iron trichloride hexahydrate (21.5 g, 81.4 mmol, 3.0 eq) 

was added. After overnight stirring, triethylsilane (6.4 ml, 40 mmol, 1.5 eq) was added. 

The reaction was stirred for an additional 6 h, after which TLC indicated that the starting 

material was consumed completely. The reaction was concentrated in vacuo, then 

redissolved in EtOAc (300 ml), washed with water (2  100 ml), then brine (1  100 ml). 

The organic layer was dried over magnesium sulfate and concentrated. Crystals (N.B. 

NOT the desired product!) appeared upon standing. The crystals were filtered off and 

washed with cold EtOH, and the filtrate was concentrated in vacuo. The crude product 

was purified by silica gel column chromatography in 1:91:4 EtOAc/pentane to afford 

32c (7.70 g, 61% yield over 3 steps) as a yellow oil. The analytical data were in full accord 

with those reported previously.[50] 
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1,3-dioxoisoindolin-2-yl (2S,3S,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-carboxylate (1) 

Step 4 (Oxidation): To a cooled solution of 32a (8.29 g, 17.9 mmol, 1.0 eq) in 5:1 

DCM/water (80 ml) at 0 oC, TEMPO (666 mg, 4.26 mmol, 0.24 eq) and 

(diacetoxy)iodobenzene (BAIB) (14.4 g, 44.6 mmol, 2.5 eq) were added. The solution 

turned red upon the addition of TEMPO. The solution was warmed to room temperature. 

After stirring overnight, TLC indicated that the starting material was converted to the acid. 

Sodium sulfite (2.66 g, 21.0 mmol, 1.2 eq) was subsequently added, and the red color of 

TEMPO faded away to become a slightly yellow and cloudy solution. The solution was 

stirred for an additional 10 min and concentrated at 700 mbar, 45oC to remove excess 

DCM. The residue was diluted with EtOAc (200 ml) and transferred to a separatory 

funnel. The organic layer was washed with 2M hydrochloric acid (1  30 ml), water (1  

200 ml) and brine (1  200 ml). The organic layer was dried over magnesium sulfate and 

concentrated in vacuo. The crude product 33a was used in the next step without further 

purification. 

Step 5 (EDC coupling): The crude product from the previous step 33a (17.9 mmol, 1.0 

eq) was dissolved in DCM (60 ml), to which N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide (EDC) hydrochloride (5.49 g, 28.6 mmol, 1.6 eq) and N-

hydroxyphthalimide (4.65 g, 28.5 mmol, 1.6 eq) were added. The solution was stirred at 

room temperature overnight. The completion of reaction was indicated by TLC. The 

reaction mixture was coated onto celite and purified by silica gel column 

chromatorgraphy with 20% EtOAc/pentane as eluent to afford 1 (8.275 g, 72% yield). 1H 

NMR (400 MHz, chloroform-d) δ 7.90 (dd, J = 5.5, 3.1 Hz, 2H), 7.79 (dd, J = 5.5, 3.1 

Hz, 2H), 7.40 – 7.26 (m, 15H), 4.99 (d, J = 10.9 Hz, 1H), 4.93 (d, J = 10.1 Hz, 1H), 4.90 

– 4.80 (m, 3H), 4.72 (d, J = 3.5 Hz, 1H, H1), 4.67 (d, J = 12.1 Hz, 1H), 4.58 (d, J = 10.0 

Hz, 1H, H5), 4.07 (dd, J = 9.7, 8.8 Hz, 1H, H3), 3.93 (dd, J = 10.0, 8.9 Hz, 1H, H4), 3.63 

(dd, J = 9.6, 3.5 Hz, 1H, H2), 3.49 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 166.3, 

161.5, 138.6, 137.94, 137.90, 135.0, 129.0, 128.7, 128.6, 128.44, 128.36, 128.3, 128.2, 

128.0, 127.9, 127.8, 124.2, 99.0 (C1), 81.4 (C3), 79.2 (C4), 79.1 (C2), 76.1, 75.6, 73.8, 

69.0 (C5), 56.2. HRMS (ESI+) Calcd. for C36H33NO9Na ([M + Na]+): 646.2048, found: 

646.2036. 
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1,3-dioxoisoindolin-2-yl (2S,3S,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-carboxylate (34) 

Step 4 (Oxidation): To a cooled solution of 32b (7.61 g, 16.4 mmol, 1.0 eq) in 5:1 

DCM/water (100 ml) at 0 oC, TEMPO (584 mg, 3.74 mmol, 0.23 eq) and BAIB (13.2 g, 

40.9 mmol, 2.5 eq) were added. The solution turned red upon the addition of TEMPO. 

The solution was warmed to room temperature with stirring overnight, after which full 

conversion was indicated by TLC. Sodium sulfite (4.68 g, 37.1 mmol, 2.3 eq) was 

subsequently added, and the red color of TEMPO faded away to become a slightly yellow 

and cloudy solution. The solution was stirred for an additional 10 min and concentrated 

at 700 mbar, 45oC to remove excess DCM. The residue was diluted with EtOAc (200 ml) 

and transferred to a separatory funnel. The organic layer was washed with 2M 

hydrochloric acid (1  30 ml), water (1  200 ml) and brine (1  100 ml). The organic 

layer was dried over magnesium sulfate and concentrated in vacuo. The crude product 

was purified by silica gel column chromatography with pure EtOAc as eluent to afford 

33b (7.19 g, 92% yield) as an off-white amorphous solid. 1H NMR (400 MHz, 

chloroform-d) δ 7.35 – 7.23 (m, 15H, excess integration due to overlapping CDCl3 signal), 

4.86 (m, 2H), 4.81 – 4.72 (m, 2H), 4.67 (m, 2H), 4.45 (d, J = 7.4 Hz, 1H, H1), 4.01 (d, J 

= 8.9 Hz, 1H, H5), 3.82 (t, J = 8.7 Hz, 1H, H4), 3.69 (t, J = 8.4 Hz, 1H, H3), 3.58 (s, 3H), 

3.49 (dd, J = 8.3, 7.5 Hz, 1H, H2). Note: Signal for the OH is not observed. 13C NMR 

(101 MHz, chloroform-d) δ 138.3, 137.5, 128.6, 128.6, 128.5, 128.3, 128.24, 128.15 

128.0, 127.92, 127.90, 104.9 (C1), 83.5 (C3), 81.7 (C2), 78.8 (C4), 75.7, 75.2, 74.8, 74.1 

(C5), 57.6. Note: Some aromatic carbon signals overlap, causing the apparent loss of 

signals in the aromatic region. HRMS (ESI+) Calcd. for C28H30O7Na ([M + Na]+): 

501.1884, found: 501.1868. 

Step 5 (EDC coupling): 33b (4.52 g, 9.44 mmol, 1.0 eq) was dissolved in DCM (25 ml), 

to which EDC hydrochloride (2.82 g, 14.7 mmol, 1.55 eq) and N-hydroxyphthalimide 

(2.45 g, 15.0 mmol, 1.6 eq) were added. The solution was stirred at room temperature 

overnight. The completion of the reaction was indicated by TLC. The reaction mixture 

was coated onto celite and purified by silica gel column chromatorgraphy with 20% 

EtOAc/pentane as eluent to afford 34 (4.03 g, 67% yield). 1H NMR (400 MHz, 

chloroform-d) δ 7.91 (dd, J = 5.5, 3.1 Hz, 2H), 7.80 (dd, J = 5.5, 3.1 Hz, 2H), 7.31 (m, 

15H), 4.98 – 4.89 (m, 3H), 4.83 (m, 2H), 4.73 (d, J = 11.1 Hz, 1H), 4.48 (d, J = 7.4 Hz, 

1H, H1), 4.34 (d, J = 9.7 Hz, 1H, H5), 4.02 (t, J = 9.4 Hz, 1H, H4), 3.74 (t, J = 9.0 Hz, 

1H, H3), 3.64 (s, 3H), 3.60 – 3.54 (m, 1H, H2). 13C NMR (101 MHz, Chloroform-d) δ 

165.6, 161.5, 138.4, 138.3, 137.8, 135.0, 129.0, 128.52, 128.51, 128.50, 128.46, 128.3, 

128.0, 127.96, 127.93, 127.8, 124.2, 105.0 (C1), 83.8 (C3), 81.6 (C2), 79.0 (C4), 75.9, 

75.5, 74.8, 72.9 (C5), 57.7. HRMS (ESI+) Calcd. for C36H33NO9Na ([M + Na]+): 

646.2048, found: 646.2036. 
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1,3-dioxoisoindolin-2-yl (2S,3S,4S,5S,6S)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-carboxylate (35) 

Step 4 (Oxidation): To a cooled solution of 32c (7.72 g, 16.6 mmol, 1.0 eq) in a 4:1 

DCM/water mixture (50 ml) at 0 oC, TEMPO (601 mg, 3.85 mmol, 0.23 eq) and BAIB 

(13.4 g, 41.6 mmol, 2.5 eq) were added. The solution turned red upon the addition of 

TEMPO. The solution was warmed to room temperature with stirring overnight, after 

which full conversion was indicated by TLC. Sodium sulfite (2.47 g, 19.6 mmol, 1.2 eq) 

was subsequently added, and the red color of TEMPO faded away to become a slightly 

yellow and cloudy solution. The solution was stirred for an additional 10 min and 

concentrated at 700 mbar, 45oC to remove excess DCM. The residue was diluted with 

EtOAc (200 ml) and transferred to a separatory funnel. The organic layer was washed 

with 2M hydrochloric acid (1  30 ml), water (1  200 ml) and brine (1  200 ml). The 

organic layer was dried on magnesium sulfate and concentrated in vacuo. The crude 

product 33c was used in the next step without further purification. 

Step 5 (EDC coupling): The crude product from the previous step 33c (16.6 mmol, 1.0 

eq) was dissolved in DCM (40 ml), to which EDC hydrochloride (5.09 g, 26.6 mmol, 1.6 

eq) and N-hydroxyphthalimide (4.29 g, 26.3 mmol, 1.6 eq) were added. The solution was 

stirred at room temperature for 1 h. The completion of reaction was indicated by TLC. 

The reaction mixture was concentrated, then redissolved in 2:1 v/v EtOAc/water mixture 

(300 ml) and stirred for 10 min until no precipitate could be seen. The mixture was 

transferred to a separatory funnel, and the two layers were separated. The organic layer 

was then washed with brine (100 ml), dried on magnesium sulfate and concentrated. The 

reaction mixture was coated onto celite and purified by silica gel column chromatography 

with 20% EtOAc/pentane as eluent to afford 35 (6.59 g, 62% yield) as a hard wax. 1H 

NMR (400 MHz, chloroform-d) δ 7.90 (dd, J = 5.5, 3.1 Hz, 2H), 7.78 (dd, J = 5.4, 3.2 

Hz, 2H), 7.44 – 7.24 (m, 15H), 5.00 (d, J = 2.8 Hz, 1H, H1), 4.92 (d, J = 10.4 Hz, 1H), 

4.87 – 4.66 (m, 5H), 4.63 (d, J = 8.9 Hz, 1H, H5), 4.38 (t, J = 8.5 Hz, 1H, H4), 3.97 (dd, 

J = 8.5, 2.8 Hz, 1H, H3), 3.82 (t, J = 2.8 Hz, 1H, H2), 3.48 (s, 3H). 13C NMR (101 MHz, 

chloroform-d) δ 166.2, 161.5, 138.19, 138.17, 138.0, 134.9, 128.9, 128.43, 128.40, 

128.37, 128.31, 127.92, 127.85, 127.77, 127.76, 127.74, 124.1, 99.9 (C1), 78.5 (C3), 75.7 

(C4), 74.9, 74.4 (C2), 72.9, 72.5, 70.5 (C5), 55.9. HRMS (ESI+) Calcd. for C36H33NO9Na 

([M + Na]+): 646.2048, found: 646.2038. 

 



79 

 

Procedures for NHP-esters of BDA protected glycosides 

 
 

 
1,3-dioxoisoindolin-2-yl (2S,3S,4aS,5S,7S,8S,8aR)-8-hydroxy-2,3,7-trimethoxy-2,3-

dimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxine-5-carboxylate (17) 

Step 1 (BDA protection): A dry round bottom flask equipped with a magnetic stirring bar 

and a reflux condenser was charged with methyl α-d-mannopyranoside 14 (3.10 g, 16.0 

mmol, 1.0 eq), dry MeOH (65 ml), butadione (1.7 ml, 19 mmol, 1.2 eq), camphorsulfonic 

acid (234 mg, 1.00 mmol, 0.06 eq) and trimethyl orthoformate (6.78 g, 63.9 mmol, 4.0 

eq). The solution was heated to reflux overnight. Full consumption of the starting material 

was indicated by TLC. The reaction was subsequently quenched with triethylamine (0.25 

ml, 1.8 mmol, 0.11 eq) and concentrated in vacuo. The crude product was used in the next 

step without further purification. 

Step 2 (oxidation): a round bottom flask equipped with a magnetic stirring bar was 

charged with the product from the previous step (16.0 mmol, 1 eq) and dissolved in a 10:1 

MeCN/H2O mixture (130 ml). The reaction mixture was cooled to 0 oC with an ice bath. 

TEMPO (820 mg, 5.25 mmol, 0.33 eq) and BAIB (5.54 g, 49.9 mmol, 3.1 eq) was 

subsequently added. The reaction mixture was warmed to room temperature. Complete 

consumption of the starting material was indicated by TLC after 2 h, and the mixture was 

quenched with MeOH (7 ml) and stirred for 5 min. The color of the solution changed 

from red to faint yellow, indicating that the oxidizing agent was completely quenched. 

The reaction mixture was then concentrated in vacuo. The remaining residue was co-

evaporated with toluene (5x) to remove residual acetic acid. The crude product was used 

in the next step without further purification. 

Step 3 (EDC coupling): The crude from the previous step (16.0 mmol, 1 eq) was dissolved 

in DCM (61 ml) in a round bottom flask equipped with a stirring bar, to which EDC 

hydrochloride (5.74 g, 29.9 mmol, 1.9 eq) and N-hydroxyphthalimide (5.59 g, 34.3 mmol, 

2.1 eq) were added. The solution was stirred overnight at room temperature. Full 

consumption of the starting material was observed on TLC. The solution was then 

concentrated in vacuo and the crude was purified by silica gel column chromatography 

using 1:4 v/v EtOAc/toluene as eluent to afford product 17 (3.73 g, 50% yield over 3 

steps) as a white foam. 1H NMR (400 MHz, chloroform-d) δ 7.89 (dd, J = 5.5, 3.1 Hz, 

2H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 5.01 – 4.68 (m, 1H, H1), 4.62 (d, J = 10.3 Hz, 1H, 
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H5), 4.39 (t, J = 10.2 Hz, 1H, H4), 4.08 (dd, J = 10.1, 3.1 Hz, 1H, H3), 3.97 (dd, J = 3.2, 

1.5 Hz, 1H, H2), 3.49 (s, 3H), 3.34 (s, 3H), 3.29 (s, 3H), 1.36 (s, 3H), 1.34 (s, 3H). Note: 

Signal for the OH is not observed.13C NMR (101 MHz, chloroform-d) δ 165.5, 161.3, 

134.9, 129.0, 124.1, 102.1 (C1), 100.8, 100.5, 69.3 (C2), 68.5 (C5), 67.9 (C3), 64.6 (C4), 

56.0, 48.5, 48.3, 17.8, 17.7. HRMS (ESI+) Calcd. for C21H25N1O11NH4 ([M + NH4]+): 

485.1766, found: 485.1766. 

 

 
1,3-dioxoisoindolin-2-yl (2S,3S,4aS,5S,7S,8aR)-2,3,7-trimethoxy-2,3-

dimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxine-5-carboxylate (37) 

Step 1 (Fischer glycosylation and BDA protection): A dry round bottom flask equipped 

with a magnetic stirring bar and reflux condenser was charged with 2-deoxy-d-glucose 

36 (2.06 g, 12.6 mmol, 1.0 eq), dry MeOH (65 ml) and camphorsulfonic acid (214 mg, 

0.921 mmol, 0.07 eq) under nitrogen. After refluxing overnight, full consumption of the 

starting material was shown on TLC. In the same pot, butadione (1.2 ml, 14 mmol, 1.1 

eq) and trimethyl orthoformate (5.5 ml, 50 mmol, 4.0 eq) were added under nitrogen, and 

the solution was heated to reflux. After reflux overnight, full consumption of the 

intermediate methyl glucoside was indicated by TLC. The reaction was subsequently 

quenched with triethylamine (0.13 ml, 0.94 mmol, 0.07 eq) and concentrated in vacuo. 

The crude product was used in the next step without further purification. 

Alternatively, the product could be purified by silica gel column chromatography with 

1:4 EtOAc/pentane. Starting with methyl 2-deoxy-d-glucose 36 (4.79 g, 29.2 mmol), 

BDA-methyl glycoside product 36BDA (6.98 g, 82% yield) could be obtained. The 

analytical data were in full accord with those reported previously.[51] 

Step 2 (oxidation): a round bottom flask equipped with a magnetic stirring bar was 

charged with the product from the previous step (12.6 mmol, 1.0 eq) and dissolved in a 

10:1 v/v DCM/H2O mixture (50 ml). The reaction mixture was cooled to 0 oC with an ice 

bath. TEMPO (494 mg, 3.16 mmol, 0.25 eq) and BAIB (10.3 g, 31.9 mmol, 2.5 eq) were 

subsequently added. The reaction mixture was warmed to room temperature. TLC 

indicated complete consumption of the starting material after 5 h, and the mixture was 

quenched with MeOH (5 ml) and stirred for 5 min. The color of the solution changed 

from red to faint yellow, indicating that the oxidizing agent was completely quenched. 

The reaction mixture was then concentrated at 600 mbar, 55 oC until no evaporation was 

visible. Toluene (40 ml) was added, and the reaction mixture was concentrated at 300 

mbar, 55 oC until no evaporation was visible. The reaction mixture was then concentrated 

in vacuo. The remaining residue was co-evaporated with toluene (5x) to removal residual 

acetic acid. The crude product was used in the next step without further purification. 
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Step 3 (EDC coupling): The crude from the previous step (16.0 mmol, 1 eq) was dissolved 

in DCM (63 ml) in a round bottom flask equipped with a stirring bar, to which N-(3-

dimethylaminopropyl)-N’-ethylcarbodiimide hydrochloride (2.92 g, 15.2 mmol, 1.2 eq) 

and N-hydroxyphthalimide (2.28 g, 14.0 mmol, 1.1 eq) were added. The solution was 

stirred for 6h at room temperature. Full consumption of the starting material was observed 

on TLC. The solution was then concentrated in vacuo and the crude was purified by silica 

gel column chromatography eluted with pure toluene1:4 v/v Et2O/toluene to afford 

product 37 (1.88 g, 33% yield over 3 steps). 1H NMR (400 MHz, chloroform-d) δ 7.89 

(dd, J = 5.5, 3.1 Hz, 2H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 5.00 (d, J = 3.4 Hz, 1H, H1), 

4.62 (d, J = 10.1 Hz, 1H, H5), 4.21 (ddd, J = 12.1, 9.7, 4.7 Hz, 1H, H3), 3.93 (t, J = 9.9 

Hz, 1H, H4), 3.44 (s, 3H), 3.34 (s, 3H), 3.30 (s, 3H), 2.09 – 1.98 (m, 1H, H2eq), 1.91 (td, 

J = 12.5, 3.6 Hz, 1H, H2ax), 1.38 (s, 3H), 1.32 (s, 3H). 13C NMR (101 MHz, chloroform-

d) δ 166.1, 134.9, 129.0, 124.2, 100.5, 100.3, 99.9 (C1), 70.1 (C4), 68.3 (C5), 64.5 (C3), 

55.7, 48.5, 48.3, 34.3 (C2), 18.0, 17.7. HRMS (ESI+) Calcd. for C21H25NO10Na ([M + 

Na]+): 474.1371, found: 474.1367. 

To synthesize N-tetrachlorohydroxyphthalimide variant 26, step 3 was modified as 

follows: 

 
4,5,6,7-tetrachloro-1,3-dioxoisoindolin-2-yl (2S,3S,4aS,5S,7S,8aR)-2,3,7-

trimethoxy-2,3-dimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxine-5-carboxylate 

(26) 

Step 3 (DCC coupling): The crude from the oxidation step (2.89 mmol, 1 eq) was 

dissolved in DCM (16 ml) in a round bottom flask equipped with a stirring bar, to which 

N,N’-dicyclohexylcarbodiimide (680 mg, 3.30 mmol, 1.1 eq) and 3,4,5,6-tetrachloro-N-

hydroxyphthalimide (977 mg, 3.25 mmol, 1.1 eq) were added. The solution was stirred 

for 1 h at room temperature. Full consumption of the starting material was observed on 

TLC. The reaction mixture was filtered through celite. The filtrate was then concentrated 

in vacuo and the crude was purified by silica gel column chromatography eluted with 1:4 

Et2O/pentane to afford product 26 (1.88 g, 79% yield over 2 steps). 1H NMR (400 MHz, 

chloroform-d) δ 4.99 (d, J = 3.4 Hz, 1H, H1), 4.61 (d, J = 10.2 Hz, 1H, H5), 4.20 (ddd, J 

= 13.4, 9.7, 4.7 Hz, 1H, H3), 3.92 (t, J = 10.0 Hz, 1H, H4), 3.42 (s, 3H), 3.33 (s, 3H), 

3.29 (s, 3H), 2.04 (dd, J = 12.8, 4.8 Hz, 1H, H2eq), 1.90 (td, J = 12.5, 3.6 Hz, 1H, H2ax), 

1.37 (s, 3H), 1.31 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 165.7, 157.0, 141.2, 

130.7, 124.8, 100.6, 100.3, 100.0, 70.0, 68.2, 64.5, 55.6, 48.5, 48.3, 34.3, 17.9, 17.8. 

HRMS (ESI+) Calcd. for C21H21
35Cl4NO10Na ([M + Na]+): 609.9812, found: 609.9808. 
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Isotope pattern matches theoretical prediction. 

 

 
1,3-dioxoisoindolin-2-yl (2S,3S,4aS,5S,7S,8R,8aR)-8-acetamido-2,3,7-trimethoxy-

2,3-dimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxine-5-carboxylate (41) 

Step 1 (Fischer glycosylation): A round bottom flask equipped with a magnetic stirring 

bar and reflux condenser was charged with N-acetylglucosamine 39 (3.05 g, 13.8 mmol, 

1.0 eq) in MeOH (70 ml) and Amberlite-H+ (5.00 g). The reaction mixture was heated to 

reflux overnight. Complete consumption of starting material was indicated by TLC. The 

Amberlite was subsequently filtered off, and the filtrate was concentrated to give the 

crude product which was used in the next step without further purification. 

Step 2 (BDA protection): A dry round bottom flask equipped with a magnetic stirring bar 

and reflux condenser was charged with the crude product from the previous step (13.8 

mmol, 1.0 eq), dry MeOH (60 ml), butadione (1.4 ml, 16.0 mmol, 1.2 eq), 

camphorsulfonic acid (220 mg, 0.947 mmol, 0.07 eq) and trimethyl orthoformate (5.8 ml, 

53.0 mmol, 3.8 eq). The solution was heated to reflux overnight. Full consumption of the 

starting material was indicated by TLC. The reaction was subsequently quenched with 

triethylamine (0.30 ml, 2.1 mmol, 0.16 eq) and concentrated in vacuo. The crude product 

was purified by silica gel column chromatography in pure EtOAc to afford 40 (2.85 g, 

59% yield over 2 steps). 1H NMR (400 MHz, methanol-d4) δ 4.64 (d, J = 3.6 Hz, 1H, 

H1), 4.13 (dd, J = 11.2, 3.6 Hz, 1H, H2), 3.91 (dd, J = 11.2, 8.7 Hz, 1H, H3), 3.82 – 3.74 

(m, 1H, H6a), 3.70 – 3.60 (m, 3H, H4, H5 and H6b), 3.40 (s, 3H), 3.25 (s, 3H), 3.24 (s, 

3H), 1.97 (s, 3H), 1.25 (s, 3H), 1.24 (s, 3H). Note: Signal for the OH and NH are not 

observed. 13C NMR (101 MHz, methanol-d4) δ 173.5, 101.1, 101.0, 100.2 (C1), 71.8 

(C4/5), 68.7 (C3), 68.4 (C4/5), 61.5 (C6), 55.6, 52.4 (C2), 48.3, 22.4, 18.1, 18.0. HRMS 

(ESI+) Calcd. for C15H27NO8Na ([M + Na]+): 372.1629, found: 372.1632. 

Step 3 (oxidation): a round bottom flask equipped with a magnetic stirring bar was 

charged with 40 (1.15 g, 3.30 mmol, 1.0 eq) and dissolved in a 5:1 v/v MeCN/H2O 

mixture (24 ml). The reaction mixture was cooled to 0 oC with an ice bath. TEMPO (167 

mg, 1.07 mmol, 0.32 eq) and BAIB (3.31 g, 10.3 mmol, 3.1 eq) were subsequently added. 

The reaction mixture was warmed to room temperature. TLC indicated complete 

consumption of the starting material after 6h, and the mixture was quenched with MeOH 

(4 ml) and stirred for 5 min. The color of the solution changed from red to faint yellow, 

indicating that the oxidizing agent was completely quenched. The reaction mixture was 

then concentrated at 300 mbar, 55oC until no evaporation was visible. Toluene (5 ml) was 

added, and the reaction mixture was concentrated at 200 mbar, 55oC until no evaporation 

was visible. The reaction mixture was then concentrated in vacuo. The remaining residue 
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was co-evaporated with toluene (3x) to remove residual traces of acetic acid. The crude 

product was used in the next step without further purification. 

Step 4 (EDC coupling): The crude from the previous step (3.30 mmol, 1 eq) was dissolved 

in DCM (20 ml) in a round bottom flask equipped with a stirring bar, to which EDC 

hydrochloride (1.02 g, 5.30 mmol, 1.6 eq) and N-hydroxyphthalimide (616 mg, 3.78 

mmol, 1.1 eq) were added. The solution was stirred overnight at room temperature. Full 

consumption of the starting material was observed on TLC. The solution was then 

concentrated in vacuo and the crude was purified by silica gel column chromatography 

eluted with 1:1 EtOAc/toluene to afford product 41 (796 mg, 47% yield over 2 steps) as 

a hard wax. The major rotamer is reported here. 1H NMR (400 MHz, chloroform-d) δ 

7.89 (dd, J = 5.5, 3.1 Hz, 2H), 7.79 (dd, J = 5.5, 3.1 Hz, 2H), 5.46 (d, J = 8.7 Hz, 1H, 

NH), 4.93 (d, J = 3.6 Hz, 1H, H1), 4.61 (d, J = 10.1 Hz, 1H, H5), 4.36 (ddd, J = 11.0, 8.7, 

3.6 Hz, 1H, H2), 4.08 (t, J = 9.9 Hz, 1H, H4), 3.94 (dd, J = 11.1, 9.6 Hz, 1H, H3), 3.47 

(s, 3H), 3.32 (s, 3H), 3.26 (s, 3H), 2.03 (s, 3H), 1.35 (s, 3H), 1.30 (s, 3H). 13C NMR (101 

MHz, chloroform-d) δ 169.8, 165.4, 161.2, 134.8, 128.8, 124.0, 100.3, 100.1, 99.4 (C1), 

68.5 (C4), 67.7 (C5), 67.3 (C3), 56.1, 50.4, 48.3, 47.9, 23.4, 17.7, 17.5. HRMS (ESI+) 

Calcd. for C23H29N2O11 ([M + H]+): 509.1761, found: 509.1761. 1H 1d-NOE: irradiation 

at the region 4.99-4.92 ppm (i.e. around the signal at 4.93 ppm) led to the transfer 

saturation of spin of the doublet at 4.88 ppm, confirming the additional signals in the 1H 

NMR were due to rotamers.[52] 

 
1,3-dioxoisoindolin-2-yl (2R,3R,4aR,5S,7S,8R,8aS)-8-hydroxy-2,3,5-trimethoxy-

2,3-dimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxine-7-carboxylate (44) 

Step 1 (BDA protection): A dry round bottom flask equipped with a magnetic stirring bar 

and reflux condenser was charged with methyl α-d-galactopyranoside 42 (2.05 g, 10.5 

mmol, 1.0 eq) in dry MeOH (70 ml), butadione (2.4 ml, 27 mmol, 2.5 eq), 

camphorsulfonic acid (170 mg, 0.732 mmol, 0.07 eq) and trimethyl orthoformate (9.5 ml, 

87 mmol, 8.2 eq). The solution was heated to reflux overnight. Full consumption of 

starting material was indicated by TLC. The reaction was subsequently quenched with 

triethylamine (0.20 ml, 1.4 mmol, 0.14 eq) and concentrated in vacuo. The crude product 

was purified by silica gel column chromatography in 7:3 EtOAc/pent to afford 43         

(1.50 g, 46% yield) as a hard wax. 1H NMR (400 MHz, chloroform-d) δ 4.85 (d, J = 3.5 

Hz, 1H, H1), 4.20 (dd, J = 10.4, 3.5 Hz, 1H, H2), 4.08 (dd, J = 10.5, 3.2 Hz, 1H, H3), 

4.05 – 4.01 (m, 1H, H4), 3.96 (dq, J = 9.3, 5.0 Hz, 1H, H6a), 3.88 – 3.79 (m, 2H, H5 and 

H6b), 3.43 (s, 3H), 3.26 (s, 3H), 3.25 (s, 3H), 1.33 (s, 3H), 1.30 (s, 3H). Note: Signal for 

the OH is not observed. 13C NMR (101 MHz, chloroform-d) δ 100.3, 100.3, 98.6 (C1), 

70.2 (C5), 69.5 (C4), 66.3 (C3), 65.2 (C2), 63.2 (C6), 55.4, 48.1, 48.1, 17.9, 17.9. HRMS 
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(ESI+) Calcd. for C13H24O8Na ([M + Na]+): 331.1363, found: 331.1365. 

Step 2 (oxidation): To a round bottom flask equipped with a magnetic stirring bar charged 

with 43 (843 mg, 2.73 mmol, 1.0 eq) was added a 5:1 v/v MeCN/H2O mixture (24 ml). 

The reaction mixture was cooled to 0 oC with an ice bath. TEMPO (140 mg, 0.896 mmol, 

0.33 eq) and BAIB (2.64 g, 8.2 mmol, 3.0 eq) were subsequently added. The reaction 

mixture was warmed to room temperature. TLC analysis indicated complete consumption 

of the starting material after 6h, and the mixture was quenched with MeOH (7 ml) and 

stirred for 5 min. The color of the solution changed from red to faint yellow, indicating 

that the oxidizing agent was completely quenched. The reaction mixture was then 

concentrated at 300 mbar, 55oC until no evaporation was visible. Toluene (20 ml) was 

added, and the reaction mixture was concentrated at 200 mbar, 55oC until no evaporation 

was visible. The reaction mixture was then concentrated in vacuo. The remaining residue 

was co-evaporated with toluene (3x) to remove residual traces of acetic acid. The crude 

product was used in the next step without further purification. 

Step 3 (EDC coupling): The crude from the previous step (2.73 mmol, 1.0 eq) was 

dissolved in DCM (13 ml) in a round bottom flask equipped with a stirring bar, to which 

EDC hydrochloride (843 mg, 4.40 mmol, 1.6 eq) and N-hydroxyphthalimide (513 mg, 

3.15 mmol, 1.2 eq) were added. The solution was stirred overnight at room temperature. 

Full consumption of the starting material was observed on TLC. The solution was then 

concentrated in vacuo and purified by silica gel column chromatography eluted with pure 

toluene1:4 Et2O/toluene to afford product 44 (612 mg, 48% yield over 2 steps) as a 

hard wax. 1H NMR (400 MHz, chloroform-d) δ 7.91 (dd, J = 5.5, 3.1 Hz, 2H), 7.81 (dd, 

J = 5.5, 3.1 Hz, 2H), 4.99 (d, J = 3.5 Hz, 1H, H1), 4.88 (d, J = 1.7 Hz, 1H, H5), 4.62 – 

4.53 (m, 1H, H4), 4.34 (dd, J = 10.6, 3.5 Hz, 1H, H2), 4.22 (dd, J = 10.6, 3.2 Hz, 1H, 

H3), 3.52 (s, 3H), 3.30 (s, 3H), 3.26 (s, 3H), 2.94 (d, J = 2.7 Hz, 1H, OH), 1.35 (s, 3H), 

1.34 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 165.3, 161.7, 135.1, 128.9, 124.4, 

100.5, 100.3, 99.3 (C1), 70.3 (C5), 69.5 (C4), 65.3 (C3), 64.4 (C2), 56.5, 48.2, 48.2, 17.9, 

17.9. HRMS (ESI+) Calcd. for C21H25NO11NH4 ([M + NH4]+): 485.1766, found: 

485.1767. 

 
1,3-dioxoisoindolin-2-yl (2S,3S,4aS,5S,7R,8S,8aR)-8-hydroxy-2,3-dimethoxy-2,3-

dimethyl-7-(p-tolylthio)hexahydro-5H-pyrano[3,4-b][1,4]dioxine-5-carboxylate 

(46) 

45 was synthesized according to a literature procedure.[53] 

Step 1 (Deacetylation of thioglycoside 45): a round bottom flask equipped with a 

magnetic stirring bar was charged with peracetylated mannoside 45 (2.24 g, 4.94 mmol, 
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1.0 eq) and MeOH (30 ml). Sodium methoxide (388 mg, 7.18 mmol, 1.5 eq) was 

subsequently added, and the solution was stirred overnight, after which a white precipitate 

was observed in the solution. TLC indicated complete conversion of the starting material 

into a polar product. Then the mixture was quenched with amberlite-H+ until pH=7. The 

white precipitate disappeared after 5 min of stirring with amberlite-H+. The reaction 

mixture was then concentrated in vacuo. The crude product was used in the next step 

without further purification. 

Step 2 (BDA protection): a round bottom flask equipped with a magnetic stirring bar was 

charged with the crude product from the previous step (4.94 mmol, 1.0 eq), dry MeOH 

(27 ml), butadione (0.50 ml, 5.7 mmol, 1.2 eq), camphorsulfonic acid (80 mg, 0.35 mmol, 

0.07 eq) and trimethyl orthoformate (1.6 ml, 15 mmol, 3.0 eq). The solution was heated 

to reflux overnight, after which TLC indicated full consumption of the starting material. 

The reaction was subsequently quenched with triethylamine (0.20 ml, 3.5 mmol, 0.71 eq) 

and concentrated in vacuo. The crude product was used in the next step without further 

purification. 

Step 3 (oxidation): a round bottom flask equipped with a magnetic stirring bar was 

charged with the crude product from the previous step (4.94 mmol, 1.0 eq) in a 5:1 v/v 

MeCN/H2O mixture (30 ml). The reaction mixture was cooled to 0 oC with ice bath. 

TEMPO (268 mg, 1.71 mmol, 0.35 eq) and BAIB (5.63 g, 3.54 mmol, 3.5 eq) were 

subsequently added. The reaction mixture was warmed to room temperature. After 

overnight stirring, TLC analysis indicated complete consumption of the starting material, 

and the mixture was quenched with MeOH (5 ml) and stirred for 5 min. The color of the 

solution changed from red to faint yellow, indicating that the oxidizing agent was 

completely quenched. The reaction mixture was then concentrated in vacuo. The 

remaining residue was co-evaporated with toluene (3x) to remove residual traces of acetic 

acid. The crude product was used in the next step without further purification. 

Step 4 (EDC coupling): The crude from the previous step (2.73 mmol, 1.0 eq) was 

dissolved in DCM (13 ml) in a round bottom flask equipped with a stirring bar, to EDC 

hydrochloride (843 mg, 4.40 mmol, 1.6 eq) and N-Hydroxyphthalimide (513 mg, 3.15 

mmol, 1.2 eq) were added. The solution was stirred overnight at room temperature. Full 

consumption of the starting material was observed on TLC. The solution was then 

concentrated in vacuo and purified by silica gel column chromatography eluted with pure 

toluene1:4 Et2O/toluene to afford product 46 (612 mg, 48% yield over 3 steps) as a 

hard wax. 1H NMR (400 MHz, chloroform-d) δ 7.88 (dd, J = 5.6, 3.0 Hz, 2H), 7.78 (dd, 

J = 5.5, 3.1 Hz, 2H), 7.40 (d, J = 8.1 Hz, 2H), 7.15 (d, J = 7.9 Hz, 2H), 5.55 (d, J = 1.4 

Hz, 1H, H1), 5.20 (d, J = 10.3 Hz, 1H, H5), 4.47 (t, J = 10.1 Hz, 1H, H4), 4.24 (dd, J = 

3.2, 1.3 Hz, 1H, H2), 4.07 (dd, J = 10.1, 3.1 Hz, 1H, H3), 3.34 (s, 3H), 3.33 (s, 3H), 2.66 

(s, 1H, OH), 2.33 (s, 3H), 1.38 (s, 3H), 1.35 (s, 3H). 13C NMR (101 MHz, chloroform-d) 

δ 165.2, 161.3, 138.6, 134.9, 132.8, 130.2, 129.1, 129.1, 124.1, 101.0, 100.5, 89.7 (C1), 

70.9 (C2), 69.0 (C5), 68.6 (C3), 64.9 (C4), 48.5, 48.4, 21.3, 17.8. HRMS (ESI+) Calcd. 

for C27H29NO10SNH4 ([M + NH4]+): 577.1850, found: 577.1851. 
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Procedures of photoalkylation of perbenzylglycosides 

General procedure A/B/C: 

A 4 mL vial equipped with a septum and magnetic stir bar was charged with a NHP ester 

of a monosaccharide (0.30 mmol, 1.0 eq), tris(2,2’-bipyridine)ruthenium(II) (0.01 mmol, 

0.03 eq, see below), Hantzsch ester (0.33 mmol, 1.1 eq), and solvent (1 ml, see below). 

The reaction vessel was then sealed with a cap with a silicone/Teflon insert for glass vials, 

or with a rubber septum for round bottom flasks. The reaction mixture was purged with 

nitrogen for 2 min, and somophile was subsequently added (See below). The reaction was 

irradiated for 15 h at room temperature. 

 
General procedure 

A 

General procedure 

B 

General procedure 

C 

Ru(bpy)3
2+ 

source 
Ru(bpy)3Cl2.6H2O Ru(bpy)3(PF6)2 Ru(bpy)3Cl2 

somophile eq 1.2 1.2 5 

solvent 7:3 v/v THF:water Dry THF 
7:3 v/v THF:PBS 

buffer (pH=7) 

 

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

2-yl)propanoate (2a) and 

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

2-yl)propanoate (2b): 

Following general procedure A, a 4 ml vial was charged with 1 (206 mg, 0.323 mmol, 1 

eq), Ru(bpy)3Cl2.6H2O (6.2 mg, 8.3 μmol, 0.026 eq), Hantzsch ester (86.0 mg, 0.340 

mmol, 1.05 eq), and 7:3 v/v water/THF mixture (1 ml). After purging with nitrogen, 

methyl acrylate (32 μL, 0.36 mmol, 1.1 eq) was added. After irradiation for 15 h, the 

mixture was transferred to a separatory funnel, diluted with 30 ml EtOAc and washed 

with 10 ml brine. The water layer was back extracted with 10 ml EtOAc. The combined 

organic layer was dried over MgSO4 and coated onto celite. Subsequent purification was 

performed by automated flash chromatography on a 25 g silica cartridge with 

EtOAc/pentane (linear gradient: 5% to 10% EtOAc in 25 min). The fractions were 

checked by TLC, and those with the same Rf were combined (2a has a slightly higher Rf 

value than 2b) to afford 2a (40.5 mg, 24 % yield, adjusted for 8.0 mg phthalimide) and 

2b (75.4 mg, 45% yield), both as hard waxes. 

2a: 
1H NMR 1H NMR (400 MHz, chloroform-d) δ 7.39 – 7.23 (m, 15H), 4.98 (d, J = 10.8 

Hz, 1H), 4.90 (d, J = 10.9 Hz, 1H), 4.83 – 4.80 (m, 1H), 4.80 – 4.76 (m, 1H), 4.66 (d, J 
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= 12.2 Hz, 1H), 4.62 (d, J = 11.0 Hz, 1H), 4.52 (d, J = 3.6 Hz, 1H, H1), 3.96 (t, J = 9.2 

Hz, 1H, H3), 3.65 (s, 3H), 3.59 (td, J = 9.7, 2.6 Hz, 1H, H5), 3.50 (dd, J = 9.7, 3.6 Hz, 

1H, H2), 3.34 (s, 3H), 3.19 (t, J = 9.3 Hz, 1H, H4), 2.53 – 2.26 (m, 2H, H7), 2.26 – 2.11 

(m, 1H, H6a), 1.69 (dtd, J = 14.6, 9.1, 5.8 Hz, 1H, H6b). 13C NMR (101 MHz, 

chloroform-d) δ 173.9, 138.8, 138.28, 138.26, 128.59, 128.55, 128.54, 128.2, 128.15, 

128.07, 128.04, 127.9, 127.8, 98.0 (C1), 82.1 (C3), 81.9 (C4), 80.2 (C2), 75.9, 75.3, 73.5, 

69.5 (C5), 55.2, 30.4 (C7), 27.1 (C6). HRMS (ESI+) Calcd. for C31H36O7NH4 ([M + 

NH4]+): 538.2799, found: 538.2798. 

2b: 
1H NMR 1H NMR (400 MHz, chloroform-d) 7.38 – 7.25 (m, 13H), 7.21 (dd, J = 7.2, 2.3 

Hz, 2H), 4.79 (d, J = 12.6 Hz, 1H), 4.66 (d, J = 10.3 Hz, 1H), 4.63 (d, J = 9.8 Hz, 1H), 

4.57 (d, J = 2.3 Hz, 1H, H1), 4.53 (d, J = 11.7 Hz, 1H), 4.45 (m, 2H), 3.85 – 3.77 (m, 2H, 

H3 and H5), 3.67 (s, 3H), 3.52 (s, 3H), 3.50 (d, J = 2.3 Hz, 1H, H2 overlapped), 3.31 (dd, 

J = 4.8, 3.3 Hz, 1H, H4), 2.59 – 2.38 (m, 2H, H7), 2.30 (dddd, J = 14.0, 10.5, 7.7, 5.8 Hz, 

1H, H6a), 1.97 – 1.83 (m, 1H, H6b). 13C NMR (101 MHz, chloroform-d) δ 174.1, 138.8, 

138.2, 138.1, 128.5, 128.4, 128.3, 128.2, 128.1, 127.94, 127.92, 127.73, 127.66, 101.3 

(C1), 76.0 (C4), 75.5 (C2), 74.7 (C3), 73.9 (C5), 73.9, 73.3, 72.3, 56.8, 51.6, 30.6 (C7), 

25.7 (C6). HRMS (ESI+) Calcd. for C31H36O7NH4 ([M + NH4]+): 538.2799, found: 

538.2800. 

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

(phenylsulfonyl)ethyl)tetrahydro-2H-pyran (3a) and 

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

(phenylsulfonyl)ethyl)tetrahydro-2H-pyran (3b): 

Following general procedure A, a 4 ml vial was charged with 1 (164 mg, 0.257 mmol, 1 

eq), Ru(bpy)3Cl2.6H2O (5.1 mg, 6.8 μmol, 0.026 eq), Hantzsch ester (67.8 mg, 0.268 

mmol, 1.04 eq), phenyl vinyl sulfone (49.1 mg, 0.292 mmol, 1.14 eq), and 7:3 v/v 

water/THF mixture (1 ml). The solution was purged with nitrogen. After irradiation for 

15 h, the mixture was transferred to a separatory funnel, diluted with EtOAc (20 ml) and 

washed with brine (10 ml). The organic layer was dried over MgSO4 and coated onto 

celite. Subsequent purification was performed by automated flash chromatography on a 

25 g silica cartridge with EtOAc/toluene (linear gradient: 0% to 25% EtOAc in 25 min). 

The fractions were checked by TLC, and those with the same Rf were combined (3a has 

a slightly higher Rf value than 3b) to afford 3a (35.1 mg, 23% yield, adjusted for 4.8 mg 

phthalimide) and 3b (86.0 mg, 55% yield, containing a minor amount of unidentified 

aromatic impurity), both as hard waxes. 

 



88 

 

3a: 
1H NMR (400 MHz, chloroform-d) δ 7.90 – 7.81 (m, 2H, Ph), 7.68 – 7.61 (m, 1H, Ph), 

7.52 (t, J = 7.7 Hz, 2H, Ph), 7.36 – 7.24 (m, 13H), 7.17 (dd, J = 6.7, 2.9 Hz, 2H), 4.97 (d, 

J = 10.9 Hz, 1H), 4.84 (d, J = 10.8 Hz, 1H), 4.82 – 4.74 (m, 2H), 4.63 (d, J = 12.1 Hz, 

1H), 4.50 (d, J = 10.8 Hz, 1H), 4.47 (d, J = 3.6 Hz, 1H, H1), 3.92 (t, J = 9.2 Hz, 1H, H3), 

3.59 (td, J = 9.6, 3.1 Hz, 1H, H5), 3.45 (dd, J = 9.7, 3.6 Hz, 1H, H2), 3.30 (s, 3H), 3.24 

(ddd, J = 14.0, 11.4, 4.7 Hz, 1H, H7a), 3.16 – 3.09 (t, J = 9.2 Hz, 1H, H4 overlap), 3.11 

– 3.03 (m, 1H, H7b overlap), 2.23 – 2.11 (m, 1H, H6a), 1.72 (dddd, J = 13.9, 11.0, 9.3, 

4.6 Hz, 1H, H6b). 13C NMR (101 MHz, chloroform-d) δ 138.9, 138.7, 138.1, 137.8, 

133.8, 129.4, 128.6, 128.5, 128.3, 128.2, 128.1, 128.0, 127.8, 98.0 (C1), 81.9 (C3), 81.2 

(C4), 80.1 (C2), 75.8, 75.3, 73.5, 68.4(C5), 55.4, 52.7, 25.4. Note: Some aromatic carbon 

signals overlap, causing the apparent loss of signals in the aromatic region. HRMS 

(ESI+) Calcd. for C35H38O7SNa ([M + Na]+): 625.2231, found: 625.2209. 

3b: 
1H NMR (400 MHz, chloroform-d) δ 7.88 – 7.82 (m, 2H), 7.59 – 7.47 (m, 3H), 7.38 – 

7.27 (m, 11H), 7.22 – 7.15 (m, 4H), 4.76 (d, J = 12.6 Hz, 1H), 4.64 – 4.61 (m, 1H), 4.60 

– 4.57 (m, 1H), 4.51 (d, J = 2.2 Hz, 1H, H1), 7.59 – 7.48 (1H, overlapped with impurities), 

4.38 (d, J = 11.7 Hz, 1H), 4.31 (d, J = 11.9 Hz, 1H), 3.83 (dt, J = 9.8, 3.4 Hz, 1H, H5), 

3.74 (t, J = 4.7 Hz, 1H, H3), 3.47 (dd, J = 4.9, 2.2 Hz, 1H, H2), 3.43 (s, 3H), 3.32 (dtd, J 

= 14.2, 11.4, 10.9, 5.1 Hz, 1H, H7a), 3.22 (dd, J = 4.6, 3.2 Hz, 1H, H4), 3.20 – 3.10 (m, 

1H, H7b), 2.40 – 2.22 (m, 1H, H6a), 2.05 – 1.91 (m, 2H, H6b) Note: Products peaks were 

selected based on meHSQC and COSY. 13C NMR (101 MHz, chloroform-d) δ 139.0, 

138.6, 137.9, 137.8, 133.7, 129.33, 129.32, 128.5, 128.39, 128.37, 128.2, 128.18, 128.1, 

128.07, 128.0, 127.94, 127.87, 127.7, 101.3 (C1), 75.4 (C4), 75.0 (C2), 74.1 (C3), 74.0, 

73.2, 73.0 (C5), 72.2, 56.9, 53.5 (C7), 24.5 (C6). Note: Reported peaks >120ppm might 

belong to unknown impurity and are therefore not diagnostic. Peak selected based on 

meHSQC and COSY. HRMS (ESI+) Calcd. for C35H38O7SNa ([M + Na]+): 625.2231, 

found: 625.2209 

Subsequent hydrogenation of 3b:  

To a round bottom flask charged with 3b (86.0 mg, 0.143 mmol, 1 eq.) in degassed MeOH 

(1.4 ml), 10% w/w palladium of carbon (86 mg, 0.081 mmol, 0.6 eq) was added. The 

flask was then put under a hydrogen atmosphere with a hydrogen-filled balloon. After 

overnight stirring, TLC indicated the formation of one polar product. The mixture was 

filtered over celite, concentrated, and purified by silica gel column chromatography with 

pure EtOAc as eluent to afford the compound 3b’ with the following structure (39.0 mg, 

82% yield). 

 
(2S,3R,4S,5S,6S)-2-methoxy-6-(2-(phenylsulfonyl)ethyl)tetrahydro-2H-pyran-

3,4,5-triol (3b’) 
1H NMR (400 MHz, methanol-d4) δ 7.97 – 7.89 (m, 2H), 7.76 – 7.70 (m, 1H), 7.65 (ddt, 



89 

 

J = 8.3, 6.6, 1.4 Hz, 2H), 4.56 (d, J = 1.3 Hz, 1H, H1), 3.92 (t, J = 3.7 Hz, 1H, H3), 3.91 

– 3.86 (m, 1H, H5), 3.55 (dt, J = 3.8, 1.2 Hz, 1H, H2), 3.48 (s, 3H), 3.39 (ddd, J = 8.6, 

6.4, 1.8 Hz, 2H, H7), 3.33 – 3.29 (m, 1H, H4 overlapping with CD3OD peak), 2.25 – 2.13 

(m, 1H, H6a), 1.91 – 1.80 (m, 1H, H6b).13C NMR (101 MHz, chloroform-d) δ 140.4, 

135.0, 130.6, 129.1, 101.6 (C1), 73.4 (C5), 71.7 (C4), 71.4 (C2), 71.1 (C3), 57.1, 53.7 

(C7), 25.7 (C6). HRMS (ESI+) Calcd. for C14H20O7SNa ([M + Na]+): 355.0822, found: 

355.0819. NOESY shows through-space correlation of H1 and H5. 

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

yl)propanenitrile (4a) and 3-((2S,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)propanenitrile (4b): 

Following general procedure A, a 4 ml vial was charged with 1 (187.8 mg, 0.294 mmol, 

1 eq), Ru(bpy)3Cl2.6H2O (6.3 mg, 8.4 μmol, 0.029 eq), Hantzsch ester (87.0 mg, 0.343 

mmol, 1.1 eq), and 7:3 v/v water/THF mixture (1 ml). After purging with nitrogen, 

acrylonitrile (25 μL, 0.38 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture 

was transferred to a separatory funnel, diluted with EtOAc (20 ml) and washed with brine 

(10 ml). The organic layer was dried over MgSO4 and concentrated. To remove 

phthalimide, the resulting solid was suspended in cold toluene and the suspension was 

filtered over celite. The solids and the celite was washed with cold toluene until all 

product was transferred. (Check by TLC) The product was then coated onto celite. 

Subsequent purification was performed by automated flash chromatography on a 25 g 

silica cartridge with Et2O/pentane (linear gradient: 10% to 60% Et2O in 25 min, with 4a 

started to eluted at 46% Et2O and 4b started to elute at 56% Et2O) to afford 4a (25.0 mg, 

17 % yield) and 4b (89.4 mg, 60% yield), both as hard waxes. 

4a: 
1H NMR (400 MHz, chloroform-d) δ 7.53 – 7.12 (m, 15H), 5.00 (d, J = 10.8 Hz, 1H), 

4.92 (d, J = 11.1 Hz, 1H), 4.85 – 4.77 (m, 2H), 4.66 (d, J = 12.1 Hz, 1H), 4.60 (d, J = 

11.2 Hz, 1H), 4.53 (d, J = 3.6 Hz, 1H, H1), 3.98 (t, J = 9.2 Hz, 1H, H3), 3.67 (td, J = 9.7, 

2.8 Hz, 1H, H5), 3.49 (dd, J = 9.6, 3.6 Hz, 1H, H2), 3.39 (s, 3H), 3.17 (t, J = 9.2 Hz, 1H, 

H4), 2.47 – 2.30 (m, 2H, H7), 2.13 (dtd, J = 14.0, 8.1, 2.8 Hz, 1H, H6a), 1.61 (dddd, J = 

13.6, 9.7, 7.4, 5.7 Hz, 1H, H6b). 13C NMR (101 MHz, chloroform-d) δ 138.7, 138.2, 

138.0, 128.7, 128.63, 128.57, 128.2, 128.16, 128.13, 128.12, 128.11, 127.8, 119.5 (CN), 

98.1 (C1), 82.0 (C3), 81.1 (C4), 80.2 (C2), 75.9, 75.2, 73.5, 68.4 (C5), 55.6, 27.7 (C6), 

13.4 (C7). HRMS (ESI+) Calcd. for C30H33NO5Na ([M + Na]+): 510.2251, found: 

510.2236. 

4b: 
1H NMR (400 MHz, chloroform-d) δ 7.40 – 7.27 (m, 11H), 7.27 – 7.23 (m, 2H), 7.24 – 
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7.17 (m, 2H), 4.82 (d, J = 12.6 Hz, 1H), 4.69 – 4.64 (m, 1H), 4.63 (t, J = 2.6 Hz, 2H, 

hidden H1), 4.52 (d, J = 11.8 Hz, 1H), 4.39 (d, J = 11.9 Hz, 1H), 4.35 (d, J = 12.0 Hz, 

1H), 3.91 (dt, J = 10.4, 3.3 Hz, 1H, H5), 3.79 (t, J = 4.4 Hz, 1H, H3), 3.57 – 3.51 (m, 4H, 

hidden H2), 3.25 (dd, J = 4.2, 3.0 Hz, 1H, H4), 2.59 – 2.40 (m, 2H, H7), 2.36 (dddd, J = 

14.0, 10.4, 7.0, 5.0 Hz, 1H, H6a), 1.76 (dddd, J = 14.0, 9.0, 7.2, 3.6 Hz, 1H, H6b). 13C 

NMR (101 MHz, chloroform-d) δ 138.7, 137.83, 137.75, 128.6, 128.43, 128.39, 128.2, 

128.1, 128.03, 127.96, 127.92, 127.7, 119.7 (CN), 101.5 (C1), 75.0 (C4), 74.8 (C2), 74.1, 

74.0 (C3), 73.0, 72.6 (C5), 72.1, 57.0, 26.4 (C6), 13.9 (C7). HRMS (ESI+) Calcd. for 

C30H33NO5Na ([M + Na]+): 510.2251, found: 510.2235. 

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

yl)butan-2-one (5a) and 4-((2S,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)butan-2-one (5b): 

Following general procedure A, a 4 ml vial was charged with 1 (212 mg, 0.332 mmol, 1 

eq), Ru(bpy)3Cl2.6H2O (6.7 mg, 8.9 μmol, 0.027 eq), Hantzsch ester (93.3 mg, 0.368 

mmol, 1.1 eq), and 7:3 v/v water/THF mixture (1 ml). After purging with nitrogen, methyl 

vinyl ketone (32 μL, 0.40 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture 

was transferred to a separatory funnel, diluted with EtOAc (20 ml) and washed with water 

(10 ml), then brine (10 ml). The organic layer was dried over MgSO4 and concentrated. 

The product was then coated onto celite. Subsequent purification was performed by 

automated flash chromatography on a 25 g silica cartridge with EtOAc/pentane (linear 

gradient: 10% to 20% EtOAc in 25 min, with 5a started to elute at 12% EtOAc and 5b 

started to elute 18% EtOAc), to afford contaminated 5a, and pure 5b (89.4 mg, 58% yield) 

as hard wax. Contaminated 5a was dissolved in Et2O and washed with water, dried over 

MgSO4 to afford pure 5a (40.2 mg, 24% yield) as hard wax. 

5a: 
1H NMR (400 MHz, chloroform-d) δ 7.33 (m, 15H), 4.99 (d, J = 10.8 Hz, 1H), 4.90 (d, 

J = 10.9 Hz, 1H), 4.85 – 4.77 (m, 2H), 4.65 (m, 2H), 4.52 (d, J = 3.6 Hz, 1H, H1), 3.96 

(t, J = 9.2 Hz, 1H, H3), 3.57 (td, J = 9.4, 2.8 Hz, 1H, H5), 3.50 (dd, J = 9.7, 3.6 Hz, 1H, 

H2), 3.35 (s, 3H), 3.19 (dd, J = 9.7, 8.8 Hz, 1H, H4), 2.52 (ddd, J = 17.2, 9.6, 5.7 Hz, 1H, 

H7a), 2.42 (ddd, J = 17.3, 9.2, 6.0 Hz, 1H, H7b), 2.10 (m, 4H, H6a overlap), 1.70 – 1.59 

(m, 1H, H6b). 13C NMR (101 MHz, chloroform-d) δ 208.4, 138.8, 138.29, 138.27, 128.6, 

128.57, 128.55, 128.2, 128.1, 128.1, 128.0, 127.9, 127.7, 97.9 (C1), 82.1 (C3), 81.8 (C4), 

80.2 (C2), 75.8, 75.3, 73.4, 69.5 (C5), 55.2, 39.8 (C7), 29.8, 25.8 (C6). HRMS (ESI+) 

Calcd. for C31H36O6Na ([M + Na]+): 527.2404, found: 527.2398. 
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5b: 
1H NMR (400 MHz, chloroform-d) δ 7.36 – 7.27 (m, 13H), 7.20 (dd, J = 6.7, 1.9 Hz, 

2H), 4.79 (d, J = 12.6 Hz, 1H), 4.63 (m, 2H), 4.55 (d, J = 2.3 Hz, 1H, H1), 4.51 (d, J = 

11.7 Hz, 1H), 4.43 (m, 2H), 3.81 – 3.73 (m, 2H, H3 and H5), 3.50 (t, J = 1.8 Hz, 4H, H2 

and OMe), 3.27 (t, J = 3.9 Hz, 1H, H4), 2.66 – 2.45 (m, 2H, H7), 2.30 – 2.15 (m, 1H, 

H6a), 2.13 (s, 3H), 1.85 (dtd, J = 14.8, 7.6, 3.7 Hz, 1H, H6b). 13C NMR (101 MHz, 

chloroform-d) δ 209.1, 138.9, 138.3, 138.1, 128.5, 128.4, 128.3, 128.2, 128.0, 127.96, 

127.8, 127.7, 101.4 (C1), 75.9 (C4), 75.3 (C2), 74.6 (C3), 74.0 (C5), 73.9, 73.2, 72.3, 

56.8, 40.2 (C7), 30.0, 24.7 (C6). Note: Some aromatic carbon signals overlap, causing 

the apparent loss of signals in the aromatic region. HRMS (ESI+) Calcd. for C31H36O6Na 

([M + Na]+): 527.2404, found: 527.2401. 

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

yl)cyclopentan-1-one (6a) and 3-((2S,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)cyclopentan-1-one (6b): 

Following general procedure A, a 4 ml vial was charged with 1 (221 mg, 0.345 mmol, 1 

eq), Ru(bpy)3Cl2.6H2O (6.3 mg, 8.4 μmol, 0.024 eq), Hantzsch ester (97.3 mg, 0.384 

mmol, 1.1 eq), and 7:3 v/v water/THF mixture (1 ml). After purging with nitrogen, 2-

cyclopenten-1-one (35 μL, 0.41 mmol, 1.2 eq) was added. After irradiation for 15 h, the 

mixture was transferred to a separatory funnel, diluted with EtOAc (20 ml) and washed 

with water (10 ml), then brine (10 ml). The organic layer was dried over MgSO4 and 

concentrated. The product was then coated onto celite. Subsequent purification was 

performed by automated flash chromatography on a 40 g silica cartridge with 

EtOAc/pentane (isocratic elution with 10% EtOAc for 10 min, then linear gradient elution 

to 20% EtOAc for 10 min) to afford 6a (53.4 mg, adjusted for 3.3 mg phthalimide, 30% 

yield combined) and 6b (50.2 mg, 29%) as hard wax. 6a was isolated as a mixture of 

diastereomers, which was slightly separable during chromatography. Analytical samples 

were taken to obtain the for analysis, and the following spectral data were obtained. 

6a (diastereomer 1): 
1H NMR (400 MHz, chloroform-d) δ 7.37 – 7.27 (m, 15H), 5.00 (d, J = 10.8 Hz, 1H), 

4.91 (d, J = 11.2 Hz, 1H), 4.86 – 4.74 (m, 2H), 4.66 (d, J = 12.1 Hz, 1H), 4.59 (d, J = 

11.2 Hz, 1H), 4.56 (d, J = 3.7 Hz, 1H, H1), 3.98 (t, J = 9.2 Hz, 1H, H3), 3.68 (dd, J = 

10.0, 2.2 Hz, 1H, H5), 3.47 (dd, J = 9.6, 3.5 Hz, 1H, H2), 3.35 (s, 3H), 3.19 (t, J = 9.4 

Hz, 1H, H4), 2.70 – 2.57 (m, 1H, H6), 2.40 – 2.25 (m, 1H, H8a), 2.20 – 2.05 (m, 2H, H8a 

and H7'a), 2.00 (tdd, J = 11.6, 7.3, 3.8 Hz, 1H, H7a), 1.95 – 1.86 (m, 1H, H7b), 1.80 (dd, 
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J = 18.2, 8.2 Hz, 1H, H7'b). 13C NMR (101 MHz, chloroform-d) δ 219.3, 138.7, 138.2, 

138.0, 128.63, 128.57, 128.3, 128.19, 128.15, 128.13, 128.10, 127.8, 98.0 (C1), 82.4 

(C3), 80.3 (C2), 79.5 (C4), 75.9, 75.0, 73.5, 71.1 (C5), 55.2, 38.4 (C8), 38.1 (C7'), 36.3 

(C6), 26.2 (C7). Note: Some aromatic carbon signals overlap, causing the apparent loss 

of signals in the aromatic region. HRMS (ESI+) Calcd. for C32H36O6Na ([M + Na]+): 

539.2404, found: 539.2395.  

6a (diastereomer 2): 
1H NMR (400 MHz, chloroform-d) 7.40 – 7.27 (m, 15H), 5.02 (d, J = 10.8 Hz, 1H), 4.94 

(d, J = 11.3 Hz, 1H), 4.86 – 4.75 (m, 2H), 4.66 (m, 2H), 4.56 (d, J = 3.7 Hz, 1H, H1), 

4.00 (t, J = 9.2 Hz, 1H, H3), 3.67 (dd, J = 10.0, 2.8 Hz, 1H, H5), 3.50 (dd, J = 9.6, 3.6 

Hz, 1H, H2), 3.37 (dd, J = 9.9, 8.6 Hz, 1H, H4), 3.32 (s, 3H), 2.66 – 2.55 (m, 1H, H6), 

2.32 – 2.14 (m, 3H, H7' and H8a), 1.99 (dt, J = 18.8, 9.6 Hz, 1H, H8b), 1.74 (dq, J = 12.6, 

9.1 Hz, 1H, H7a), 1.66 – 1.54 (m, 1H, H7b). 13C NMR (101 MHz, chloroform-d) δ 219.3, 

138.7, 138.22, 138.19, 128.63, 128.61, 128.59, 128.3, 128.2, 128.10, 128.06, 127.8, 97.9 

(C1), 82.6 (C3), 80.4 (C2), 78.5 (C4), 75.9, 74.9, 73.4, 70.5 (C5), 55.3, 41.8 (C7'), 38.4 

(C8), 36.2 (C6), 22.2 (C7). Note: Some aromatic carbon signals overlap, causing the 

apparent loss of signals in the aromatic region. HRMS (ESI+) Calcd. for C32H36O6Na 

([M + Na]+): 539.2404, found: 539.2396.  

6b: 
1H NMR (400 MHz, chloroform-d) δ 7.41 – 7.24 (m, 11H), 7.23 – 7.18 (m, 2H), 7.18 – 

7.10 (m, 2H), 4.88 (d, J = 12.8 Hz, 1H), 4.65 – 4.54 (m, 3H, CH2 and H1), 4.43 (d, J = 

12.1 Hz, 1H), 4.22 (m, 2H), 3.77 (t, J = 2.9 Hz, 1H, H3), 3.55 (m, 4H, OMe and H2), 3.48 

(dd, J = 9.7, 1.8 Hz, 1H, H5), 3.06 (t, J = 2.4 Hz, 1H, H4), 2.87 (ddd, J = 17.4, 9.7, 5.2 

Hz, 1H, H6), 2.41 (dtt, J = 12.9, 6.5, 2.1 Hz, 1H, H7a), 2.34 – 2.20 (m, 1H, H8a), 2.20 – 

2.03 (m, 1H, H8b), 1.85 (dd, J = 18.1, 7.8 Hz, 1H, H7'a), 1.76 – 1.64 (m, 1H, H7b), 1.64 

– 1.52 (m, 1H, H7'b). 13C NMR (101 MHz, chloroform-d) δ 219.1, 139.0, 137.8, 137.6, 

128.7, 128.48, 128.46, 128.39, 128.2, 128.0, 101.6 (C1), 78.8 (C5), 74.3, 73.4 (C2), 73.1 

(C3), 73.0 (C4), 72.4, 71.5, 56.6, 41.1 (C7'), 38.4 (C8), 36.8 (C6), 27.2 (C7). Note: Some 

aromatic carbon signals overlap, causing the apparent loss of signals in the aromatic 

region. HRMS (ESI+) Calcd. for C32H36O6Na ([M + Na]+): 539.2404, found: 539.2393. 

Only the major diastereomers can be properly assigned. 

 
diethyl (2-((2R,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-6-methoxytetrahydro-2H-pyran-

2-yl)ethyl)phosphonate (7a) and diethyl (2-((2S,3R,4S,5R,6S)-3,4,5-tris(benzyloxy)-

6-methoxytetrahydro-2H-pyran-2-yl)ethyl)phosphonate (7b): 

Following general procedure B, a 4 ml vial was charged with 1 (208 mg, 0.326 mmol, 1.0 
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eq), Ru(bpy)3(PF6)2 (8.6 mg, 10 μmol, 0.030 eq), Hantzsch ester (89.5 mg, 0.353 mmol, 

1.1 eq), and dry THF (1 ml). After purging with nitrogen, diethyl vinylphosphonate (55 

μL, 0.36 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was directly 

coated onto celite. Subsequent purification was performed by automated flash 

chromatography on a 12 g silica cartridge with acetone/toluene (linear gradient: 0% to 

20% acetone in 15 CV, 7a started to elute at the 9th CV and 7b started to elute at the 13th 

CV) to afford 7a (34.2 mg, impure and thus not reported) and 7b (56.7 mg, 29% yield) 

as hard wax. 

7b: 
1H NMR (400 MHz, chloroform-d) δ 7.36 – 7.25 (m, 12H), 7.21 – 7.14 (m, 2H), 4.78 (d, 

J = 12.6 Hz, 1H), 4.63 (dd, J = 12.3, 1.8 Hz, 2H), 4.56 (d, J = 2.2 Hz, 1H, H1), 4.48 (d, J 

= 11.7 Hz, 1H), 4.39 (m, 2H), 4.14 – 3.99 (m, 4H), 3.81 – 3.72 (m, 2H, H3 and H5), 3.51 

(s, 3H), 3.49 (dd, J = 4.8, 2.2 Hz, 1H, H2), 3.26 (dd, J = 4.5, 3.1 Hz, 1H, H4), 2.33 – 2.14 

(m, 1H, H6a), 2.09 – 1.90 (m, 1H, H7a), 1.86 – 1.75 (m, 1H, H6b), 1.75 – 1.64 (m, 1H, 

H7b), 1.29 (td, J = 7.0, 3.7 Hz, 6H, contains grease).13C NMR (101 MHz, chloroform-d) 

δ 138.6, 138.0, 137.9, 128.5, 128.43, 128.40, 128.3, 128.2, 127.99, 127.96, 127.85, 

127.79, 101.4 (C1), 75.5 (C4), 75.2 (C2), 74.8 (C5, J = 16.5 Hz), 74.4 (C3), 74.0, 73.2, 

72.4, 61.61 (d, J = 6.3 Hz), 61.60 (d, J = 6.3 Hz), 56.9, 23.6 (d, J = 4.2 Hz) , 22.37 (d, J 

= 142.2 Hz), 16.6, 16.5. 31P NMR (162 MHz, chloroform-d) δ 32.5. HRMS (ESI+) Calcd. 

for C33H43O8PNa ([M + Na]+): 621.2588, found: 621.2593. 

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

yl)butan-2-one (11a) and 4-((2S,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)butan-2-one (11b): 

Following general procedure A, a 4 ml vial was charged with 33 (196 mg, 0.306 mmol, 

1 eq), Ru(bpy)3Cl2.6H2O (6.4 mg, 8.5 μmol, 0.27 eq), Hantzsch ester (85.5 mg, 0.338 

mmol, 1.1 eq),and 7:3 v/v water/THF mixture (1 ml). After purging with nitrogen, methyl 

vinyl ketone (30 μL, 0.37 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture 

was transferred to a separatory funnel, diluted with EtOAc (20 ml) and washed with water 

(10 ml), then brine (10 ml). The organic layer was dried over MgSO4 and concentrated. 

The product was then coated onto celite. Subsequent purification was performed by 

automated flash chromatography on a 25 g silica cartridge with EtOAc/pentane (linear 

gradient: 10% to 20% EtOAc in 24 min, 11a started to elute at 14% EtOAc and 11b 

started to elute at 16% EtOAc) to afford 11a (19.8 mg, 13% yield) and 11b (70.8 mg, 

46% yield) as hard wax.  
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11a: 
1H NMR (400 MHz, chloroform-d) δ 7.39 – 7.24 (m, 15H), 4.98 – 4.86 (m, 3H), 4.79 (d, 

J = 10.9 Hz, 1H), 4.70 (d, J = 11.1 Hz, 1H), 4.64 (d, J = 10.9 Hz, 1H), 4.26 (d, J = 7.8 

Hz, 1H, H1), 3.67 – 3.60 (m, 1H, H3), 3.55 (s, 3H), 3.39 (dd, J = 9.2, 7.8 Hz, 1H, H2), 

3.29 – 3.22 (m, 2H, H4 and H5), 2.57 – 2.47 (m, 2H, H7), 2.19 (dddd, J = 14.0, 8.8, 6.4, 

2.0 Hz, 1H, H6a), 2.12 (s, 3H), 1.73 (dtd, J = 14.5, 8.5, 6.1 Hz, 1H, H6b). 13C NMR (101 

MHz, chloroform-d) δ 208.4, 138.65, 138.63, 138.1, 128.6, 128.52, 128.50, 128.3, 128.2, 

128.04, 128.01, 127.78, 127.77, 104.8 (C1), 84.7 (C3), 82.6 (C2), 81.5 (C4/C5), 75.8, 

75.3, 74.9, 73.9 (C4/C5), 57.2, 39.7 (C7), 29.9, 26.0 (C6). HRMS (ESI+) Calcd. for 

C31H36O6Na ([M + Na]+): 527.2404, found: 527.2401. 

11b: 
1H NMR (400 MHz, chloroform-d) δ 7.37 – 7.23 (m, 15H), 4.77 – 4.59 (m, 6H, H1 

overlap), 4.52 (d, J = 11.8 Hz, 1H), 3.94 (dt, J = 10.4, 3.9 Hz, 1H, H5), 3.75 (dd, J = 6.9, 

5.8 Hz, 1H, H3), 3.51 (dd, J = 5.8, 3.9 Hz, 1H, H4), 3.46 (m, J = 4.7 Hz, 1H, H2 overlap), 

3.44 (s, 3H), 2.58 (ddd, J = 17.4, 8.5, 5.6 Hz, 1H, H7a), 2.46 (ddd, J = 17.4, 8.2, 6.9 Hz, 

1H, H7b), 2.14 (s, 3H), 2.02 (dddd, J = 14.0, 10.4, 8.2, 5.6 Hz, 1H, H6a), 1.88 (dddd, J = 

14.8, 8.5, 6.9, 3.9 Hz, 1H, H6b). 13C NMR (101 MHz, chloroform-d) δ 208.3, 138.42, 

138.36, 138.2, 128.5, 128.4, 128.2, 128.0, 127.84, 127.81, 127.76, 101.2 (C1), 79.0 (C2), 

78.0 (C4), 77.6 (C3), 74.0, 73.6, 72.8, 69.5 (C5), 55.9, 39.8 (C7), 30.0, 22.8 (C6). Note: 

Some aromatic carbon signals overlap, causing the apparent loss of signals in the aromatic 

region. HRMS (ESI+) Calcd. for C31H36O6Na ([M + Na]+): 527.2404, found: 527.2399. 

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

yl)propanenitrile (12a) and 3-((2S,3R,4S,5R,6R)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)propanenitrile (12b): 

Following general procedure A, a 4 ml vial was charged with 33 (217 mg, 0.339 mmol, 

1 eq), Ru(bpy)3Cl2.6H2O (6.5 mg, 8.7μmol, 0.026 eq), Hantzsch ester (94.4 mg, 0.373 

mmol, 1.1 eq), and 7:3 v/v water/THF mixture (1 ml). After purging with nitrogen, 

acrylonitrile (27 μL, 0.41 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture 

was transferred to a separatory funnel, diluted with EtOAc (20 ml) and washed with water 

(10 ml), then brine (10 ml). The organic layer was dried over MgSO4 and concentrated. 

The product was then coated onto celite. Subsequent purification was performed by 

automated flash chromatography on a 25 g silica cartridge with EtOAc/pentane (linear 

gradient: 5% to 16% EtOAc in 20 min, with 12a started to elute at 14% EtOAc, and 12b 

eluted right after), to afford 12a (35.5 mg, adjusted for 4.5 mg phthalimide, 22% yield) 

and 12b (85.1 mg, 52% yield) as hard wax.  
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12a: 
1H NMR (400 MHz, chloroform-d) δ 7.44 – 7.21 (m, 15H), 4.99 – 4.87 (m, 3H), 4.79 (d, 

J = 10.8 Hz, 1H), 4.71 (d, J = 11.0 Hz, 1H), 4.60 (d, J = 11.1 Hz, 1H), 4.33 (d, J = 7.8 

Hz, 1H, H1), 3.66 (t, J = 9.0 Hz, 1H, H3), 3.58 (s, 3H), 3.47 – 3.40 (m, 1H, H2), 3.35 (dd, 

J = 9.5, 2.8 Hz, 1H, H5), 3.26 (t, J = 9.1 Hz, 1H, H4), 2.55 – 2.33 (m, 2H, H7), 2.18 (dtd, 

J = 13.9, 8.0, 2.8 Hz, 1H, H6a), 1.81 – 1.61 (m, 1H, H6b). 13C NMR (101 MHz, 

chloroform-d) δ 138.49, 138.46, 137.8, 128.7, 128.53, 128.50, 128.25, 128.18, 128.0, 

127.83, 127.82, 119.3, 104.9 (C1), 84.6 (C3), 82.5 (C2), 80.8 (C4), 75.9, 75.2, 74.9, 72.8 

(C5), 57.3, 27.6 (C6), 13.5 (C7). Note: Some aromatic carbon signals overlap, causing 

the apparent loss of signals in the aromatic region. HRMS (ESI+) Calcd. for 

C30H33NO5Na ([M + Na]+): 510.2251, found: 510.2245. 

12b: 
1H NMR (400 MHz, chloroform-d) δ 7.43 – 7.18 (m, 15H), 4.76 – 4.66 (m, 4H, hidden 

H1), 4.64 – 4.52 (m, 2H), 4.42 (d, J = 11.9 Hz, 1H), 4.07 (dt, J = 10.5, 3.4 Hz, 1H, H5), 

3.75 (t, J = 5.2 Hz, 1H, H3), 3.52 (dd, J = 5.8, 3.5 Hz, 1H, H2), 3.46 (s, 3H), 3.43 (dd, J 

= 4.7, 3.3 Hz, 1H, H4), 2.52 – 2.33 (m, 2H, H7), 2.19 (dddd, J = 14.1, 10.4, 7.2, 5.6 Hz, 

1H, H6a), 1.76 (dtd, J = 14.2, 8.1, 3.5 Hz, 1H, H6b). 13C NMR (101 MHz, chloroform-

d) δ 138.1, 138.0, 137.8, 128.52, 128.50, 128.46, 128.2, 128.04, 128.01, 128.0, 127.91, 

127.85, 119.5, 101.4 (C1), 77.2 (C2), 76.5 (C4), 75.7 (C3), 73.3, 73.2, 72.6, 67.2 (C5), 

55.9, 25.7 (C6), 13.7 (C7). HRMS (ESI+) Calcd. for C30H33NO5Na ([M + Na]+): 

510.2251, found: 510.2249. 

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

yl)propanenitrile (13a) and 3-((2S,3R,4S,5S,6R)-3,4,5-tris(benzyloxy)-6-

methoxytetrahydro-2H-pyran-2-yl)propanenitrile (13b): 

Following general procedure A, a 4 ml vial was charged with 34 (203 mg, 0.317 mmol, 

1 eq), Ru(bpy)3Cl2.6H2O (6.5 mg, 8.7 μmol, 0.027 eq), Hantzsch ester (91.1 mg, 0.360 

mmol, 1.1 eq), and 7:3 v/v water/THF mixture (1 ml). After purging with nitrogen, 

acrylonitrile (25 μL, 0.38 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture 

was transferred to a separatory funnel, diluted with EtOAc (20 ml) and washed with water 

(10 ml), then brine (10 ml). The organic layer was dried over MgSO4 and concentrated. 

The product was then coated onto celite. Subsequent purification was performed by 

automated flash chromatography on a 25 g silica cartridge with EtOAc/pentane (linear 

gradient: 5% to 15% EtOAc in 20 min, with 13a and 13b both started to elute at 10% 

EtOAc) to afford 13a and 13b mixture (116.0 mg, adjusted for 6 mg phthalimide, 75% 

yield) as hard wax.  
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Data of the mixture: 
1H NMR (400 MHz, chloroform-d) δ 7.41 – 7.27 (m, 22H), 7.09 (dd, J = 6.6, 3.0 Hz, 

1H), 5.03 – 4.70 (m, 5H), 4.69 (d, J = 1.8 Hz, 1H), 4.66 – 4.53 (m, 4.4H), 4.37 (d, J = 

12.0 Hz, 0.6H), 4.20 (d, J = 12.0 Hz, 0.6H), 3.97 – 3.92 (m, 0.6H), 3.90 (dd, J = 8.7, 3.0 

Hz, 1H), 3.81 (t, J = 2.7 Hz, 2H), 3.73 – 3.66 (m, 1.4H), 3.64 (dd, J = 9.4, 2.7 Hz, 0.7H), 

3.59 – 3.54 (m, 4H), 3.34 (s, 3H), 3.18 (dd, J = 3.7, 1.4 Hz, 0.6H), 2.56 – 2.41 (m, 2H), 

2.41 – 2.37 (m, 1H), 2.22 (dtd, J = 13.6, 8.2, 2.7 Hz, 1H), 2.17 – 2.09 (m, 0.5H), 1.88 – 

1.76 (m, 1H), 1.58 (dtd, J = 14.0, 8.0, 3.6 Hz, 0.5H). 13C NMR (101 MHz, chloroform-

d) δ 138.8, 138.4, 138.32, 138.29, 138.21, 137.4, 128.53, 128.49, 128.48, 128.4, 128.3, 

128.2, 128.14, 128.11, 128.03, 127.98, 127.94, 127.90, 127.8, 127.73, 127.72, 127.66, 

119.63, 119.61, 102.2, 99.3, 80.3, 77.9, 76.3, 76.2, 75.2, 74.6, 74.5, 73.7, 73.6, 73.1, 72.3, 

72.2, 70.7, 69.5, 56.7, 55.1, 27.7, 26.5, 13.8, 13.4. HRMS (ESI+) Calcd. for 

C30H33NO5Na ([M + Na]+): 510.2251, found: 510.2237. 

Diagnostic peaks for 13a: 
1H NMR (400 MHz, chloroform-d) δ 4.69 (d, J = 1.8 Hz, 1H, H1), 3.90 (dd, J = 8.7, 3.0 

Hz, 1H, H3), 3.81 (t, J = 2.7 Hz, 1H, H2), 3.73 – 3.66 (m, 1H, H4), 3.64 (dd, J = 9.4, 2.7 

Hz, 1H, H5), 3.34 (s, 3H), 2.56 – 2.41 (m, 2H, H7), 2.22 (dtd, J = 13.6, 8.2, 2.7 Hz, 1H, 

H6a), 1.88 – 1.76 (m, 1H, H6b). 13C NMR (101 MHz, chloroform-d) δ 99.3 (C1), 80.3 

(C3), 77.9 (C4), 75.2, 74.6 (C2), 73.1, 72.2, 69.5 (C5), 55.1, 27.7 (C6), 13.4 (C7).  

Diagnostic peaks for 13b: 
1H NMR (400 MHz, chloroform-d) δ 4.77 (s, 1H, H1), 3.97 – 3.92 (m, 1H, H5), 3.81 (m, 

1H, H3 overlapped with benzyl peaks), 3.59 – 3.54 (m, 4H, H2 and methoxy), 3.18 (dd, 

J = 3.7, 1.4 Hz, 1H, H4), 2.41 – 2.37 (m, 2H, H7), 2.17 – 2.09 (m, 1H, H6a), 1.58 (dtd, J 

= 14.0, 8.0, 3.6 Hz, 1H, H6b). 13C NMR (101 MHz, chloroform-d) δ 102.2 (C1), 76.3 

(C2), 76.2 (C4), 74.5 (C3), 73.7, 73.6, 72.3, 70.7 (C5), 56.7, 26.5 (C6), 13.8 (C7).  

 

Procedures for photoalkylation of BDA-glycosides 

 
3-((2S,3S,4aR,5S,7S,8S,8aR)-8-hydroxy-2,3,7-trimethoxy-2,3-dimethylhexahydro-

5H-pyrano[3,4-b][1,4]dioxin-5-yl)propanenitrile (18): 

Following general procedure A, a 4 ml vial was charged with 17 (146 mg, 0.313 mmol, 

1.0 eq), Ru(bpy)3Cl2 (6.3 mg, 8.4 μmol, 0.026 eq), Hantzsch ester (86.1 mg, 0.340 mmol, 

1.1 eq), 7:3 water/THF mixture (1 ml). After purging with nitrogen, acrylonitrile (25 μL, 

0.38 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was transferred to 

a separatory funnel, diluted with EtOAc (20 ml) and washed with brine (10 ml). The water 

layer was back extracted with EtOAc (20 ml). The combined organic layer was dried over 

MgSO4 and coated onto celite. Subsequent purification was performed by automated flash 

chromatography on a 12 g silica cartridge with EtOAc/pentane (linear gradient: 0% to 

50% EtOAc in 13 CV, with 18 started to elute at the 13th CV) to afford product 18 (80.1 
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mg, 77% yield) as a hard wax, which is a 11:1 mixture of diastereomers. The D:L ratio 

corresponds to the integration of the peak at 3.45 ppm and the peak at 3.37 ppm. These 

signals arise from the anomeric –OCH3 on the L and the D isomer, respectively. Only the 

spectral data of the major diastereomer is reported here. 1H NMR (400 MHz, chloroform-

d) δ 4.68 (d, J = 1.5 Hz, 1H, H1), 4.40 (dd, J = 10.9, 6.5 Hz, 1H, H4), 4.05 – 3.96 (m, 2H, 

H3 and H5), 3.92 (dd, J = 3.3, 1.5 Hz, 1H, H2), 3.45 (s, 3H), 3.25 (s, 3H), 3.22 (s, 3H), 

2.66 – 2.44 (m, 2H, H7), 2.28 – 2.07 (m, 2H, H6), 1.29 (s, 3H), 1.24 (s, 3H). Note: Signal 

for the OH is not observed. 13C NMR (101 MHz, chloroform-d) δ 119.9, 103.5 (C1), 

100.3, 99.9, 74.1 (C3/5), 70.2 (C2), 63.7 (C3/4/5), 63.7 (C3/4/5), 56.9, 48.2, 48.1, 26.8 

(C6), 17.8, 17.8, 14.8 (C7). HRMS (ESI+) Calcd. for C15H25NO7Na ([M + Na]+): 

354.1523, found: 354.1522.  

Alternative procedure: 

Following general procedure B, a 4 ml vial was charged with 17 (141 mg, 0.302 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (8.3 mg, 9.6 μmol, 0.030 eq), Hantzsch ester (115 mg, 0.45 mmol, 

1.5 eq), and dry THF (1 ml). After purging with nitrogen, acrylonitrile (24 μL, 0.36 mmol, 

1.2 eq) was added. After irradiation for 15 h, the mixture was directly coated onto celite. 

Subsequent purification was performed by automated flash chromatography on a 12 g 

silica cartridge with EtOAc/heptane (linear gradient: 0% to 50% EtOAc in 13 CV, with 

18 started to elute at the 13th CV) to afford product 18 (80.8 mg, 81% yield) as a hard 

wax, which is a 11:1 mixture of diastereomers. Double addition of acrylonitrile was also 

found in this mixture (9.6 mg, 8% yield) and the spectral data are reported below. 

 
2-(((2S,3S,4aR,5S,7S,8S,8aR)-8-hydroxy-2,3,7-trimethoxy-2,3-dimethylhexahydro-

5H-pyrano[3,4-b][1,4]dioxin-5-yl)methyl)pentanedinitrile (18s): 
1H NMR (400 MHz, chloroform-d) δ 4.70 (d, J = 1.5 Hz, 1H, H1), 4.44 (dd, J = 10.9, 6.5 

Hz, 1H, H4), 4.13 (q, J = 6.9 Hz, 1H, H5), 4.01 (dd, J = 10.9, 3.1 Hz, 1H, H3), 3.94 (dd, 

J = 3.1, 1.5 Hz, 1H, H2), 3.47 (s, 3H), 3.26 (s, 3H), 3.24 (s, 3H), 3.17 – 3.10 (m, 1H, H7), 

2.72 – 2.49 (m, 2H, H9), 2.26 – 2.12 (m, 2H, H6), 2.05 (dtd, J = 13.2, 8.2, 5.3 Hz, 1H, 

H8a), 1.93 (dddd, J = 13.7, 9.8, 7.8, 5.6 Hz, 1H, H8b), 1.30 (s, 3H), 1.26 (s, 3H). Note: 

Signal for the OH is not observed. 13C NMR (101 MHz, chloroform-d) δ 120.6, 117.9, 

103.3 (C1), 100.2, 99.9, 71.9 (C5), 70.0 (C2), 63.8 (C4), 63.5 (C3), 56.8, 48.2, 48.1, 33.3 

(C6), 28.2 (C7), 28.0 (C8), 17.7, 17.6, 15.3 (C9). HRMS (ESI+) Calcd. for 

C18H28N2O7Na ([M + Na]+): 407.1789, found: 407.1792. 
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3-((2S,3S,4S,5S,6S)-3,4,5-trihydroxy-6-methoxytetrahydro-2H-pyran-2-

yl)propanenitrile (25): 

A 20 ml glass vial was charged with 18 (69.6 mg, 0.210 mmol, 1.0 eq). A 9:1 v/v mixture 

of TFA/water (1 ml) was added and the solution was stirred for 2 min, at which TLC 

showed complete consumption of the starting material, and a strong odor of 2,3-butadione 

leaked from the vial. The solution was concentrated and co-evaporated with toluene (3x) 

to remove residual TFA. The crude mixture was purified by silica gel column 

chromatography in pure EtOAc to afford 25 (44.5 mg, 98% yield) as hard wax. Multiple 

peaks of the minor diastereomer (d-) are visible on 1H-NMR. The diastereomeric ratio 

was confirmed to be 11:1, which corresponds to the diastereomeric ratio obtained in 18. 

Major: 1H NMR (400 MHz, chloroform-d) δ 4.49 (d, J = 8.2 Hz, 1H, H1), 3.95 (t, J = 

3.4 Hz, 1H,H3 overlap), 3.92 (dd, J = 3.7, 1.3 Hz, 1H, H5 overlap), 3.57 (dd, J = 8.2, 3.4 

Hz, 1H, H2), 3.54 (dd, J = 3.8, 1.2 Hz, 1H, H4), 3.51 (s, 3H), 2.59 (dd, J = 7.8, 6.5 Hz, 

2H, H7), 2.08 (ddt, J = 13.9, 10.2, 6.5 Hz, 1H, H6a), 1.78 (dtd, J = 14.1, 7.9, 3.7 Hz, 1H, 

H6b). Note: Signal for the OH is not observed.  13C NMR (101 MHz, chloroform-d) δ 

121.0, 103.4 (C1), 73.2 (C3), 72.6 (C4/5), 72.5 (C4/5), 69.6 (C2), 57.0, 27.5 (C6), 14.4 

(C7). HRMS (ESI+) Calcd. for C9H15NO5Na ([M + Na]+): 240.0842, found: 240.0843.  

Minor: 1H NMR (400 MHz, chloroform-d) δ 4.61 (d, J = 1.7 Hz, 1H, H1), 3.78 (dd, J = 

3.5, 1.7 Hz, 1H, H2), 3.63 (dd, J = 9.3, 3.4 Hz, 1H, H3), 3.43 (t, J = 9.4 Hz, 1H, H4), 2.21 

(dtd, J = 13.9, 8.1, 2.6 Hz, 1H, H6a). No full characterization is possible for the minor 

product in the mixture. 

 

Optimization of the synthesis of 18 

General procedure B was followed, and the reactions were carried out at 0.3 mmol scale 

(see the reported synthesis of 18 above.) The equivalence of all components and the 

resulting isolated yield were shown below. 

NHP-ester 

(eq.) 

Ru(bpy)3(PF6)2 

(eq.) 

Acrylonitrile 

(eq.) 

Hantzsch 

ester (eq.) 
Yield (%) 

1.0 0.3 

1.4 1.1 78 

1.2 1.5 81 

1.2 1.1 77 

Since all of the yields were comparable, the experiment with the least amount of material 

was set as the benchmark. 
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methyl 3-((2S,3S,4aR,5S,7S,8S,8aR)-8-hydroxy-2,3,7-trimethoxy-2,3-

dimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxin-5-yl)propanoate (19) 

Following general procedure B, a 4 ml vial was charged with 17 (139 mg, 0.297 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (7.3 mg, 8.5 μmol, 0.029 eq), Hantzsch ester (83.1 mg, 0.328 

mmol, 1.1 eq), and dry THF (1 ml). After purging with nitrogen, methyl acrylate (32 μL, 

0.36 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was coated onto 

celite. Subsequent purification was performed by automated flash chromatography on a 

12 g silica cartridge with EtOAc/heptane (linear gradient: 0% to 25% EtOAc in 20 min, 

with 19 started to elute at 23% EtOAc) to afford product 19 (80.8 mg, 74% yield, adjusted 

for 1.8 mg phthalimide) as hard wax, which is a 5.5:1 mixture of diastereomers. Only the 

spectral data of the major diastereomer are reported here. 1H NMR (400 MHz, 

chloroform-d) δ 4.67 (d, J = 1.4 Hz, 1H, H1), 4.35 (dd, J = 10.9, 6.6 Hz, 1H, H4), 4.02 

(dd, J = 10.9, 3.1 Hz, 1H, H3), 3.96 – 3.86 (m, 2H, H2 and H5), 3.66 (s, 3H), 3.44 (s, 

3H), 3.23 (s, 3H), 3.20 (s, 3H), 2.58 (ddd, J = 15.7, 9.5, 6.1 Hz, 1H, H6a), 2.42 (ddd, J = 

16.0, 9.4, 6.9 Hz, 1H, H6b), 2.11 (ddt, J = 11.2, 9.1, 4.2 Hz, 2H, H7), 1.28 (s, 3H), 1.23 

(s, 3H). Note: Signal for the OH is not observed. 13C NMR (101 MHz, chloroform-d) δ 

174.2, 103.4 (C1), 100.2, 99.8, 75.3 (C2/5), 70.4 (C2/5), 63.9 (C3 and C4 overlap), 56.7, 

51.6, 48.1, 47.9, 31.8 (C6), 25.7 (C7), 17.8, 17.8. HRMS (ESI+) Calcd. for C16H28O9Na 

([M + Na]+): 387.1626, found: 387.1625.  

 
3-((2S,3S,4aR,5S,7R,8S,8aR)-8-hydroxy-2,3-dimethoxy-2,3-dimethyl-7-(p-

tolylthio)hexahydro-5H-pyrano[3,4-b][1,4]dioxin-5-yl)propanenitrile (20) 

Following general procedure B, a 4 ml vial was charged with 46 (170 mg, 0.304 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (7.7 mg, 9.0 μmol, 0.031 eq), Hantzsch ester (84.0 mg, 0.332 

mmol, 1.1 eq), and dry THF (1 ml). After purging with nitrogen, acrylonitrile (24 μL, 

0.37 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was coated onto 

celite. Subsequent purification was performed by automated flash chromatography on a 

25 g silica cartridge with EtOAc/heptane (linear gradient: 0% to 20% EtOAc in 15 CV, 

then isocratic elution at 20% EtOAc, with 20 started to elute at the 17th CV). The pure 

fractions were combined to afford L-configured product 20 (62.1 mg, 48% yield) as hard 

wax. The D-configured isomer could not be isolated in a pure form. The diastereomeric 

ratio was determined by UPLC-MS (vide infra) to be 4.7 : 1 (l to d ratio). 1H NMR (400 

MHz, chloroform-d) δ 7.33 (dd, J = 8.2, 1.6 Hz, 2H), 7.14 (d, J = 7.4 Hz, 2H), 5.38 (d, J 
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= 2.0 Hz, 1H, H1), 4.43 (dd, J = 10.9, 7.0 Hz, 1H, H4), 4.20 (t, J = 1.9 Hz, 1H, H2), 4.18 

– 4.11 (m, 1H, H5), 4.05 (dd, J = 10.9, 2.2 Hz, 1H, H3), 3.29 (s, 3H), 3.22 (s, 3H), 2.84 

(s, 1H, OH), 2.57 – 2.33 (m, 3H, H6a and H7), 2.33 (s, 3H), 2.22 – 2.05 (m, 1H, H6b), 

1.32 (s, 3H), 1.26 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 137.5, 130.3, 130.2, 

119.8, 100.3, 99.9, 87.0 (C1), 75.2 (C5), 71.6 (C2), 64.6 (C3), 63.0 (C4), 48.2, 48.1, 25.7 

(C6), 21.2, 17.8, 17.7, 14.1 (C7). HRMS (ESI+) Calcd. for C21H29NO6SNa ([M + Na]+): 

446.1608, found: 446.1608. 

 
Following general procedure B, a 4 ml vial was charged with 17 (141 mg, 0.301 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (8.0 mg, 9.3 μmol, 0.031 eq), Hantzsch ester (84.2 mg, 0.332 

mmol, 1.1 eq), and dry THF (1 ml). After purging with nitrogen, diethyl vinylphosphonate 

(55 μL, 0.36 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was coated 

onto celite. Subsequent purification was performed by automated flash chromatography 

on a 12 g silica cartridge with acetone/heptane, (linear gradient: 0% to 50% acetone in 15 

CV, then isocratic elution at 50% acetone, with 21 started to elute at the 16th CV). The 

pure fractions were combined to afford product 21 (78.3 mg, 59% yield), contaminated 

with a small amount of a coeluting phosphorus containing compound, as a hard wax, 

which is a 4:1 mixture of diastereomers. Only the spectral data of the major diastereomer 

are reported here. 1H NMR (400 MHz, chloroform-d) δ 4.66 (d, J = 3.2 Hz, 1H, H1), 4.35 

(dd, J = 10.9, 6.5 Hz, 1H, H4), 4.08 (dqt, J = 9.7, 7.0, 3.1 Hz, 6H, Et), 4.00 (dd, J = 11.0, 

3.1 Hz, 1H, H3), 3.90 (q, J = 6.5 Hz, 2H, H2 and H5), 3.44 (s, 3H), 3.31 (s, 1H, minor 

diastereomer), 3.22 (s, 3H), 3.19 (s, 3H), 2.73 (s, 1H, OH), 2.22 – 1.94 (m, 3H, H6/H7), 

1.90 – 1.61 (m, 2H, H6/H7), 1.35 – 1.19 (m, 12H). Integrals are off due to overlapping 

minor diastereomer. 13C NMR (101 MHz, chloroform-d) δ 103.2 (C1), 100.0, 99.7, 76.10 

(d, J = 19.4 Hz, C5), 70.2 (C2), 63.8 (C4), 63.7 (C3), 61.43 (d, J = 6.7 Hz), 56.7, 48.0, 

47.8, 23.5 (d, J = 142.1 Hz, C7), 23.3 (d, J = 4.0 Hz, C6), 17.6, 16.4, 16.4. 31P NMR (162 

MHz, chloroform-d) δ 32.7. HRMS (ESI+) Calcd. for C18H35O10PNa ([M + Na]+): 

465.1860, found: 465.1861. 

 
3-((2S,3S,4aR,5S,7S,8aR)-2,3,7-trimethoxy-2,3-dimethylhexahydro-5H-pyrano[3,4-

b][1,4]dioxin-5-yl)propanenitrile (22) 

Following general procedure A, a 4 ml vial was charged with 37 (139 mg, 0.307 mmol, 

1.0 eq), Ru(bpy)3Cl2 (6.1 mg, 8.2 μmol, 0.031 eq), Hantzsch ester (87.1 mg, 0.344 mmol, 

1.1 eq), and 7:3 water/THF mixture (1 ml). After purging with nitrogen, acrylonitrile (24 
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μL, 0.37 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was transferred 

to a separatory funnel, diluted with EtOAc (20 ml) and washed with brine (10 ml). The 

organic layer was dried over MgSO4 and coated onto celite. Subsequent purification was 

performed by automated flash chromatography on a 12 g silica cartridge with 

Et2O/heptane (linear gradient: 0% to 40% EtOAc in 15 CV, with 22 started to elute at 

35% EtOAc) to afford product 22 (81.9 mg, 85% yield, adjusted for 5.8 mg phthalimide) 

as hard wax, which is a 5.5:1 mixture of diastereomers. Only the major diastereomer is 

reported here. 

Alternative procedure 

Following general procedure B, a 4 ml vial was charged with 37 (137 mg, 0.304 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (8.4 mg, 9.8 μmol, 0.029 eq), Hantzsch ester (118 mg, 0.465 

mmol, 1.5 eq), and dry THF (1 ml). After purging with nitrogen, acrylonitrile (24 μL, 

0.37 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was concentrated in 

vacuo and coated onto celite. Subsequent purification was performed by automated flash 

chromatography on a 12 g silica cartridge with EtOAc/heptane (linear gradient: 0% to 

40% EtOAc in 15 CV, with 22 started to elute at 35% EtOAc) to afford product 22 (85.6 

mg, 89% yield, adjusted for 4.4 mg phthalimide) as hard wax, which is a 5.5:1 mixture 

of diastereomers. Only the spectral data of the major diastereomer is reported here. 

OR 

Following general procedure B, a 4 ml vial was charged with 26 (181 mg, 0.307 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (8.4 mg, 9.7 μmol, 0.032 eq), Hantzsch ester (85.2 mg, 0.336 

mmol, 1.1 eq), and dry THF (1 ml). After purging with nitrogen, acrylonitrile (24 μL, 

0.37 mmol, 1.2 eq) was added. After irradiation for 15 h, the reaction mixture was filtered 

through a small pad of celite. the filtrate was concentrated in vacuo and coated onto celite. 

Subsequent purification was performed by automated flash chromatography on a 12 g 

silica cartridge with EtOAc/heptane (linear gradient: 0% to 40% EtOAc in 15 CV, with 

22 started to elute at 35% EtOAc) to afford product 22 (85.6 mg, 78% yield) as hard wax, 

which is a 5.5:1 mixture of diastereomers. Only the spectral data of the major 

diastereomer is reported here. 1H NMR (400 MHz, chloroform-d) δ 4.80 (dd, J = 4.3, 1.2 

Hz, 1H, H1), 4.09 (ddd, J = 12.1, 10.4, 4.7 Hz, 1H, H3), 3.95 (ddd, J = 9.2, 6.3, 4.9 Hz, 

1H, H5), 3.85 (dd, J = 10.3, 6.3 Hz, 1H, H4), 3.40 (s, 3H), 3.25 (s, 3H), 3.24 (s, 3H), 2.65 

– 2.44 (m, 2H, H7), 2.29 – 2.08 (m, 2H, H6), 2.01 (ddd, J = 12.7, 4.7, 1.2 Hz, 1H, H2eq), 

1.80 (td, J = 12.5, 4.3 Hz, 1H, H2ax), 1.28 (s, 3H), 1.26 (s, 3H). 13C NMR (101 MHz, 

chloroform-d) δ 119.9, 101.0 (C1), 100.0, 99.7, 73.9 (C5), 70.2 (C4), 60.4 (C3), 56.5, 

48.2, 48.1, 35.4 (C2), 26.8 (C6), 18.0, 17.8, 14.9 (C7). HRMS (ESI+) Calcd. for 

C15H25NO6Na ([M + Na]+): 338.1574, found: 338.1575.  
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3-((2R,3R,4aR,5S,7S,8S,8aS)-8-hydroxy-2,3,5-trimethoxy-2,3-dimethylhexahydro-

5H-pyrano[3,4-b][1,4]dioxin-7-yl)propanenitrile (23) 

Following general procedure B, a 4 ml vial was charged with 44 (143 mg, 0.305 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (8.0 mg, 9.3 μmol, 0.031 eq), Hantzsch ester (84.0 mg, 0.332 

mmol, 1.1 eq), and dry THF (1 ml). After purging with nitrogen, acrylonitrile (24 μL, 

0.37 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was coated onto 

celite. Subsequent purification was performed by automated flash chromatography on a 

12 g silica cartridge with  EtOAc/heptane (linear gradient: 0% to 50% EtOAc in 9 CV, 

then isocratic elution at 50% EtOAc, with 23 started to elute at the 10th CV) to afford 

product 23 (82.7 mg, 82% yield) as hard wax. 1H NMR (400 MHz, Chloroform-d) δ 4.78 

(d, J = 3.9 Hz, 1H, H1), 4.24 (dd, J = 10.8, 3.9 Hz, 1H, H2), 4.12 (dd, J = 10.8, 3.1 Hz, 

1H, H3), 3.98 (dd, J = 10.2, 4.9 Hz, 1H, H5), 3.90 (d, J = 3.1 Hz, 1H, H4), 3.48 (s, 3H), 

3.27 (s, 3H), 3.24 (s, 3H), 2.74 (s, 1H, OH), 2.58 (ddd, J = 17.0, 8.3, 5.4 Hz, 1H, H7a), 

2.46 (dt, J = 16.7, 8.0 Hz, 1H, H7b), 2.34 – 2.19 (m, 1H, H6a), 1.87 (dtd, J = 13.4, 8.0, 

4.9 Hz, 1H, H6b), 1.32 (s, 3H), 1.31 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 119.3, 

100.9 (C1), 100.4, 100.2, 77.5 (C5), 70.7 (C4), 64.6 (C2), 63.3 (C3), 57.2, 48.2, 48.1, 

30.1 (C6), 17.8, 17.8, 14.9 (C7). HRMS (ESI+) Calcd. for C15H25NO7Na ([M + Na]+): 

354.1523, found: 354.1522. 

 
N-((2S,3S,4aR,5S,7S,8R,8aR)-5-(2-cyanoethyl)-2,3,7-trimethoxy-2,3-

dimethylhexahydro-5H-pyrano[3,4-b][1,4]dioxin-8-yl)acetamide (24) 

Following general procedure B, a 4 ml vial was charged with 41 (153 mg, 0.301 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (7.8 mg, 9.1 μmol, 0.03 eq), Hantzsch ester (85.2 mg, 0.337 

mmol, 1.1 eq), and dry THF (1 ml). After purging with nitrogen, acrylonitrile (24 μL, 

0.36 mmol, 1.2 eq) was added. After irradiation for 15 h, the mixture was coated onto 

celite. Subsequent purification was performed by automated flash chromatography on a 

12 g silica cartridge with  acetone/toluene (linear gradient: 0% to 20% acetone in 5 CV, 

then isocratic elution at 20% acetone, with 23 started to elute at the 10th CV)  to afford 

product 24 (84.7 mg, 76% yield) as hard wax, which is a 5.5:1 mixture of diastereomers. 

Only the spectral data of the major diastereomer is reported here. 1H NMR (400 MHz, 

chloroform-d) δ 5.46 (d, J = 8.7 Hz, 1H, NH), 4.78 (d, J = 4.0 Hz, 1H, H1), 4.21 (ddd, J 

= 12.2, 8.6, 4.0 Hz, 1H, H2), 4.00 (dd, J = 10.0, 6.4 Hz, 1H, H4), 3.94 (dt, J = 9.0, 5.5 

Hz, 1H, H5), 3.83 (t, J = 10.6 Hz, 1H, H3), 3.45 (s, 3H), 3.23 (s, 3H), 3.22 (s, 3H), 2.66 



103 

 

– 2.41 (m, 2H, H7), 2.29 – 2.18 (m, 1H, H6a), 2.18 – 2.09 (m, 1H, H6b), 2.01 (s, 3H), 

1.27 (s, 3H), 1.25 (s, 3H). 13C NMR (101 MHz, chloroform-d) δ 170.1, 119.8, 100.9 (C1), 

99.9, 99.6, 73.6 (C5), 68.5 (C4), 63.4 (C3), 57.4, 51.5 (C2), 48.0, 48.0, 27.0 (C6), 23.5, 

17.9, 17.7, 14.8 (C7). HRMS (ESI+) Calcd. for C17H28N2O7Na ([M + Na]+): 395.1789, 

found: 395.1789.  

 

Procedures for synthesis of methyl-L-guloside 

 
Following general procedure C, a 4 ml vial was charged with 17 (187 mg, 0.399 mmol, 

1.0 eq), Ru(bpy)3(PF6)2 (8.0 mg, 11 μmol, 0.028 eq), Hantzsch ester (114 mg, 0.448 

mmol, 1.1 eq), and 7:3 THF/PBS buffer (pH=7.4, 0.1 M) (1.3 ml). After purging with 

nitrogen, ethyl cis-3-bromoacrylate (0.24 ml, 2.0 mmol, 5.0 eq) was added. After 

irradiation for 15 h, the mixture was diluted with EtOAc (20 ml) and water (15 ml) and 

transferred to a separatory funnel. The layers were separated, and the organic layer was 

washed with saturated sodium bicarbonate solution (1 ml) and brine (5 ml). Subsequent 

purification was performed by automated flash chromatography on a 25 g silica cartridge 

with EtOAc/pentane (isocratic elution at 20% EtOAc for 10 CV, then linear gradient to 

55% EtOAc for 10 CV, with 28 started to elute at 37% EtOAc) to afford product 28 as 

hard wax. Product 28 was obtained as a mixture of the D- and L- diastereomers, as well 

as E and Z double bond isomers. The E and Z diastereomers were partially separable. 

Analytical samples containing majorly the E-configured isomer (42.2 mg, 28%) and the 

Z-configured isomer (33.5 mg, 22%), as well as a mixed fraction containing the E- and 

Z- (29.6 mg, 20%) were obtained. The combined yield of all the isolated fractions is 70%. 

Spectral data of the analytical samples are reported below. Note: Since the configuration 

of the double bond is irrelevant in to following steps, all fractions were combined prior 

to deprotection and ozonolysis. 

28,E: 
1H NMR (400 MHz, chloroform-d) δ 7.19 (dd, J = 15.7, 8.3 Hz, 1H, H6), 6.13 (d, J = 

15.7, 1.0 Hz, 1H, H7), 4.71 (d, J = 1.4 Hz, 1H, H1), 4.48 (dd, J = 8.3, 6.4 Hz, 1H, H5), 

4.40 (dd, J = 10.8, 6.3 Hz, 1H, H4), 4.25 – 4.14 (m, 2H, Et), 4.13 (dd, J = 10.9, 3.3 Hz, 

1H, H3), 3.95 (dd, J = 3.4, 1.3 Hz, 1H, H2), 3.33 (s, 3H), 3.25 (s, 3H), 3.22 (s, 3H), 1.32 

– 1.26 (m, 6H), 1.23 (s, 3H). Note: Signal for the OH is not observed. 13C NMR (101 

MHz, chloroform-d) δ 166.4, 144.4 (C6), 125.3 (C7), 102.5 (C1), 100.3, 100.1, 73.8 (C5), 

70.1 (C2), 69.7, 64.1 (C3), 63.9 (C4), 60.5, 55.7, 48.2, 48.0, 17.8, 17.8, 14.4. HRMS 

(ESI+) Calcd. for C17H29O9Na ([M + Na]+): 399.1625, found: 399.1623. 

28,Z: 
1H NMR (400 MHz, chloroform-d) δ 6.63 (dd, J = 11.7, 9.4 Hz, 1H, H6), 5.95 (dd, J = 

11.7, 1.2 Hz, 1H, H7), 5.66 (dd, J = 9.2, 6.9 Hz, 1H, H5), 4.72 (d, J = 1.5 Hz, 1H, H1), 

4.41 (dd, J = 10.9, 6.5 Hz, 1H, H4)), 4.19 (q, J = 7.2 Hz, 2H), 4.13 (dd, J = 10.8, 3.2 Hz, 
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1H, H3), 3.95 (dd, J = 3.2, 1.5 Hz, 1H, H2), 3.29 (s, 3H), 3.26 (s, 3H), 3.23 (s, 3H), 1.32 

– 1.21 (m, 6H, integral off due to overlapping minor diastereomer and grease), 1.22 (s, 

3H). Note: Signal for the OH is not observed. 13C NMR (101 MHz, chloroform-d) δ 

165.7, 143.9 (C6), 123.7 (C7), 102.4 (C1), 100.5, 100.0, 70.1 (C2), 68.0 (C5), 63.9 (C3), 

63.7 (C4), 60.3, 55.8, 48.2, 48.0, 17.8, 17.8, 14.4. HRMS (ESI+) Calcd. for C17H28O9Na 

([M + Na]+): 399.1626, found: 399.1626. 

 
A 20 ml glass vial was charged with the 28 (80.3 mg, 0.213 mmol, 1.0 eq). A 9:1 mixture 

of TFA/water (1 ml) was added and the solution was stirred for 2 min, at which TLC 

showed complete consumption of starting material, and a strong odor of 2,3-butadione 

leaked from the vial. The solution was concentrated and co-evaporated with toluene (3x) 

to remove residual TFA. The entire crude product was carried onto the next step without 

further purification.  

 
The crude product from the previous step (0.213 mmol, 1 eq) was dissolved in DCM (5 

ml) and added to a 20 ml glass vial equipped with a magnetic stir bar. The solution was 

cooled to -78 oC with an acetone/liquid nitrogen bath. A steady stream of oxygen/ozone 

(amount of ozone delivered: 3 g / h) was bubbled into the solution while stirring. After 5 

min, the solution turned cloudy, and TLC showed complete consumption of the starting 

material. To ensure that residual starting material was entirely consumed, another stream 

of oxygen/ozone was delivered for another 5 min, after which a stream of nitrogen was 

delivered for 5 min. Dimethylsulfide (78 μL, 1.1 mmol, 5.0 eq) was subsequently added 

and the reaction mixtures was allowed to warm to room temperature over 1 h. A freshly 

prepared solution of sodium borohydride (66 mg, 1.7 mmol, 8.2 eq) in MeOH (2 ml) was 

added. The solution turned clear after 1 min, and the solution was stirred overnight. The 

solution was subsequently concentrated in vacuo and coated onto celite. Subsequent 

purification was performed by automated flash chromatography on a 12 g diol-coated 

silica cartridge with MeOH/DCM (linear gradient: 0% to 100% MeOH in 30 min, with 

29 started to elute at 40% MeOH) to afford product 29 (24.3 mg, 59% yield over 2 steps) 

as a hard wax, which is a 9:1 mixture of diastereomers. Only the spectral data of the major 

diastereomer are reported here.  
1H NMR (400 MHz, methanol-d4) δ 4.50 (d, J = 8.1 Hz, 1H, H1), 3.94 (t, J = 3.5 Hz, 1H, 

H3), 3.92 – 3.86 (m, 1H, H4), 3.78 – 3.70 (m, 3H, H5 and H6), 3.60 (dd, J = 8.1, 3.4 Hz, 

1H, H2), 3.52 (s, 3H). Peak at δ 4.55 (d, J = 2.9 Hz) arises from the H1 of the minor 

diastereomer. 13C NMR (101 MHz, methanol-d4) δ 102.0 (C1), 73.6 (C4), 71.7 (C3), 69.8 
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(C5), 68.3 (C2), 61.2 (C6), 55.6.  
1H NMR (400 MHz, deuterium oxide) δ 4.47 (d, J = 8.4 Hz, 1H, H1), 3.92 (t, J = 3.6 Hz, 

1H, H3), 3.85 (ddd, J = 7.4, 5.0, 1.3 Hz, 1H, H5), 3.69 – 3.66 (m, 1H, H4), 3.63 (dd, J = 

6.1, 5.1 Hz, 2H, H6), 3.51 (dd, J = 8.4, 3.5 Hz, 1H, H2), 3.43 (s, 3H). 13C NMR (101 

MHz, deuterium oxide) δ 102.6 (C1), 75.0 (C5), 72.2 (C3), 70.5 (C4), 69.2 (C2), 62.1 

(C6), 58.1. 13C NMR is in full agreement with previously reported spectrum.[54] 

HRMS (ESI+) Calcd. for C7H14O6Na ([M + Na]+): 217.0683, found: 217.0683. 

 
An analytical sample of 29 was peracetylated to acquire the following spectrum. (29’ ) 
1H NMR (600 MHz, chloroform-d) δ 5.33 (t, J = 3.8 Hz, 1H, H3), 4.93 (dd, J = 8.1, 3.4 

Hz, 1H, H2), 4.91 (dd, J = 4.1, 1.6 Hz, 1H, H4), 4.63 (d, J = 8.1 Hz, 1H, H1), 4.17 (td, J 

= 6.5, 1.7 Hz, 1H, H5), 4.11 (dd, J = 6.5, 2.5 Hz, 2H, H6), 3.46 (s, 3H), 2.08 (s, 3H), 2.08 

(s, 3H), 2.00 (s, 3H), 1.96 (s, 3H). 13C NMR (151 MHz, chloroform-d) δ 170.5, 169.6, 

169.5, 169.0, 99.4 (C1), 70.4 (C5), 68.4 (C2), 67.8 (C4), 67.6 (C3), 61.9 (C6), 56.7, 20.8, 

20.7. Acyl signals are overlapping at ~20 ppm. HRMS (ESI+) Calcd. for C15H22O10Na 

([M + Na]+): 385.1105, found: 385.1100. 

 

Addition product with imine as somophile 

The procedure of Wang et al. was used.[26] 

 
To a 4 ml vial equipped with a stir bar with septum, was added 26 (59.4 mg, 0.101 mmol, 

1.0 eq), ethyl (E)-2-((4-fluorophenyl)imino)acetate (30.0 mg, 0.154 mmol, 1.5 eq), 

iPr2NEt•HBF4 (21.9 mg, 0.101 mmol, 1.0 eq), and Hantzsch ester (38.9 mg, 0.154 mmol, 

1.5 eq). The vial was evacuated and back-filled with nitrogen (three times). Then, 

degassed acetonitrile (2 mL, FPT 3 cycles) was added using a syringe under nitrogen. 

The solution was then stirred at room temperature under the irradiation of two 34 W 

Kessil Blue LEDs for 12 h using a fan to cool the tube. After completion of the reaction, 

solids were filtered off through a small pad of celite and the celite was rinsed with DCM. 

The combined filtrates were concentrated and coated onto celite. Subsequent purification 

was performed by automated flash chromatography on a 40 g silica cartridge with 

Et2O/heptane (linear gradient: 0% to 20% Et2O in 13 CV, then isocratic elution at 20% 

Et2O, with 27a starting to elute at 16th CV and 27b right after) to afford diastereomers 

27a and 27b (19.4 mg and 12.7 mg, 70% yield), with the second diastereomer moderately 

pure, as hard wax.  
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Alternative procedure: 

To a 4 ml vial equipped with a stir bar with PIFA septum, was added 26 (117 mg, 0.198 

mmol, 1.0 eq), Ru(bpy)3(PF6)2 (5.5 mg, 11 μmol, 0.028 eq), ethyl (E)-2-((4-

fluorophenyl)imino)acetate (49.1 mg, 0.252 mmol, 1.3 eq), iPr2NEt•HBF4 (43.6 mg, 

0.201 mmol, 1.0 eq), and Hantzsch ester (55.5 mg, 0.219 mmol, 1.1 eq). The vial was 

evacuated and back-filled with nitrogen (three times). Then, degassed acetonitrile (2 mL, 

FPT 3 cycles) was added using a syringe under nitrogen. The solution was then stirred at 

room temperature under the irradiation of two 34 W Kessil Blue LEDs for 12 h using a 

fan to cool the tube. After completion of the reaction, solids were filtered off through a 

small pad of celite and the celite was rinsed with DCM. The combined filtrates were 

concentrated and coated onto celite. Subsequent purification was performed by automated 

flash chromatography on a 40 g silica cartridge with Et2O/heptane (linear gradient: 0% to 

20% Et2O in 13 CV, then isocratic elution at 20% Et2O, with 27a starting to elute at 16th 

CV and 27b right after) to afford diastereomers 27a and 27b (26.6 mg and 22.9 mg, 55% 

yield), with the second diastereomer moderately pure, as hard wax.  

Diastereomer 1: 
1H NMR (400 MHz, chloroform-d) δ 6.94 – 6.73 (m, 2H), 6.63 (dt, J = 8.6, 2.8 Hz, 2H), 

4.82 (d, J = 3.4 Hz, 1H, H1), 4.30 (d, J = 2.8 Hz, 1H, H6), 4.28 – 4.18 (m, 2H, Et), 4.09 

(ddd, J = 25.2, 10.1, 3.5 Hz, 2H, H3 and H5), 3.81 (t, J = 9.7 Hz, 1H, H4), 3.32 (s, 3H), 

3.32 (s, 3H), 3.26 (s, 3H), 1.95 (dd, J = 12.7, 4.7 Hz, 1H, H2eq), 1.74 (td, J = 12.5, 3.4 

Hz, 1H, H2ax), 1.32 (d, J = 1.2 Hz, 3H), 1.30 (d, J = 1.1 Hz, 3H), 1.26 (t, J = 7.1 Hz, 3H). 

Note: Signal for the NH is not observed. 13C NMR (101 MHz, Chloroform-d) δ 170.8, 

157.6, 143.4, 115.8 (d, J = 22.4 Hz), 114.9 (d, J = 7.6 Hz), 100.2, 100.0, 98.9 (C1), 71.5 

(C5), 69.6 (C4), 65.1 (C3), 61.6, 58.0 (C6), 55.0, 48.5, 48.2, 34.5 (C2), 18.1, 17.9, 14.5. 
19F NMR (376 MHz, chloroform-d) δ -127.01 (tt, J = 8.8, 4.4 Hz). HRMS (ESI+) Calcd. 

for C22H32FNO8Na ([M + Na]+): 480.2004, found: 480.1994. 

Diastereomer 2 (moderately pure): 
1H NMR (400 MHz, chloroform-d) δ 6.98 – 6.72 (m, 2H), 6.56 (ddd, J = 8.9, 4.3, 1.4 Hz, 

2H), 4.85 (d, J = 3.4 Hz, 1H), 4.40 (d, J = 11.5 Hz, 1H, H6), 4.34 – 4.26 (m, 1H, H5), 

4.22 – 4.10 (m, 3H, H3 and Et), 3.85 (dd, J = 10.5, 9.2 Hz, 1H, H4), 3.29 (s, 3H), 3.24 (s, 

3H), 2.98 (s, 3H), 2.01 (dd, J = 12.8, 5.0 Hz, 1H, H2eq), 1.81 (td, J = 12.6, 3.9 Hz, 1H, 

H2ax), 1.29 (s, 3H), 1.28 (s, 3H), 1.27 – 1.20 (m, 3H). Note: Signal for the NH is not 

observed. 13C NMR (101 MHz, chloroform-d) δ 172.2, 155.0, 143.5, 115.7 (d, J = 22.4 

Hz), 114.5 (d, J = 7.4 Hz), 100.1, 99.9, 98.9 (C1), 70.6 (C5), 67.9 (C4), 64.8 (C3), 61.3, 

55.2 (C6), 54.5, 48.1, 47.9, 34.6 (C2), 17.8, 17.8, 14.2. 19F NMR (376 MHz, chloroform-

d) δ -127.07 (tt, J = 8.8, 4.4 Hz). HRMS (ESI+) Calcd. for C22H32FNO8Na ([M + Na]+): 

480.2004, found: 480.1998. 
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Scaling up procedure 

 
Following general procedure B, a 10 ml round bottom flask equipped with a stirring bar 

with a septum was charged with 17 (521 mg, 1.12 mmol, 1.0 eq), Ru(bpy)3(PF6)2 (29.3 

mg, 0.034 mmol, 0.031 eq), Hantzsch ester (312 mg, 1.23 mmol, 1.1 eq), and dry THF (4 

ml). After purging with nitrogen, acrylonitrile (88 μL, 1.3 mmol, 1.2 eq) was added. After 

irradiation for 15 h, the mixture was concentrated in vacuo and coated onto celite. 

Subsequent purification was performed by automated flash chromatography on a 12 g 

silica cartridge with EtOAc/heptane (linear gradient: 0% to 50% EtOAc in 13 CV, with 

18 started to elute at the 13th CV) to afford product 18 (297 mg, 80% yield) as hard wax, 

which is a 11:1 mixture of diastereomers. The analytical data were in full accord with 

those reported above. 

 

Computational data 

Density functional theory (DFT) calculations were carried out with the Amsterdam 

Density Functional (ADF) program.[55] The functional BLYP[56-57] in combination with 

TZ2P basis was employed for all the elements. The TZ2P basis set is a large uncontracted 

set of Slater-type orbitals (STOs) of triple-z quality and has been augmented with two 

sets of polarization functions on each atom that is, 2p and 3d on H, and 3d and 4f on C 

and O. The frozen core approximation was adopted for the core electrons: up to 1s for C 

and O. An auxiliary set of s, p, d, f, and g STOs was used to fit the molecular density and 

to represent the Coulomb and exchange potentials accurately in each SCF cycle. 

Dispersion corrections were included employing the D3 scheme with the Becke–Johnson 

damping [D3(BJ)] developed by Grimme et al.[58] Scalar relativistic effects were 

accounted for through the zeroth-order regular approximation (ZORA).[59] This level of 

theory is referred to as ZORA-BLYP-D3(BJ)/TZ2P. All energies and geometries 

correspond to the neutral, doublet ground state with unrestricted spin. Frequency 

calculations were employed to confirm the nature of the stationary points. Each SCF cycle 

converges within 10-8 Hartree, and the final geometry converges with a maximum 

gradient of 10-5 Hartree/Å.  

For the following structures, no imaginary frequencies were found, confirming that they 

are all local minimums on the potential energy surface. 
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BDA-mannosyl radical: 

 

  

Top view Side view 

 

E = -5070.43       kcal/mol 

O        -0.917432   -1.747169    0.234151 

C         0.860341   -0.281135    1.267979 

C        -0.690305   -0.519559    0.973186 

C         0.020206   -2.085513   -0.811969 

C         1.447724   -1.968603   -0.303445 

O         1.678258   -0.605499    0.121706 

O         2.163361   -3.609917   -1.953599 

O         1.162926   -1.162475    2.361695 

C         1.174377    1.176926    1.601471 

O        -1.270304    0.613758    0.322537 

C        -1.509791   -0.674176    2.254407 

H        -0.107886   -1.433595   -1.681002 

C        -0.251845   -3.524810   -1.251979 

C         2.406362   -2.377930   -1.369773 

H         1.554944   -2.630566    0.572163 

C         1.193315   -3.642267   -4.659577 

C         0.785566   -3.920968   -2.321317 

H         0.809414   -5.011103   -2.452113 

H        -1.246148   -3.589340   -1.717079 

O        -0.143993   -4.453243   -0.162082 
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H         3.466236   -2.149929   -1.299980 

O         0.410961   -3.260743   -3.508797 

H         0.739705   -3.137773   -5.515438 

H         1.155519   -4.731655   -4.808499 

H         2.236562   -3.326113   -4.547983 

H        -0.623383   -4.047090    0.584503 

C         2.531520   -1.161934    2.814773 

C        -0.920661    0.921346   -1.041860 

H         3.232162   -1.194813    1.972205 

H         2.644144   -2.065483    3.419165 

H         2.747824   -0.283187    3.436224 

H         0.160254    0.884768   -1.216839 

H        -1.284997    1.938297   -1.212910 

H        -1.429459    0.241947   -1.736712 

H        -1.160053   -1.531459    2.828504 

H        -2.555503   -0.813112    1.966562 

H        -1.429223    0.227374    2.866966 

H         2.246117    1.285201    1.787399 

H         0.620926    1.484879    2.492216 

H         0.901035    1.832843    0.775084  
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BDA-galactosyl radical 

 

  

Top view Side view 

 

E = -5070.50       kcal/mol 

C        -1.844599    1.233051    0.401876 

C        -0.667767    3.327757    0.525189 

O        -1.912578    2.660197    0.222083 

C        -0.730603    0.632368   -0.442188 

O         0.528046    1.249883   -0.115521 

C         0.519117    2.674834   -0.291129 

H        -1.671065    1.012134    1.465455 

O        -0.315198    3.123043    1.897418 

C        -0.903870    4.796340    0.176408 

H        -3.892195    2.951031   -1.316950 

C        -4.394396    2.010133   -1.567327 

H        -0.968251    0.807568   -1.498833 

C        -0.663015   -0.886223   -0.211104 

H        -5.308163    1.903958   -0.962667 

H        -4.659737    1.998815   -2.627194 

O         0.238711    3.022447   -1.656198 

C         1.895151    3.150854    0.173577 

C        -3.194042    0.624358   -0.011809 

C        -2.033176   -1.464139   -0.353750 
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O        -3.139700   -0.805699    0.168298 

O        -3.518360    0.883080   -1.365584 

H        -4.001694    0.965961    0.649808 

H         0.010280   -1.340617   -0.945629 

O        -0.043537   -1.246472    1.072748 

H        -2.184947   -2.538405   -0.370936 

H        -0.669280   -1.021034    1.783821 

C        -1.241950    3.641040    2.868406 

C         1.173273    2.523036   -2.630425 

H        -0.042593    5.398598    0.478694 

H        -1.794229    5.161550    0.695689 

H        -1.054673    4.898134   -0.898539 

H        -0.958431    3.187169    3.821347 

H        -2.275276    3.365057    2.623564 

H        -1.168845    4.733417    2.954675 

H         2.672776    2.606149   -0.368568 

H         2.010986    2.955785    1.239957 

H         2.009790    4.221959   -0.015971 

H         2.104138    3.105912   -2.631437 

H         0.680154    2.632617   -3.599712 

H         1.407229    1.466187   -2.455052 
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BDA-2-deoxyglucosyl radical 

 

  

Top view Side view 

 

E = -4923.83       kcal/mol 

O        -0.842864   -1.818068    0.158630 

C         0.825762   -0.312596    1.306755 

C        -0.695165   -0.591751    0.908884 

C         0.158341   -2.111480   -0.838866 

C         1.552764   -1.958259   -0.254838 

O         1.727947   -0.602516    0.214216 

O         2.403881   -3.489558   -1.971394 

O         1.083665   -1.196733    2.409920 

C         1.078658    1.150093    1.671278 

O        -1.261243    0.538920    0.231586 

C        -1.589975   -0.770489    2.136381 

H         0.060400   -1.433337   -1.691390 

C         0.003772   -3.546393   -1.327491 

C         2.580646   -2.299333   -1.280870 

H         1.628633   -2.638041    0.615765 

C        -0.080472   -3.717984   -4.501105 

C         1.073035   -3.821973   -2.402628 

H         1.126787   -4.892544   -2.644718 

H        -0.992552   -3.711621   -1.752520 

H         0.130992   -4.245989   -0.492048 

H         3.629324   -2.054566   -1.143813 

O         0.826226   -3.072586   -3.596585 

H        -0.115496   -3.096056   -5.398652 
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H        -1.095077   -3.798783   -4.081897 

H         0.277487   -4.724873   -4.768458 

H         0.835708    1.806339    0.835793 

C         2.413248   -1.148086    2.962400 

C        -0.833106    0.874528   -1.102175 

H         3.175344   -1.144291    2.173896 

H         2.516949   -2.053092    3.566616 

H         2.549384   -0.268971    3.605984 

H         0.257210    0.864223   -1.210125 

H        -1.208224    1.886231   -1.282939 

H        -1.280736    0.195687   -1.838960 

H        -1.262360   -1.629106    2.721136 

H        -2.612946   -0.924884    1.782363 

H        -1.563672    0.126489    2.760420 

H         2.134020    1.286993    1.921188 

H         0.464781    1.433375    2.530054 
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UPLC-MS data 

UPLC method 

For compounds of which the diastereomeric (or D:L) ratio could not be determined by 

NMR, UPLC-MS was used. All UPLC-MS were performed using a Thermo Fischer 

Vanquish UPLC system in combination with Thermo Fischer LCQ Fleet Mass 

Spectrometer System. Separation of diastereomers could be achieved using an 

ACQUITY UPLC BEH C8 1.7 μm column, of the dimension 2.1  150 mm, using a 

gradient as shown in the following graph. 

Graph 1. UPLC solvent gradient used in the determination of diastereomeric (or D:L) ratio. 

 

Solvent base (solvent A): water 

Solvent B: acetonitrile with 1% formic acid 
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Determination of D:L ratio of compound 20 

Graph 2. Zoomed-in chromatograms related to compound 20. All chromatograms are displayed 

with UV trace at 254 nm. Top: Crude product mixture. Middle: Purified 20, L- diastereomer. 

Bottom: Impure fraction containing other glycosides, including D- diastereomer. 
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Graph 3. Top 3 rows: Full chromatogram of related to compound 20, total ion count 

(TIC) trace. Please note the ~0.12 min delay in retention times between TIC and UV 

trace is caused by the void volume between the UV detector and the mass spectrometer. 

Bottom 3 rows: Mass spectrum of selected peaks. 
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Graph 4. Zoomed in chromatogram of crude product mixture of 20, with integration for 

calculating D:L ratio. Top: Total ion count (TIC) trace. Bottom: UV trace at 254 nm. Please note 

the ~0.12 min delay in retention times between TIC and UV trace is caused by the void volume 

between the UV detector and the mass spectrometer. 

 

Calculation: 

2 peaks centered around 12.99 min and 13.06 min in the UV trace were integrated. 

Area of peak around 12:99 min (D- product) = 159731 units 

Area of peak around 13.06 min (L- product) = 755730 units 

D:L ratio = 1:4.7 
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HPLC trace of compound 27 

Spiking experiment 

To minimize the fluctuation in retention time due to the varying pH in each sample, a 

part of the crude sample was spiked with the major and the minor diastereomer 

respectively. The results were shown below. In the following runs, the retention time of 

both the major and the minor diastereomers were consistent. 

Graph 5. Zoomed-in chromatograms related to compound 27. All chromatograms are displayed 

with UV trace at 254 nm. Top: Crude product mixture. Middle: Crude product mixture spiked 

with isolated product 27a. Bottom: Crude product mixture spiked with impure fractions 

containing 27b. 
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talosaminuronic acid to the synthesis of 

N-acetyl-L-gulosamine via double 

epimerization 
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Introduction 

The initial aim of this project was to synthesize N-acetyl-L-talosaminuronic acid 1 (Figure 

1), a compound present in the cell wall of certain methanogenic archaea, which belong to 

the family of gram-positive methanobacteriaceae.[1] These particular archaea are able to 

convert carbon dioxide and hydrogen to methane. In the cell wall of these archaea, the N-

acetyl-L-talosaminuronic acid together with N-acetyl-D-glucosamine are linked via a β 

(1→3) glycosidic bond. This particular peptidoglycan is characteristic for pseudomureins; 

whereas mureins are linked via a β (1→4) glycosidic bond and are cleavable by 

lysozymes, pseudomureins are not cleavable by lysozymes.  

Figure 1. Structure of N-acetyl-L-talosaminuronic acid 1 and its conceptual retrosynthetic analysis 
 

The most challenging part of the synthesis of 1 is its unusual stereochemistry. To 

synthesize L-configured monosaccharides (hexoses in particular), the most common route 

is functional group transformation in L-monosaccharides, such as L-rhamnose and L-

fucose, which are abundant in nature, commercially available, and reasonably priced.[2] 

However, there are no obvious candidates for L-talosamine or L-talosaminuronic acid. 

The best approach so far has been a bottom-up synthesis from protected L-glyceraldehyde 

4 (derived from L-ascorbic acid) and enantiopure hydroxyl aminosulfone 5 (derived from 

L-serine, commercially available) by the group of Potier,[3] in which the correct 

stereochemistry at C2 and C5 is already set (Figure 2).[4] Subsequent Julia olefination to 

6 and dihydroxylation of the C=C double bond results eventually in L-taloside 7. This 

approach is very versatile for L-aminoglycosides in general due to the possibility for 

functionalization of the C=C π-bond, but the drawback is that the number of synthetic 

steps going from 6 to 7 depends on the desired stereochemistry on C3 and C4. Syn-diols 

(threo-diols) can be installed in one step stereoselectively via asymmetric dihydroxylation. 

For L-talosides, this strategy requires additional steps due to the erythro stereochemistry 

of C3 and C4. To this end, an asymmetric epoxidation is carried out on the C=C double 

bond. Subsequent regioselective opening of the epoxide furnishes the 1,2-vicinal diol 

with the desired stereochemistry. These two steps thus become a hurdle when the desired 
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stereochemistry is erythro, further diminishing the utility of the synthesis towards an N-

acetyl-L-talosamine derivative. 

Figure 2. Bottom-up synthesis of L-amino sugars.  

 

In an alternative approach, we scrutinized the structure of 1 and considered it the C3 and 

C5 epimer of N-acetyl glucosaminuronic acid 2, which is one oxidation step away from 

low-cost N-acetyl-D-glucosamine 3 (Figure 1). This is important, because both 

epimerization reactions are possible with synthetic methodology developed in our group. 

The epimerization at C3 can be realized via site-selective palladium catalyzed oxidation 

and subsequent reduction, which is highly adaptive to different monosaccharides and 

oligosaccharides.[5-7] In particular the C3 inversion of N-acetyl glucosaminosides has been 

reported by our group with excellent yield and selectivity.[8] The epimerization at C5 has 

been discussed in chapter 4 and shown to be useful in synthesizing L-configured 

monosaccharides.[9] As both strategies require minimal protecting group manipulations, 

target 1 may be reached within a limited number of synthetic steps. We aimed therefore 

to prepare 1 by first inverting the stereochemistry at C3 in 3, leading to the corresponding 

N-acetyl allosaminoside 10. According to the aforementioned report, 10 is synthesized 

from 8 via palladium-catalyzed oxidation and subsequent reduction by sodium 

borohydride (Figure 3), while 8 is prepared in a straightforward Fischer glycosylation 

from 3 with isopropanol. To invert the stereochemistry at C5 in 10, the substrate has to 

be locked in the 4C1 conformation to ensure proper stereoselectivity. In chapter 4, BDA 

(butane diacetal) is used for conformational locking due to the presence of a 1,2-trans 

vicinal diol. However, in 10 the hydroxy groups at C3 and C4 are cis to each other and 

therefore BDA is not suitable. Instead, we aimed to install an isopropylidene ketal by 

acid-catalyzed condensation of 2,2-dimethoxypropane (DMP) with the cis diol in 10 to 

form 11. The primary hydroxy group in 11 will then be oxidized to the acid, coupled with 

N-hydroxyphthalimide, activated with photoredox chemistry to form a carbon centered 

radical at C5 after CO2 extrusion, and subsequent addition to a β-bromo-α,β-unsaturated 

ester to provide 12. (See detailed discussion in chapter 4) After the removal of the 

isopropylidene ketal and ozonolysis with oxidative work-up, 13 will be obtained, which 

is the non-reducing acetal of 1 and can be hydrolyzed to 1 if desired. 
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Figure 3. Synthesis plan of 13, the immediate precursor of N-acetyl-L-talosaminuronic acid 

 

Results and discussion 

The start of the synthesis and the discovery of the unexpected product 

The Fischer glycosylation of 3 with isopropanol to prepare 8 and the subsequent oxidation 

to form 9 proceeded smoothly without unanticipated events. The subsequent reported 

reduction step, however, turned out to be more eventful than anticipated. During the 

reduction of 9 to 10, an unknown monosaccharide, 14, was generated, in a ~ 4:1 ratio of 

10:14 (Figure 3). By comparing 1H-NMR and 13C-NMR spectra, we ruled out the 

possibility that 14 was due to incomplete stereochemical control (1,3-diaxial control) of 

the reduction, regenerating 8 (Figure 4). Apparently, 14 had either been overlooked or 

had not been formed in the previously reported synthesis of 10. 

Figure 4. Stereochemical outcome of the sodium borohydride reduction of 9. Note that the 

approach from the bottom face (red) is disfavored due to the steric clash between the borohydride 

ion and the isopropoxy group on the same face. 

 

To characterize 14, which was formed as a minor product, we attempted different 

preparative chromatographic methods that are commonly employed. TLC (silica) showed 

that 14 and 10 have the same Rf either with DCM/methanol or toluene/acetone as eluent. 

Per-acetylation of the 10/14 mixture also did not result in a separable mixture on TLC 



127 

 

with ether/pentane or ethyl acetate/pentane. At last, with diol-coated silica as the 

stationary phase and the use of automated column chromatography (Grace), 10 and 14 

could be separated to some degree with DCM/methanol as the eluent. Pure 14 was 

characterized by 1H-NMR, 13C-NMR, me-HSQC, COSY and HRMS. HRMS revealed 

that 10 and side product 14 had the same exact mass, and thus the same molecular formula. 

This suggested that the compounds are stereoisomers. To identify the signals in the 1H-

NMR spectrum, we first identified C1 in the 13C-NMR spectrum (isolated signal at ~100 

ppm), then used me-HSQC to correlate C1 in 13C-NMR to H1 in the 1H-NMR spectrum. 

The same approach was applied for C6, since C6 in 13C-NMR correlates with two cross 

peaks in the me-HSQC, both with the phase opposite from the other signals, which 

correlate to two proton signals with different chemical shift. This is due to the fact that 

C6 is the only CH2 in the molecule, and bears two diastereotopic protons, H6a and H6b. 

The remaining signals in the 1H-NMR spectrum could be assigned via COSY, starting 

either from H1 or H6’s. From the fully assigned 1H-NMR spectrum (Figure 5), it became 

apparent that the H1 signal of 14 is a doublet of doublets with coupling constants J = 3.3 

and 1.7 Hz. This is relevant, since the multiplicity combined with the small coupling 

constants implies that H1 is cis to H2 (as in 8 and 10), and that H1 has a W-coupling with 

H3. The latter suggests that C3 has an equatorial hydrogen (and thus an axial hydroxy 

group, as in 10, but not in 8). The signal for H4 at 3.99 ppm is also observed as a doublet 

of doublets. Notably, the coupling constants of H4 are remarkably small (J = 4.6, 1.7 Hz) 

and correspond to a Jax-eq and a Jeq-eq respectively.[10] This points at an axial hydroxy group 

at C4, but unfortunately this could not be established unambiguously due to overlapping 

H2 and H3 signals. We per-benzoylated 14 to form 15 in order to resolve the signals of 

H2 and H3. With all H1-H6 signals distinct from each other, the coupling constants 

between all neighboring hydrogen could be determined (Figure 6). The JH3-H4 (2.3 Hz) is 

significantly smaller than all the other J’s in the table, indicating that this is a Jeq-eq, while 

all other couplings (JH1-H2, JH2-H3, JH4-H5) correspond to Jax-eq. We thus conclude that C4 

of 15 (and therefore 14) must have an equatorial hydrogen. 14 is therefore the C4 epimer 

of 10, with the D-guloside configuration!  

Apart from being unexplained at that point in the research, this observation provides a 

nice entry point to prepare gulosamine derivatives from low-cost N-acetyl glucosamine 

3. Currently, gulosamine, a rare monosaccharide, is prepared either from galactosamine 

by hydroxy group inversion at C3 or from glucosamine by sequential inversion of the 

hydroxyl groups at C3 and C4.[11] Both approaches use multistep protecting group 

strategies. We therefore switched our goal from preparing N-acetyl-L-talosaminuronic 

acid 1 to an investigation of the seemingly straightforward sodium borohydride reduction 

of 9 leading to 14. 
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Figure 5. 1H-NMR of isolated 14. All the signals with numbers correspond to the protons in the 

ring, starting from the anomeric position. e.g. the signal at 5.15 ppm corresponds to H1. Note that 

the signal at 5.15 ppm has coupling constants J = 3.3 and 1.7 Hz, and the origin of these coupling 

constants is illustrated in the upper left corner. 

 

 

Proton pairs H1-H2 H2-H3 H3-H4 H4-H5 

J (Hz) 4.2 6.4 2.3 4.5 

Stereochemical 

assignment 
ax-eq ax-eq eq-eq ax-eq 

Figure 6.  Results of the borohydride reduction of 9 and the per-benzoylation of 14 to form 15. The 

table shows the coupling constants J between neighboring protons on the ring. The JH2-H3 is slightly 

larger than expected probably due to deformation of the ring caused by the steric bulk of the benzoyl 

groups. 

 

To account for the generation of gulosaminoside 14, our first hypothesis was that 9 

enolizes to form enediol 16, which is protonated at either C3 or C4 to form ketoside 
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mixture 17a+17b or 9+18, respectively (Figure 7). This process can lead to epimerization 

of the hydroxy group at C4. Reduction of ketoside mixture 9+18 then leads to the mixture 

of 10 and 14. The stereoselectivity of the reduction of 18 can be explained in an analogous 

fashion to 9 (Figure 4). Alternatively, 14 can also be formed by the reduction of 17b. 

Note that neither the reduction of 17a nor that of 17b is expected to be as stereoselective 

as in the case of the reduction of 9/18, since the anomeric isopropoxy group exerts no 1,3-

diaxial interaction with the incoming borohydride at C4. However, products with an axial 

–OH at C4 will still be slightly favored due to the eclipsing interaction in the transition 

state between the carbonyl group undergoing reduction and the equatorial substituent at 

C5.[12] 

Figure 7. Hypothesized mechanism of C4 epimerization via enolization and subsequent reduction. 

 

We attempted to reversibly enolize 9 with acid (TsOH/MeOH) or base (1 M NaOH) to 

produce a mixture of 17 and 18. Neither condition led to epimerization, however. We 

then investigated the reaction conditions used during the sodium borohydride reduction. 

We defined “standard condition” as the reaction conditions in which 14 had initially been 

observed in the product mixture. Under these conditions, 9 is reduced with sodium 

borohydride in methanol at 0 oC and slowly warmed to room temperature over one hour. 

The excess borohydride is then quenched by adding Amberlite IR 120 H (abbreviated in 

the text as Amberlite-H+) at the same temperature as the reaction temperature. After 

filtration to remove the Amberlite-H+ and evaporation of solvent in vacuo, a 1H-NMR 

spectrum is subsequently obtained in methanol-d4 to determine the ratio of 10:14 (Figure 

8). 
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Figure 8. Standard conditions for sodium borohydride reduction. 

 

Different aspects of the reaction were considered and screened, namely 1) the reaction 

temperature, 2) the amount of reducing agent, 3) the influence of moisture, 4) the use of 

a chelating acid and other additives, 5) the nature of the reducing agent, 6) the nature of 

the substrate and 7) the work-up procedure. We aimed to optimize the reaction in such a 

way that the production of 14 is maximized. 

 

Optimization study for the production of guloside 

1) Reaction temperature and Amount of reducing agent 

We hypothesized that the reaction, exothermic by nature, causes local hotspots and 

induces side reactions, generating 14. We therefore attempted both heating and cooling 

the reaction mixture in order to see if there is a correlation between the reaction 

temperature and the observed selectivity. At either +40°C or -60°C (Table 1, entries 1 and 

6), the amount of 14 is minimal. Over the range from room temperature to -40°C, the 

formation of 14 is constant (~15%) within the margin of experimental error. We did 

observe increased formation of 14 at -40°C. (entry 5) The amount of reducing agent did 

not affect the product ratio. (entry 3)  

Table 1. The reduction of 9 to 10/14 depending on temperature and amount of NaBH4. Standard 

condition are used unless otherwise stated. 

Entry Reducing 

agent (eq) 

Solvent Temp (°C) Conversion 10 (%) 14 (%) 

1 NaBH4 

(1.5) 

MeOH 40 Full 98 2 

2 NaBH4 

(1.5) 

MeOH 0 to RT Full 83 17 

3 NaBH4 (3) MeOH RT Full 88 12 

4 NaBH4 

(1.1) 

MeOH -30 Full 84 16 

5 NaBH4 

(1.1) 

MeOH -40 Full 70 30 

6 NaBH4 (3) MeOH -60 Full 96 4 
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2) Influence of moisture 

To exclude the possibility of water interfering with the reaction, we also carried out the 

benchmark reaction under strictly anhydrous conditions (Table 2). The effect of water 

however was minimal, if any. 

 

Table 2. The reduction of 9 to 10/14 depending on the presence of moisture. Standard conditions 

are used unless otherwise stated. 

Entry 
Reducing 

agent (eq) 
Solvent 

Temp 

(°C) 
Conversion 10 (%) 14 (%) 

1 NaBH4 (1.5) MeOH 0 to RT Full 83 17 

2 NaBH4 (1.5) 
Dry MeOH, 

dry atmosphere 
0 to RT Full 90 10 

 

3) The use of a chelating acid and other additives 

We subsequently drafted other mechanisms for enolization based on the formation of 

enediol 16. Since a small amount of borane/methoxyborane species is produced when 

sodium borohydride is dissolved in methanol, we suspected that the 

borane/methoxyborane species could chelate to the carbonyl group at C3, leading to a 

Lewis acid catalyzed enolization. Therefore, 1-1.2 eq of phenylboronic acid was added 

as an additive to the benchmark reaction (Table 3, entry 1). To our surprise, the side 

reaction leading to 14 was suppressed instead of enhanced. Neither changes in reaction 

solvent nor reaction temperature resulted in observable amounts of 14 in the presence of 

phenylboronic acid. During our screening studies, we performed a literature search on 

studies done on sodium borohydride reductions and found a report by Singaram and 

coworkers describing an 11B-NMR study in relation to the reduction power of sodium 

borohydride at different temperatures in methanol.[13] They concluded that sodium 

borohydride is in equilibrium with different methoxyhydroborate species at different 

temperatures, all of which have different reduction power. They showed that the addition 

of 5 mol% sodium methoxide greatly enhances the reduction power due to a shift in the 

equilibrium between the borate species. We therefore added also 5% sodium methoxide 

to the reaction mixture as additive. No effect on the product ratio was observed, however. 

(entry 4) A full equivalent of sodium methoxide did slightly inhibit the formation of 14. 

(entry 5) Our third candidate additive was (para)formaldehyde, which is the 

decomposition product of methanol. To exclude the possibility that minute amounts of 

formaldehyde present in methanol were causing the formation of 14, 1 eq of 

paraformaldehyde was added to the reaction mixture to determine the effect. To ensure 

that the reaction went to completion, 3 eq of sodium borohydride was used. However, the 

effect on the 10:14 ratio was minimal. (entries 6 and 7) Inspired by the work of Singaram 

mentioned earlier where different reduction power was exhibited by different ligands on 

the boron, we also added both NaOMe and paraformaldehyde together, which can create 

a dynamic equilibrium of methoxyhydroborate and methoxyborane species. (entry 8) The 

effect on the 10:14 ratio was again negligible.  
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Table 3. The reduction of 9 to 10/14 depending on the additives in reaction. Standard condition are 

used unless otherwise stated. All additives are added before the addition of reducing agent. Entry 9 

is a duplicate entry from Table 1, entry 1 as a reference to standard reaction condition results. 

Entry 
Reducing 

agent (eq) 

Additives 

(equivalents) 
Solvent 

Temp 

(°C) 
Conversion 

10 

(%) 

14 

(%) 

1 NaBH4 (1.1) 
PhB(OH)2 

(1.2) 
MeOH 

0 to 

RT 
Full >99 <1 

2 NaBH4 (1.5) PhB(OH)2 (1) EtOH RT Full >99 <1 

3 NaBH4 (1.5) PhB(OH)2 (1) MeOH RT Full >99 <1 

4 NaBH4 (3) NaOMe (0.05) MeOH 0 Full 86 14 

5 NaBH4 (3) NaOMe (1) MeOH 0 Full 94 6 

6 NaBH4 (3) (CH2O)n (1) MeOH RT Full 84 16 

7 NaBH4 (3) (CH2O)n (1) MeOH 0 Full 83 17 

8 NaBH4 (3) 
(CH2O)n (1) + 

NaOMe (0.05) 
MeOH 0 Full 82 18 

9 NaBH4 (1.5) - MeOH 
0 to 

RT 
Full 83 17 

 

4) The nature of the reducing agent 

We also screened different boron-based reducing agents with different reducing strength. 

Lithium borohydride, sodium triacetoxyborohydride (STAB) and sodium 

cyanoborohydride were chosen due to their different strength in the reduction of carbonyl 

derivatives. Lithium borohydride is more reactive than sodium borohydride due to the 

better chelating ability of Li+ with carbonyl groups, activating the carbonyl for hydride 

reduction. Both STAB and sodium cyanoborohydride are weaker reducing agents than 

sodium borohydride, since the boron in both STAB and cyanoborohydride is less electron 

rich due to the electron withdrawing groups attached, resulting in a stronger B-H bond 

and thus a less available hydride (Table 4). The use of lithium borohydride instead of 

sodium borohydride produced a negligible amount of 14, also upon varying temperature 

and solvent. (entries 1-3, compared to entry 7) STAB and cyanoborohydride were too 

weak reducing agents to provide a reaction at all. (entries 4-5) Within this scope of 

reducing agents, sodium borohydride is the only one which produces a significant amount 

of 14. To probe if the sodium ion is involved in enolization, we also added 15-crown-5 

to scavenge free sodium ions in the reaction. (entry 6) The product ratio 10:14 is hardly 
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distinguishable from the experiment without 15-crown-5 (Table 3, entry 5, compared to 

entry 8). Therefore, we conclude that the presence or absence of sodium ions has no effect 

on the product ratio 10:14, and the presence of lithium ions inhibits the formation of 14. 

Table 4. The reduction of 9 to 10/14 depending on the influence of reducing agent in reaction. 

Standard condition are used unless otherwise stated. Entry 7 is a duplicated reference from Table 

1, entry 1. Entry 8 is a duplicated reference from Table 1, entry 5. 

Entry 
Reducing 

agent (eq) 
Solvent Temp (°C) Conversion 10 (%) 14 (%) 

1 LiBH4 (1.5) MeOH 0 to RT 95% >99 <1 

2 LiBH4 (1.5) THF 0 to RT Full >99 <1 

3 LiBH4 (1.5) THF 40 Full >99 <1 

4 STAB (1.7) MeOH 0 to RT 0% - - 

5 
NaBH3CN 

(1.5) 
MeOH 0 to RT 0% - - 

6 

NaBH4 (1.2) 

+ 15-crown-5 

(61) 

MeOH -40 Full 72 28 

7 NaBH4 (1.5) MeOH 0 to RT Full 83 17 

8 NaBH4 (1.1) MeOH -40 Full 70 30 

 

5) The nature of the substrate 

Next, the influence of the acetyl group in 9 was investigated by varying the acyl groups 

on the amine. We suspected anchimeric assistance of the carbonyl group in the reduction. 

Therefore the tert-butyloxycarbonyl (Boc), trifluoroacetyl (TFA), and carboxybenzyl 

(Cbz) groups, all common protecting groups for amines, were studied (Table 5, entries 1-

3). While spanning a wide range of electronic difference, with TFA being more electron 

deficient than Ac, and Boc and Cbz in turn being more electron rich than Ac, 

epimerization at C4 did not occur in any of the substrates (20-22) in the sodium 

borohydride reduction. As a control for substrates without any carbonyl protecting group 

on C2, we also subjected ketoglucoside 23 to sodium borohydride reduction. Once again, 

C4 epimerization did not occur. Within the scope of the attempted protecting groups, an 

acetyl is necessary for epimerization at C4 to occur. 
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Table 5. The reduction of 9 to 10/14 depending on the influence of substrate in reaction. Standard 

condition are used unless otherwise stated. 

 

Entry Substrate 
Reducing 

agent (eq) 

Temp 

(°C) 
Conversion 

C4 

retention 

(%) 

C4 

inversion 

(%) 

1 20 NaBH4 (1.1) -40 86% >99 <1 

2 21 NaBH4 (1.1) -40 91% >99 <1 

3 22 NaBH4 (1.4) -40 Full >99 <1 

4 23 NaBH4 (1.2) -40 Full >99 <1 

 

6) The work up procedure 

Close to being desperate, we realized that in principle also the work up procedure could 

influence the reaction outcome. Till then we had assumed that the work up had no effect, 

since we were convinced the key process involved in epimerization was enolization to 

enediol 16, which was only possible if the carbonyl in 9 is present. To our great surprise, 

work up with CSA, AcOH or Dowex 50WX8 (200–400 mesh) resin in H+ form 

(abbreviated as Dowex-H+) resulted in total inhibition of the formation of 14 (Table 6, 

entries 4-6). Only upon acidification with Amberlite-H+, 14 was formed. The formation 

of 14 depended on the nature of the Amberlite-H+. Amberlite-H+ from the manufacturers 

(known as “unwashed Amberlite-H+”) contains red pigments as contaminant and are 

washed with MeOH before use in most applications. Used Amberlite-H+ can be recycled 

after use by soaking in concentrated sulfuric acid and subsequently washed with first 

deionized water and MeOH. Recycled and unwashed Amberlite-H+ work up gave a ratio 

of 10:14 of 78:22 and 85:15 respectively, which is comparable to the results presented in 

Table 1 (entries 2-5). On the other hand, a work up with Amberlite-H+ that had been 

freshly washed with MeOH diminished the amount of 14 with respect to 10. Interestingly, 

longer stirring time (up to 1 h) does not lead to further conversion. The reason behind this 

observation warranted further investigation (vide infra). 
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Table 6. The reduction of 9 to 10/14 depending on the influence of work up procedure in reaction. 

Standard conditions are used unless otherwise stated. 

Entry 
Reducing 

agent (eq) 

Solvent & 

Temp 
10 (%) 14 (%) work up 

1 0.3 
EtOH 

-40°C 
78 22 recycled Amberlite-H+ 

2 1.1 
EtOH 

-40 °C 
94 6 Freshly washed Amberlite-H+ 

3 1.1 
EtOH 

-40 °C 
85 15 Unwashed Amberlite-H+ 

4 1.1 
EtOH 

-40 °C 
>99 <1 CSA 

5 1.1 
EtOH 

-40 °C 
>99 <1 AcOH 

6 1.1 
EtOH 

-40 °C 
>99 <1 Dowex-H+ 

 

To summarize the results so far, we identified several factors which influenced 

epimerization at C4 leading to 14: 1) An acetyl group on the C2 amine is required for 

epimerization. 2) The most favorable temperature for epimerization at C4 is -40 oC. 3) 

The nature of the acid used to quench the reaction is very important, only Amberlite is 

productive with a preference (highly unfortunate from a scientific point of view) for 

recycled Amberlite resin. 4) The presence of lithium ions suppresses C4 epimerization as 

does phenylboronic acid. These two additives must have blocked the active unknown 

reagent present in the recycled Amberlite-H+, leading to no conversion to 14. 

 

Intermezzo; deuterium labelling 

In Figure 7, we proposed two routes for the formation of 14, either via the reduction of 

epimer mixture 18, or the reduction of epimer mixture 17. In order to discriminate 

between these two routes, we conducted two deuterium-labelling experiments. Firstly, 

the reduction was carried out with sodium borohydride in methanol-d4 (Figure 8). If 

enediol 16 forms, subsequent deuteration can occur in 4 ways. If deuteration of 16 

happens at C3, then 17a-D3 (17a, deuterated at C3, see Figure 7) and 17b-D3 will form; 

if deuteration happens at C4, 9-D4 and 18-D4 will form. Subsequent reduction of 17a-

D3/17b-D3 with sodium borohydride results in a mixture of 8-D3, 9-D3, 10-D3 and 14-

D3. Subsequent reduction of 9-D4/18-D4 leads to a mixture of 10-D4 and 14-D4. In order 

to ensure that no intramolecular proton (H+) transfer would happen within enediol 16, i.e. 

the enediol being protonated by the amide proton or a hydroxyl proton, the solution of 9 

was stirred overnight in methanol-d4 and complete deuteration was confirmed by 1H-

NMR in which no OH or NH signals were observed. The reduction was subsequently 

carried out with sodium borohydride at -40°C, and the products were isolated. No 

deuterium incorporation was observed. Therefore, the formation of enediol 16 was ruled 

out. 
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Secondly, we carried out a reduction with sodium borodeuteride (Figure 9). If a 17a/17b 

mixture would form (although formation of this mixture via enediol 16 was ruled out), 

reduction should give a mixture of 8-D4, 9-D4, 10-D4 and 14-D4. On the other hand, if 

the 9/18 mixture had formed initially, reduction should result in a mixture of 10-D3 and 

14-D3. This reaction was carried out twice. One reaction was quenched with sulfuric acid-

d2, the other reaction was quenched with Amberlite-H+ as in the standard conditions. The 

reaction quenched with sulfuric acid-d2 gave no detectable 14/14-D3, i.e. no 

epimerization at C4, while the reaction quenched with Amberlite-H+ gave a mixture of 

10-D3 and 14-D3.  

Therefore, either 17a/17b are not formed in the reaction, or 17a/17b are not reduced and 

in equilibrium with 18 but not via enediol 16, which is highly unlikely. We therefore 

concluded (again) that 16 is not the intermediate for epimerization at C4 prior to reduction. 

Figure 8. The expected reaction pathway and result when the reaction is carried out in methanol-

d4 

Figure 9. The expected reaction pathway and result when the reduction of 9 is carried out with 

sodium borodeuteride.  
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A re-investigation on the work up procedure 

The results in the previous sections demonstrated that the work up procedure of the 

reaction determines the outcome of the reaction, next to other variables of the reaction 

itself. Quenching the reaction with acetic acid, camphorsulfonic acid or Dowex-H+ 

yielded exclusively the allo-configured 10. Since we did not have a hypothesis on how 

the work-up procedure could induce epimerization, we decided to study if gulo-

configured 14 could be generated directly from 10. Therefore, we prepared pure allo-

configured 10—using AcOH for work up, since it is removed rather easily by co-

evaporation with toluene. The 1H-NMR in methanol-d4 of the crude reaction mixture 

showed that no gulo-configured 14 formed under these conditions. The reaction mixture 

was then re-dissolved in EtOH at -40°C and stirred with unwashed Amberlite-H+ (i.e. the 

resin used straight from the supplier). The 1H-NMR was checked again to see if 

epimerization at C4 occurred (Table 7). After stirring with Amberlite-H+ for 5 min, C4 

epimer 14 appeared in the reaction mixture (Table 7, entry 1)! The same was observed 

for α-benzyloxy and α-methoxy analogs 24 and 25 (Table 7, entries 2-4). Unlike the N- 

substituent at C2, the anomeric substituent apparently does not play a significant role in 

the generation of guloside 14. The outcome of this experiment convincingly shows that 

epimerization at C4 does not require a carbonyl group in the substrate and proceeds from 

the saturated allo-configured compound (e.g. 10) directly.  

Table 7. The reduction of 9 to 10/14 depending on the work up procedure. The procedure is shown 

in the scheme. a The baseline was noisy and the ratio is therefore inaccurate. b Not determined, since 

the reaction was directly worked up with Amberlite-H+ after reduction. 

 After AcOH work up After Amberlite-H+ work up 

Entry Starting 

material 

Reducing 

agent 

(eq) 

C4 retention 

(%) 

C4 inversion 

(%) 

C4 retention 

(%) 

C4 inversion 

(%) 

1 9 1.2 >99 <1 71 29 

2 24 1.3 >99 <1 90 10 

3 25 1.1 >99 <1 68a 32a 

4 25 1.1 -b -b 75 25 

 

An investigation on trace metal catalyzed reaction: ICP-MS analysis 

From the work of our group in palladium-catalyzed oxidation (see chapter 6), we know 

that palladium can catalyze the oxidation of C3 of 8 via β-hydride elimination.[36] 

However, due to microscopic reversibility, we can imagine that the opposite process can 

happen, i.e. hydride insertion into a carbonyl (Figure 10, top). Depending on the 

conformation of the metal-hydride complex, the hydride can insert into the C3 carbonyl 

on either face, forming 8 or 10, a pair of C3 epimers. Furthermore, this metal does not 
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even have to be palladium-catalyzed. It is known that various metals can catalyze the 

oxidation of alcohols. We can imagine that the same elimination-insertion sequence can 

happen to C4, forming a pair of C4 epimers. If 10 is first formed after reduction, the 

elimination-insertion sequence will lead to the formation of 10/14 mixture. We 

hypothesize that the Amberlite-H+ was contaminated with traces amount of transition 

metals which catalyzed the epimerization of 10 to form 14 during the manufacturing 

process. To verify our hypothesis, we submitted three different samples of Amberlite-H+ 

(recycled, unwashed and freshly washed with MeOH) for inductively coupled plasma 

mass spectrometry (ICP-MS) for analysis. ICP-MS quantifies the amount of trace metals 

in the samples submitted. The transition metals included are (in symbols): Ag, Co, Cr, 

Cu, Fe, Ni, Zn, Ti, V, Ir, Zr, Ta, Nb, Rh, Ru, Pd, Au, Mo, Re, Pt, La, Au, Ag. Furthermore, 

boron and aluminum are added to the list, since both of them are suspects of mediators in 

reactions like Oppenauer oxidation and Meerwein-Ponndorf-Verley reductions and can 

cause epimerization of alcohols during the oxidation-reduction sequence. The results of 

ICP-MS analysis is shown in Table 8. We can see that the recycled Amberlite-H+ contains 

the largest amount and variety of transition metals. However, the unwashed Amberlite-

H+ contains only iron, zinc and vanadium in a significant amount (> 1 ppm). Focusing on 

these three metals, zinc and vanadium are not present in the recycled samples to a 

significant amount and are therefore not responsible for the epimerizations observed. Iron 

is present in all three samples in various amounts. However, the Amberlite-H+ washed 

with MeOH contains more iron than the unwashed Amberlite-H+. None of the results of 

ICP-MS are in line with the fact that the workup using both the recycled and unwashed 

Amberlite-H+ led to a significant amount of C4 epimerization product 14, while 14 is 

nearly absent with the workup using Amberlite-H+ which is freshly washed. Therefore, 

no metals tested was concluded to be responsible for C4 epimerization. 

Table 8. ICP-MS results for the three different samples of Amberlite-H+ (recycled, unwashed, 

freshly washed with MeOH). The transition metals missing from the list has < 1 ppm in all samples 

and are therefore omitted for clarity. All ICP-MS were performed in duplicates, and the average 

amounts of each element are shown in ppm. 

Element 

Types of Amberlite-H+ 

recycled unwashed 
Washed with 

MeOH 

Al 3 < 1 2 

B 3 < 1 < 1 

Fe 1234 4 10 

Zn < 1 1 < 1 

V < 1 1 1 

Ru 12 < 1 < 1 

Pd 3 < 1 < 1 

Pt 4 < 1 < 1 
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Figure 10. Possible mechanism for transition metal mediated epimerization. Top: C3 epimerization 

of 8. Bottom: C4 epimerization of 10. 

Conclusion 

During a study to prepare N-acetyl-L-talosaminuronic acid, we serendipitously 

discovered that a straightforward sodium borohydride reduction of 3-keto-α-isopropoxy-

N-acetyl-D-glucosaminoside 9 generates an unexpected product, which after thorough 

characterization turned out to be 14, the C4 hydroxy epimer of the expected allo-

configured product. A subsequent investigation on the mechanism of this reaction 

demonstrated that keto-enol tautomerization, the seemingly obvious process causing 

epimerization at C4, was not taking place. Furthermore, it was shown that 1) 

epimerization at C4 is at its maximum (30%) at -40 oC, 2) lithium ions and other Lewis 

acids inhibit either partially or entirely epimerization, and 3) an N-acetyl substituent is 

essential for epimerization at C4 to occur. 4) The key factor for epimerization is the acidic 

resin Amberlite IR120 H (Amberlite-H+) used in the work up. Furthermore, washing 

Amberlite-H+ with methanol suppresses epimerization. We have proposed that trace 

amounts of transition metals could be catalyzing the epimerization at C4, and we 

subsequently quantified the amount of transition metals in different types of Amberlite-

H+ with ICP-MS. However, all transition metals except for iron were present in very low 

amounts and probably not responsible for C4 epimerization. While the mechanism of 
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epimerization thus far remains unclear, this result is extremely valuable not only in terms 

of synthesis, i.e. a one-pot reduction-epimerization protocol towards gulosaminosides, 

but also in terms of its value as a potentially undiscovered reaction mechanism in action.  

 

Work ad futurum 

Given the tentative conclusion above, there remain important questions that could not be 

answered in the allotted research time. 

1) What is the difference between the washed and unwashed Amberlite-H+? 

2) If epimerization at C4 happens during work up, would cooling during work up then 

suffice? 

3) What is the role of lithium ions and phenylboronic acid, given that these suppress 

epimerization? 

Note that question 1 is especially important, since the presence of impurities in the 

Amberlite-H+ resin causes the epimerization. We can obtain the impurities by washing a 

large amount of commercially available, fresh Amberlite-H+ with methanol and 

concentrate the filtrate. The filtrate can be characterized by NMR, elemental analysis and 

other techniques (e.g. ICP-MS analysis for trace amount of elements which are NMR 

silent). The filtrate should also be used as an additive during an acidic work up that is 

known to not cause epimerization. If epimerization occurs upon the addition of the filtrate, 

the filtrate can then be used directly as a catalyst/reagent for epimerization at C4. Also, it 

should be noted that purified alloside 10 has not yet been subjected to epimerization 

conditions. To rule out the possibility that the Amberlite-H+ is working in tandem with 

compounds introduced/generated during the reduction, epimerization (i.e. stirring in 

Amberlite-H+) should be performed separately on purified alloside 10. 

Question 2 deals with the fact that all previous studies have been carried out with the 

condition that the work up was done at the same temperature as the reaction itself. It will 

be important as a control, to determine whether the epimerization step itself is 

temperature-sensitive, independent of the temperature at which the reduction is done. In 

particular the temperature screening as in Table 1 should be carried out varying only the 

temperature during the work up. 

Question 3 deals with epimerization suppressors. The experiments with lithium 

borohydride as the reducing agent and phenylboronic acid as an additive placed us clearly 

on the wrong track for a considerable time. We will have to understand now how lithium 

and phenylboronic acid hamper the a posteriori epimerization, instead of epimerization 

during the reduction reaction itself.  

Finally, it remains to be seen whether this epimerization reaction of N-acetyl allosamine 

10 to N-acetyl gulosamine 14 can be optimized in such a way that useful yields of the 

latter are accessible. A less elegant but straightforward approach could be separation of 
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14 and 10, which we showed is possible, and resubmission of 10 to the epimerization 

reaction.  

Experimental section 

Standard conditions 

To a stirred solution of 9 (0.1 M) in 1.2 ml MeOH at 0 oC, sodium borohydride (1.5 eq) 

was added in one portion after which the reaction mixture was slowly warmed to rt. The 

reaction was stirred for 1 h in total after which TLC showed complete consumption of the 

starting material. The reaction was acidified at the same temperature to ~pH 5 using the 

acidic resin Amberlite IR120 H, after which the resin is filtered off and the filtrate 

concentrated, yielding the crude product mixture. Subsequently, the crude reaction 

mixture was dissolved in methanol-d4 for determination of the product ratio by 1H-NMR.  

Note on modifications: 

1. For temperatures below 0 oC, a cryostat was used. For reactions at -40 oC, a bath 

with melting acetonitrile (cooled with liquid nitrogen) was used. 

2. Additives, were added before the addition of the reducing agent. 

3. When the amount of sodium borohydride was minute, a known amount of 

sodium borohydride was dissolved in ethanol (sonicated until homogeneous) as 

a stock solution, and the stock solution was added to the reaction. The total 

reaction volume was adjusted accordingly, accounting the volume of the added 

stock solution. 

 

 

Synthesis and characterization of 10 and 14. 

 

Isopropyl 2-acetamido-2-deoxy- α-D-glucopyran-3-uloside 9 (0.924 g, 3.54 mmol, 1 eq) 

was dissolved in 23 mL MeOH and cooled to 0 ⁰C. Sodium borohydride (0.20 g, 5.3 

mmol, 1.5 eq) was added portionwise. The reaction was monitored by TLC (Rf of 10/14 

= 0.2, 9:1 EtOAc/pentane). After completion of the reaction, the mixture was acidified to 

~ pH 5 using Amberlite-H+. The Amberlite-H+ was removed by filtration and the filtrate 

was concentrated in vacuo. The ratio between the 10 and 14 was 76:24. Automated 

column chromatography with Grace© on a 40 g diol-coated silica cartridge eluded with a 

gradient from 3% to 7% MeOH/DCM yielded fractions containing pure 10 and pure 14 
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and a series of mixed fractions. Pure 10 (171 mg, 19%) and pure 14 (169 mg, 18%) were 

isolated as white powders after concentration in vacuo.   

10: 1H NMR (400 MHz, methanol-d4) δ 4.94 (d, J = 3.9 Hz, 1H, H1), 4.02 (t, J = 3.9 Hz, 

1H, H2), 3.98 – 3.88 (m, 2H, H3 and isopropyl H), 3.87 – 3.81 (m, 2H, H4+H6a), 3.74 

(dd, J = 12.5, 5.8 Hz 1H, H6b), 3.53 (dd, J = 10.0, 3.2 Hz, 1H, H5), 2.02 (s, 3H), 1.26 (d, 

J = 6.3 Hz, 3H), 1.15 (d, J = 6.1 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 173.0, 

96.9(C1), 71.9(C3), 71.8(C5), 69.2(C4), 68.3, 62.8(C6), 51.5(C2), 23.7, 22.5, 21.5. 

HRMS (ESI+) m/z calculated for C11H21NO6Na [M+Na]+ 286.1261, found 286.1256. 

14: 1H NMR (400 MHz, methanol-d4) δ 5.18 – 5.14 (m, 1H, H1), 4.23 – 4.17 (m, 2H, 

H3+H2), 3.99 (dd, J = 4.6, 1.8 Hz, 1H, H4), 3.89 (p, J = 6.2 Hz, 1H), 3.71 – 3.62 (m, 2H, 

H5+H6a), 3.56 (dd, J = 12.4, 7.8 Hz, 1H, H6b), 2.03 (s, 3H), 1.22 (d, J = 6.2 Hz, 3H), 

1.14 (d, J = 6.1 Hz, 3H). **The signal at δ 5.18 – 5.14 can sometimes be resolved as (dd, 

J = 3.3, 1.7 Hz, 1H) 13C NMR (101 MHz, methanol-d4) δ 173.2, 101.3 (C1), 87.2 (C4), 

73.4 (C5), 71.7, 70.1 (C3), 64.3 (C6), 55.4 (C2), 23.9, 22.6, 22.1. HRMS (ESI+) m/z 

calculated for C11H21NO6Na [M+Na]+ 286.1261, found 286.1257.  

 

**analytical information for the deuterated compounds 10-D3 and 14-D3 is given below: 

10-D3 : 1H NMR (400 MHz, methanol-d4) δ 4.94 (d, J = 3.9 Hz, 1H, H1), 4.02 (d, J = 4.0 

Hz, 1H, H2), 3.93 (p, J = 6.1 Hz, 1H), 3.88 – 3.80 (m, 2H, H4 + H6b), 3.73 (dd, J = 12.1, 

5.8 Hz, 1H, H6a), 3.53 (dd, J = 10.0, 3.2 Hz, 1H, H5), 2.02 (s, 3H), 1.26 (d, J = 6.3 Hz, 

3H), 1.15 (d, J = 6.1 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 172.9, 96.9 (C1), 71.9 

(C3), 71.8 (C5), 69.1 (C4), 68.1, 62.7 (C6), 51.3 (C2), 23.7, 22.5, 21.5. HRMS (ES+) m/z 

calculated for C11H20DNO6Na [M+Na]+ 287.1324, found 287.1316. 

 

14-D3 : 1H NMR (400 MHz, methanol-d4) δ 5.15 (d, J = 4.8 Hz, 1H, H1), 4.18 (d, J = 4.8 

Hz, 1H, H2), 3.98 (d, J = 4.5 Hz, 1H, H4), 3.89 (p, J = 6.2 Hz, 1H), 3.71 – 3.61 (m, 2H, 

H5 + H6a), 3.55 (dd, J = 12.4, 7.8 Hz, 1H, H6b), 2.02 (s, 3H), 1.22 (d, J = 6.3 Hz, 3H), 

1.13 (d, J = 6.2 Hz, 3H). 13C NMR (101 MHz, methanol-d4) δ 173.2, 101.4 (C1), 87.1 

(C4), 73.4 (C5), 71.7, 70.1 (C3), 64.3 (C6), 55.3 (C2), 23.9, 22.6, 22.1. HRMS (ES+) m/z 

calculated for C11H20DNO6Na [M+Na]+ 287.1324, found 287.1318.       

 

Per-benzoylation of 14 

 

 
Isopropyl 2-acetamido-α-D-gulopyranoside 14 (23.2 mg, 0.09 mmol, 1 eq) was dissolved 

in dry pyridine (0.7 mL), cooled to 0 oC, and benzoyl chloride (0.06 mL, 0.51 mmol, 5.8 

eq) was added. The reaction mixture was warmed to RT and stirred overnight, after which 
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the reaction was complete as indicated by TLC analysis, Rf of product = 0.5 (20% EtOAc 

in pentane). The mixture was concentrated in vacuo. The crude product, a brown oil, was 

purified by flash column chromatography (20% EtOAc in pentane) to yield 15 (30 mg, 

59%) as a white solid. 1H NMR (400 MHz, methanol-d4) δ 8.11 – 8.05 (m, 2H), 8.04 – 

8.00 (m, 1H), 8.00 – 7.95  (m,  4H), 7.94 – 7.89 (m, 2H), 7.65 – 7.56 (m, 3H), 7.56 – 7.49 

(m, 1H), 7.49 – 7.42 (m, 5H), 7.42 – 7.34 (m, 5H), 6.35 (dd, J = 6.4, 2.3 Hz, 1H, H3), 

5.78 (dt, J = 6.7, 4.6 Hz, 1H, H5), 5.56 (d, J = 4.2 Hz, 1H, H1), 4.79 (dd, J = 12.0, 4.6 

Hz, 1H, H6a), 4.75 (dd, J = 12.0, 6.7 Hz, 1H, H6b), 4.60 (dd, J = 4.5, 2.3 Hz, 1H, H4), 

4.53 (dd, J = 6.4, 4.2 Hz, 1H, H2), 3.76 (hept, J = 6.2 Hz, 1H), 1.76 (s, 3H), 1.06 (d, J = 

6.2 Hz, 3H), 0.75 (d, J = 6.2 Hz, 3H). **Integrations of signals in the aromatic region are 

slightly off due to accumulation of relaxation time errors. 13C NMR (101 MHz, methanol-

d4) δ 175.6, 172.2, 167.5, 167.0, 166.8, 136.8, 135.4, 134.6, 134.5, 134.3, 134.0, 131.8, 

131.0, 130.9, 130.8, 130.7, 130.6, 130.0, 129.7, 129.5, 129.4, 101.6(C1), 83.8(C4), 

73.4(C3), 73.0(C5), 71.7, 64.5(C6), 62.1(C2), 24.9, 23.9, 21.2. **Missing peaks in the 

aromatic region due to overlapping peaks. HRMS (ESI+) m/z calculated for 

C39H37NO10NH4 [M+NH4]+ 697.2756, found 697.2754.  
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Introduction 

Carbohydrate chemistry remains a popular field of research due to its importance in 

biology. Like other important bio-molecules such as peptides, oligosaccharides are 

usually synthesized chemically using a bottom-up approach, starting with 

monosaccharide units and coupling them together via glycosylation.[1] This synthetic 

approach is highly adaptable for various oligosaccharides, but often contains numerous 

synthetic steps. This is because carbohydrates contain multiple hydroxy (OH) groups, 

which must first be selectively protected before glycosylation can occur in a regio- and 

stereoselective manner.[1,2] Site-selective (regioselective) reactions on (unprotected) 

carbohydrates are, therefore, highly desired and are often employed in the synthesis of 

functionalized carbohydrates. These reactions are well-developed to suit a variety of 

monosaccharides with different stereochemical configuration and with controllable 

selectivity for the desired transformation[3] and include, but are not limited to, acylation, 
[4,5] alkylation,[6] silylation,[7] and oxidation. While the utility of acylation, alkylation and 

silylation is clear in protecting-group chemistry, and acylation allows for limited 

subsequent modifications,[8] oxidation, on the other hand, allows further modifications 

such as epimerization, reductive amination, nucleophilic addition[9] and epoxidation[10] 

without further protection. One of the most well-studied oxidation reactions is the 

selective oxidation of pyranosides at C6 with TEMPO[11] or transition metal catalysts such 

as rhodium.[12]  This makes use of the inherent lack of steric crowding of this primary 

hydroxy group. On the other hand, regioselective oxidation of the secondary hydroxy 

groups is far less common. Tin acetal mediated oxidation has been reported to induce 

high regioselectivity in glycosides containing cis-diols.[13] Our group reported on the 

catalytic C3-selective oxidation of glucopyranosides using Waymouth’s catalyst 2[14] and 

has studied this reaction intensively (Scheme 1).[15] 

 
Scheme 1. C3-selective oxidation of methyl β-glucoside with Waymouth’s catalyst. 

 

Since the discovery that glucosides can be oxidized selectively at the C3 position, this 

methodology has been used for the oxidation of various other monosaccharides and 

oligosaccharides.[16] In parallel, a number of studies have been carried out to investigate 

and challenge the C3-selectivity of the palladium catalyzed oxidation.[17] The effect of 
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the following factors on C3-selecitivity have been studied (Scheme 2): 1) steric crowding, 

2) the stereochemical configuration and substitution pattern of the glycoside substrate, 3) 

the solvent, and 4) the temperature (Scheme 2). A competition experiment between 1 and 

its C4-THP protected variant showed that steric hindrance near C3 only results in 

decreased reactivity. However, it did not affect the site-selectivity.[17b] Varying 

substitution patterns on the glycoside do not alter the site-selectivity for C3 either.[15,17] 

The apparent loss in regioselectivity in xylosides, galactosides and mannosides is the 

result of subsequent oxidation reactions on the keto-product, which leads to over-

oxidation and rearrangement.[17b] Switching the solvent from a water/acetonitrile mixture 

to DMSO or trifluoroethanol affects the reaction rate, but in all cases the oxidation of the 

C3 OH is favored.[15,17a] Lastly, elevated reaction temperature erodes selectivity and 

results in the formation of the C4-oxidized product.[17a] Nevertheless, the C3 product 

dominates in all cases. Despite these mechanistic studies, the pertinent C3-selectivity has 

not been adequately explained. In this study, we show that the endocyclic oxygen is 

essential for the observed selectivity using a combination of synthetic experiments and 

computational chemistry. 

We began our study by investigating the palladium-catalyzed oxidation of carba-β-

glucose and carba-1-deoxyglucose, where the ring oxygen has been substituted by a 

methylene (CH2) group. These substrates were synthesized and subjected to oxidation 

conditions using catalyst 2. Interestingly and in contrast to methyl β-glucoside, the 

oxidations of the carba-glucose derivatives were unselective and provided a nearly equal 

amount of C2, C3, and C4 oxidation products (and C1 oxidation in the case of carba-β-

glucose) (Scheme 3). These experiments suggest that the ring oxygen plays a significant 

role in the regioselective C3 oxidation of methyl β-glucoside. To understand the influence 

of the ring oxygen on the regioselectivity, we next turn to density functional theory (DFT) 

calculations. 
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Scheme 2. Mechanistic studies carried out by our group and Waymouth and coworkers. 

 

 
Scheme 3 Oxidation of carba-glucosides in DMSO using catalyst 2. Only 1 eq benzoquinone was 

used. All yields are NMR yields. 
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Results and discussion 

All calculations were carried out using the Amsterdam Density Functional (ADF) 

program[18] with dispersion-corrected relativistic density functional theory at ZORA-

BLYP-D3(BJ)/TZ2P.[19] When noted, solvent effects of DMSO were modelled with 

COSMO.[20] Experimentally, it was observed that the use of solvents other than DMSO 

results in the same regioselectivity but with differing reaction rates.[15,17a] Throughout this 

paper, we focus on the electronic energies of the molecular systems. The Gibbs free 

energies at 298.15 K and 1 atm were calculated for the reactions as well, and trends in 

reactivity turned out to be unchanged. All open-shell systems were treated with the spin-

unrestricted formalism at ZORA-(U)BLYP-D3(BJ)/TZ2P. 

The reaction energies were computed for the oxidation of β-glucoside 1 with catalyst 2 

in the presence of benzoquinone 3, leading to all possible products and hydroquinone 4 

(Scheme 4). Based on the experimental results and computations by Waymouth and 

coworkers,[14] we ruled out the possibility of oxidation at C6 and focused on the difference 

between the seemingly similar equatorial secondary alcohols at C2, C3, and C4. There 

are thus three possible outcomes of the oxidation: oxidation at C2, C3, C4, forming 5.2, 

5.3 and 5.4, respectively. When the reaction was carried out at room temperature, product 

5.3 was the observed product (Scheme 1). Our calculations found that formation of 

product 5.3 is the most exergonic reaction (∆Grxn = –15.3 kcal mol−1), followed by 5.4 

(∆Grxn = –15.0 kcal mol−1), and then 5.2 (∆Grxn = –13.8 kcal mol−1). The small ∆∆Grxn 

(0.3 kcal mol−1) between 5.3 and 5.4 suggests that the formation of the experimentally 

observed 5.3 is under kinetic control, in line with the report of Waymouth[17a] whereby 

5.4 was formed only when the reaction was heated. 

 
Scheme 4. Computed Gibbs free reaction energies (kcal mol−1) for the formation of oxidized 

products 5.2-5.4 computed at COSMO(DMSO)-ZORA-BLYP-D3(BJ)/TZ2P. 

 

The reaction mechanism proposed by Waymouth and co-workers[14]  identifies the β-

hydride elimination from a palladium-alkoxide species to a palladium-hydride species 

forming the carbonyl to be the rate determining step. The computed activation barriers 

and reaction energies for this step of the catalytic cycle associated with the formation of 

the oxidized products 5.2, 5.3, and 5.4 are provided in Table 1. The reaction begins with 

the reversible formation of hydroxyalkoxide reactant complexes S2-4. The β-hydride 
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elimination is initiated by the isomerization of S to the agostic alkoxide S’. A four-

membered transition state was found for the β-hydride elimination T to form the 

corresponding palladium-hydride complex U. The energy differences between the 

different forms of S have little influence on the selectivity of the reaction, in line with the 

experimental observations.[17b] No significant rate difference was observed for the 

oxidation of glucoside 1, 2-deoxyglucoside and 4-deoxyglucoside, despite the absence of 

a chelation equilibrium in the latter two substrates. The ~5 kcal mol−1 difference between 

the resting state S of C3 and C2/C4 could be attributed to the enhanced hydrogen bonding 

between the electron deficient Pd2+ bound O-H on C4 and O lone pair on C6, which does 

not exist in either the resting state S of C2 or C4. In the case of the resting state S of C2, 

a hydrogen bond is present between the O-H on C4 and O lone pair on C6, but it is very 

weak due to the fact that the acidity of the O-H proton on C4 is not enhanced by the 

coordination of O to Pd2+. Structure T is the rate-determining transition state (TS) in all 

three pathways. The barrier of the C3-oxidation pathway has the lowest ∆E‡ (12.7 kcal 

mol−1). This ∆E‡ is significantly lower than for C2/C4 oxidation (∆∆E‡ of 2.9 kcal mol−1 

and 2.0 kcal mol−1, respectively). The ∆G‡ follows the same trend as the ∆E‡. Calculations 

in DMSO show the same trend in selectivity (∆G‡: C3 < C4 < C2). In agreement with 

experiments, this indicates that solvation has little influence on the regioselectivity.[15, 17a] 

The electronic energies for the key structures of the mechanistic steps S S’  T  U 

in the oxidation of carba-glucoside 1a were also computed (Table 1). Carba-glucoside 1a 

has the same molecular structure as β-glucoside 1, except that the ring oxygen in 1 is 

replaced by a methylene (CH2) group. In contrast to the results obtained for 1, in the case 

of 1a all three ∆E‡ values are within 1.5 kcal mol−1. Thus, the regioselectivity in the 

oxidation reaction disappears when moving from 1 to 1a, in line with our experimental 

observations shown in Scheme 3. 
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Table 1. Electronic energies (∆E) and [Gibbs free energies (∆G)] (in kcal mol−1) of key 

intermediates and transition states in the β-hydride elimination of 1 and 1a by the palladium-

neocuproine complex relative to the most stable reactant complex S3 computed at ZORA-BLYP-

D3(BJ)/TZ2P. The C3 pathway is depicted below. 

 

 

 

From these results, it becomes clear that the ring oxygen has an influence on the 

regioselective oxidation of 1. The correlation between the reactivity and the stability of 

the resulting oxidized products (5.1, 5.2, and 5.3) prompted us to next analyze model 

pyran systems 10a/b, 11a/b, 12a/b, and 13a/b (Scheme 5). These systems were 

judiciously selected with the aim to minimize any complicating features such as 

intramolecular hydrogen bonding and to allow for the underlying physics to be revealed. 

Furthermore, these model pyrans are ideal probes to establish the relationship between 

the carbonyl group that is formed during the reaction and the oxygen in the ring. 

1 

Pathway S S’ T U 

C2 5.3 [5.3] 9.4 [7.9] 15.6 [11.7] 9.3 [6.2] 

C3 0.0 [0.0] 9.1 [7.2] 12.7 [9.1] 5.0 [1.9] 

C4 5.3 [5.8] 11.5 [9.2] 14.7 [10.7] 9.7 [5.9] 

 

1a 

Pathway S S’ T U 

C2 6.4 [6.8] 11.0 [8.9] 14.9 [11.6] 7.6 [6.0] 

C3 0.0 [0.0] 10.2 [8.9] 13.8 [10.8] 5.0 [2.6] 

C4 6.5 [5.9] 12.3 [10.5] 14.5 [11.1] 6.9 [3.7] 
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Scheme 5. Relative electronic energies (E, in kcal mol–1) of isoelectronic C2- and C3-

ketoglucosides mimics. Note that, in every case, the C3-ketoglucoside analogs (red) are more stable 

than the corresponding C2-ketoglucoside analogs (blue). 

 

As we can see, each isoelectronic structure has a thermodynamic preference for the C3-

keto structures (10a-13a) regardless of the substituents on the ring. Interestingly, the ring-

opened structures (14a/b) again show a clear energetic preference for 14a, the linear chain 

C3-keto analog of 10a, over its regioisomer 14b. From this, it can concluded that the C3 

preference retains in both cyclic and acyclic systems. The results in Scheme 5 suggest 

that the effect of the ring oxygen is inductive, i.e., the ring oxygen disfavors proximal 

carbonyl groups (as in 10b). In order to gain further insights into the relationship between 

the ring oxygen and the stability of the oxidized product, we focused our analysis on 

model systems 10a’ and 10b’ that have been optimized with a mirror plane (h) in the 

C2v and Cs point group, respectively. The bonding mechanism of the planar model 

systems 10a’ and 10b’ were analyzed using our energy decomposition analysis (EDA)[21] 

method. The EDA decomposes the Eint between the two fragments M and N (Scheme 

6a) into three physically meaningful energy terms: classical electrostatic interaction 

(Velstat), steric (Pauli) repulsion (EPauli) which, in general, arises from two-center four-

electron repulsions between the closed-shell orbitals of both fragments, and stabilizing 

orbital interactions (Eoi) that account for, among others, HOMO–LUMO interactions. 

The corresponding energy decomposition analysis (EDA) results are presented in Table 

2. 
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Scheme 6. a) EDA fragmentation scheme. 10a’ and 10b’ are artificially planar analogs of 10a and 

10b, respectively and possess a mirror plane (σh). 10a’ and 10b’ were fully optimized and analyzed 

in C2v and Cs symmetry, respectively. b) Hirschfeld charges (milli a.u.) of carbons with singly 

occupied orbitals on fragments M and N. 

 

 

Table 2. Energy decomposition analysis (in kcal mol–1) of structures 10a’ and 10b’ computed at 

ZORA-(U)BLYP-D3(BJ)/TZ2P. 

EDA term 10a’ 10b’ Difference (Ex)[a] 

Eint −190.1 −189.9 −0.2 

Velstat −288.7 −287.5 −1.2 

EPauli 475.0 473.3 +1.7 

Eoi −370.5 −369.9 −0.6 

[a] The difference is calculated as Ex = Ex (10a’) − Ex (10b’), where Ex is the EDA term 

(Eint, Velstat, EPauli, Eoi). A negative value for Ex corresponds to an EDA term that favors the 

C3 oxidation product. 

 

Since 10a’ and 10b’ are regioisomers comprised of the same molecular fragments M and 

N, the thermodynamic preference for 10a’ over 10b’ should be reflected in the ∆Eint 

between the two fragments. Indeed, we see that the ∆Eint slightly favors 10a’ over 10b’ 

(Table 2). By examining the contributions towards ∆Eint, the electrostatic interaction 

∆Velstat is the most significant contributor for a favorable ∆Eint for 10a’. To understand the 

trend in ∆Velstat, we analyzed the Hirschfeld charges of the terminal carbons of each 

fragment (Scheme 6b). Carbonyl carbon 1 on fragment M is the most positively polarized 

carbon in the fragment, while carbon 1’ on fragment N is more negatively polarized 

compared to carbon 3’. The positively polarized carbonyl atom therefore interacts 

favorably with the (strongly) negatively polarized alkyl carbon during bond formation, 

which explains the thermodynamic preference for 10a’ over 10b’. Generalizing this 

result, we argue that the build-up of positive charge is disfavored when the neighboring 

carbon is the α-carbon of the ring oxygen (in the case of compound 1, C1 and C5). 
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(Scheme 7) Therefore, the oxidation is disfavored at C2/C4 relative to C3 because of the 

positive charge build-up during the formation of the carbonyl (i.e. β-hydride elimination). 

 

 
Scheme 7. Inductive effect of the ring oxygen on the selectivity of the β-hydride elimination. 

 

Conclusion 

In summary, we have computationally analyzed the mechanism of the C3 selective 

palladium-catalyzed oxidation reaction of methyl β-glucoside. Experimentally it was 

shown that the oxidation of methyl β-glucoside was regioselective for C3, whereas the 

same conditions for the oxidation of carba-β-glucoside (in which the ring oxygen is 

replaced with a methylene (CH2) group) were unselective. These findings indicate that 

the ring oxygen plays a crucial role in the regioselective C3 oxidation. DFT studies verify 

that the β-hydride elimination of methyl β-glucoside at C3 has both the lowest activation 

barrier and is most exergonic compared to that at C2 or C4. These reactivity differences 

between C2, C3, and C4 vanish when the ring oxygen is removed in the case of carba-β-

glucoside. Our bonding analyses on model methyl β-glucosides reveal that the 

predominant factor for the thermodynamic C3 preference originates from the unfavorable 

electrostatic interaction between the positively polarized α-carbon of the ring oxygen and 

the carbonyl carbon during β-hydride elimination. We envisage that the newly identified 

intramolecular electrostatic repulsion can serve as a general guideline for other molecules 

involving the creation of a ketone in a six-membered ring, in which an electronegative 

heteroatom is present. 
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Experimental section 

Computational details 

Energies, geometries and vibrational analyses of stationary points were carried out 

using the Amsterdam Density Functional (ADF) program[18] (version 

ADF.2017.103) using dispersion-corrected relativistic density functional theory at 

ZORA-BLYP-D3(BJ)/TZ2P.[19] The orbitals were expanded in a large, doubly polarized, 

triple-z basis set of Slater-type orbitals, denoted TZ2P. Scalar relativistic effects are 

accounted for using the zeroth-order regular approximation (ZORA).  The ZORA-BLYP-

D3(BJ)/TZ2P approach has been extensively tested against ab initio reference 

benchmarks from hierarchical series up till CCSD(T).[22] Energy minima and transition 

states were verified through vibrational analysis. All minima were found to have zero 

imaginary frequencies, while all transition states had a single imaginary frequency. The 

energy decomposition analyses[21] were carried out at the same level of theory using the 

program PyFrag 2019.[23]  When explicitly stated, solvation effects of DMSO were 

included in computations using the COnductor-like Screening MOdel (COSMO).[20] This 

level is referred to as COSMO(DMSO)-ZORA-BLYP-D3(BJ)/TZ2P. All open-shell 

systems were treated with the spin-unrestricted formalism at ZORA-(U)BLYP-

D3(BJ)/TZ2P. 
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Computed Gibbs free reaction energies (kcal mol−1) for the formation of 

oxidized products 5.2-5.4. 

 

Starting material 1 (DMSO) 

 
E = -3421.55 

H = -3276.54 

G = -3312.78 

Nimag = 0 

C        -3.495878   -3.296990    3.690096 

H        -3.340050   -0.040859    3.327655 

C        -4.542194    0.310118    1.566626 

H        -1.732837   -2.065164    3.645849 

O        -1.545566   -3.557938    2.197979 

H        -4.082045   -3.924827    3.003881 

H        -3.439526   -2.165749    1.112573 

C        -2.361751   -2.610928    2.926197 

H        -3.889677   -1.600884    5.012026 

C        -6.262407   -2.042493    5.806922 

H        -7.020127   -2.685529    6.257570 

H        -4.742537    1.945621    2.659682 

H        -5.227367   -0.260730    0.931046 

H        -3.764051    0.754330    0.935213 

H        -1.061931   -4.095976    2.850995 

O        -5.343807    1.337268    2.192996 

O        -5.508247   -2.883917    4.891450 

C        -4.429833   -2.230946    4.282559 

H        -5.598931   -1.644129    6.585050 

H        -3.620256   -4.551228    5.198236 

O        -2.894481   -4.103849    4.724328 

H        -6.741391   -1.218615    5.267622 

C        -2.904235   -1.611426    1.898982 

O        -4.935090   -1.391130    3.219858 

C        -3.886991   -0.631904    2.573973 

O        -1.823632   -0.851283    1.315759 

H        -1.141947   -1.497487    1.049596 
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Product 5.2 (DMSO) 

 
E = -3248.06 

H = -3117.75 

G = -3152.75 

Nimag = 0 

  

C        -3.310384   -3.172516    3.781326 

H        -3.639885    0.030111    3.575700 

C        -4.782063    0.267579    1.749041 

H        -1.717452   -1.766392    3.900236 

O        -1.257289   -3.207065    2.480751 

H        -2.238056    0.319786    1.282563 

O        -1.779025   -0.444164    1.700822 

H        -3.196474   -1.917631    1.239085 

H        -4.062357   -1.630573    5.132521 

C        -6.419271   -2.435747    5.696240 

H        -7.095409   -3.197466    6.086200 

H        -4.233269    1.634403    0.416314 

H        -5.639461    0.730615    2.251253 

H        -5.141652   -0.357933    0.923398 

H        -1.558062   -4.123497    2.668098 

O        -3.872941    1.290044    1.252646 

O        -5.447633   -3.146872    4.873275 

C        -4.451230   -2.332244    4.372907 

H        -5.907536   -1.926915    6.522328 

C        -2.212817   -2.353290    3.107557 

O        -3.277284   -4.392878    3.785070 

H        -6.974711   -1.710772    5.093427 

C        -2.822996   -1.349110    2.105483 

O        -4.975414   -1.553302    3.251998 

C        -4.011969   -0.598459    2.751122 
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Product 5.3 (DMSO) 

 
E = -3249.70 

H = -3119.31 

G = -3154.25 

Nimag = 0 

C        -3.580669   -3.393100    3.518576 

H        -3.501101   -0.083174    3.529069 

C        -4.676370    0.393462    1.770494 

C        -2.444024   -2.589167    2.890228 

O        -1.268083   -2.790617    3.149005 

H        -4.132611   -3.900032    2.711152 

O        -1.803561   -0.696043    1.530290 

H        -3.422876   -1.957955    1.102553 

H        -4.085773   -1.854772    5.004367 

C        -6.471072   -2.453192    5.638267 

H        -7.226099   -3.169256    5.965335 

H        -4.003776    1.744710    0.479141 

H        -5.444852    0.938268    2.331564 

H        -5.146793   -0.139031    0.935410 

H        -2.188250    0.142116    1.183823 

O        -3.659722    1.311667    1.280412 

O        -5.659773   -3.147853    4.646962 

C        -4.576218   -2.403475    4.182121 

H        -5.847006   -2.150274    6.487743 

H        -3.822444   -4.774305    4.862543 

O        -3.055165   -4.324332    4.460476 

H        -6.951284   -1.576073    5.192729 

C        -2.918589   -1.475639    1.957900 

O        -5.044343   -1.461309    3.194273 

C        -3.992948   -0.613641    2.699113 
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Product 5.4 (DMSO) 

 
E = -3249.09 

H = -3118.71 

G = -3153.98 

Nimag = 0 

C        -3.473094   -3.229096    3.571959 

H        -3.690656    0.087749    3.757123 

C        -4.755822    0.556967    1.926383 

H        -1.852386   -1.860964    3.897134 

O        -1.391304   -3.079441    2.264375 

H        -3.934674   -3.780331    2.741014 

O        -2.453827   -0.876728    1.103208 

C        -2.342070   -2.337900    3.027384 

H        -4.157857   -1.805581    5.094753 

C        -6.529763   -2.602343    5.566020 

H        -7.243715   -3.383224    5.831637 

H        -3.149699    1.187430    1.016015 

H        -5.593638    1.022982    2.450997 

H        -5.140103    0.027177    1.045071 

H        -1.109935   -3.828580    2.823280 

O        -3.853593    1.614784    1.543029 

O        -5.604519   -3.207237    4.618316 

C        -4.560527   -2.368201    4.233889 

H        -5.987047   -2.270117    6.459561 

H        -3.516684   -4.821834    4.727037 

O        -2.860039   -4.135614    4.506215 

H        -7.051529   -1.756179    5.107477 

C        -2.900173   -1.184337    2.199321 

O        -5.064389   -1.422704    3.252131 

C        -4.072211   -0.441085    2.867573 
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Benzoquinone (DMSO) 

 
E = -1792.28 

H = -1736.31 

G = -1759.43 

Nimag = 0 

C         0.000000    1.437515    0.000000 

C        -1.270557    0.672726    0.000000 

C        -1.270557   -0.672726    0.000000 

C         0.000000   -1.437515    0.000000 

C         1.270557   -0.672726    0.000000 

C         1.270557    0.672726    0.000000 

H        -2.188111    1.255874    0.000000 

H        -2.188111   -1.255874    0.000000 

O         0.000000   -2.678344    0.000000 

H         2.188111   -1.255874    0.000000 

H         2.188111    1.255874    0.000000 

O         0.000000    2.678344    0.000000 
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Hydroquinone (DMSO) 

 
E = -1979.53 

H = -1908.96 

G = -1933.26 

Nimag = 0 

C        -0.963863   -1.986196    0.006769 

C        -2.203756   -2.637287    0.006715 

C        -2.261335   -4.031166   -0.060481 

C        -1.079254   -4.778931   -0.127819 

C         0.159764   -4.129243   -0.128033 

C         0.217440   -2.732472   -0.060884 

H        -3.117771   -2.051334    0.059323 

H        -3.220630   -4.542339   -0.060750 

O        -1.194341   -6.163612   -0.192616 

H         1.080057   -4.707530   -0.180501 

H         1.182336   -2.229458   -0.061406 

O        -0.964403   -0.596882    0.075526 

H        -0.301914   -6.553953   -0.236280 

H        -0.042766   -0.278802    0.069770 
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Oxidation of carba-glucosides 

 

Oxidation of carba--D-glucose Prior to the reaction, carba--D-glucose was freeze-

dried from D2O. To a solution of freeze-dried carba--D-glucose (17.4 mg, 0.0974 mmol, 

1 equiv.) in DMSO-d6 (0.22 mL) was added p-benzoquinone (11.6 mg, 0.107 mmol, 1.1 

equiv.) in DMSO-d6 (0.38 mL). The yellow mixture was placed in an NMR tube and a 
1H NMR spectrum (d1=60) was obtained, followed by a start NMR spectrum to determine 

the ratio of DMSO : Starting material. Next, [(2,9-dimethyl-1,10-phenanthroline)Pd(-

OAc)]2(OTf)2 (2.8 mg, 2.7 µmol, 2.7 mol%) was added and the NMR tube was shaken to 

obtain a homogeneous mixture. The tube was kept at room temperature for 28 h and NMR 

spectra (1H (d1=60), 13C, COSY, me-HSQC, HMBC, HSQC-TOCSY) were obtained to 

determine the distribution of the oxidation products. The residual solvent peak of DMSO 

was used as an internal standard. Four major products were obtained, namely C4, C3, C2, 

and C1 oxidized with an NMR yield of 22%, 25%, 19%, and 11%, respectively. 

Products partially characterized on 1H-NMR, full characterization given in 13C-NMR. 

NMR data C1-ketone 25-1: 
1H NMR (600 MHz, DMSO-d6) δ 3.94 – 3.88 (m, 1H, H2, overlaps with H2 of 25-3 and 

H3 of 25-4), 3.59 – 3.53 (m, 1H, H6a, overlaps with H6a of 25-3), 3.51 – 3.47 (m, 1H, 

H6b, overlaps with H6b of 25-3), 3.47 – 3.43 (m, 1H, H4, overlaps with H6b of 25-3), 3.13 

– 3.07 (m, 1H, H3, overlaps with H4 of 25-2), 2.38 (t, J = 13.5 Hz, 1H, H7a), 2.22 (dd, J 

= 13.9, 4.2 Hz, 1H, H7b), 1.51 – 1.45 (m, 1H, H5). 13C NMR (151 MHz, DMSO-d6) δ 

208.1 (C1), 79.0 (C3), 78.0 (C2), 71.4 (C4), 61.3 (C6), 41.6 (C5), 39.3 (C7). 

NMR data C2-ketone 25-2: 
1H NMR (600 MHz, DMSO-d6) δ 4.22 (ddd, J = 12.3, 6.5, 1.3 Hz, 1H, H1), 3.99 – 3.94 

(m, 1H, H3, overlaps with H4 of 3), 3.63 (dd, J = 10.4, 3.6 Hz, 1H, H6a), 3.41 (dd, J = 

10.5, 6.3 Hz, 1H, H6b), 3.12 – 3.08 (m, 1H, H4, overlaps with H3 of 25-1), 2.12 – 2.07 

(m, 1H, H7a, overlaps with H7a of 25-4), 1.81 – 1.72 (m, 1H, H5), 1.15 (q, J = 12.9 Hz, 

1H, H7b). 13C NMR (151 MHz, DMSO-d6) δ 208.4 (C2), 79.2 (C3), 75.2 (C4), 72.5 (C1), 

61.4 (C6), 40.5 (C5), 34.1 (C7). 

NMR data 1-ketone 25-3: 
1H NMR (600 MHz, DMSO-d6) δ 3.99 – 3.94 (m, 1H, H4, overlaps with H3 of 25-2), 

3.93 – 3.89 (m, 1H, H2, overlaps with H2 of 25-1 and H3 of 25-4), 3.60 – 3.53 (m, 1H, 

H6a, overlaps with H6a of 25-1), 3.49 – 3.44 (m, 1H, H6b, overlaps with H4 and H6b of 

25-1), 3.33 – 3.27 (m, 1H, H1, overlaps with H6b of 25-4), 1.94 (dt, J = 13.4, 4.1 Hz, 1H, 

H7a), 1.59 – 1.49 (m, 1H, H7b), 1.43 – 1.34 (m, 1H, H5). 13C NMR (151 MHz, DMSO-

d6) δ 209.0 (C3), 79.9 (C2), 73.7 (C4), 73.5 (C1), 61.5 (C6), 42.4 (C5), 32.3 (C7). 

NMR data 1-ketone 25-4: 
1H NMR (600 MHz, DMSO-d6) δ 3.93 – 3.89 (m, 1H, H3, overlaps with H2 of 25-1 and 

H2 of 25-3), 3.70 – 3.64 (m, 2H, H1 and H6a), 3.35 – 3.29 (m, 1H, H6b, overlaps with H1 
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of 25-3), 3.07 – 3.01 (m, 1H, H2), 2.61 – 2.52 (m, 1H, H5), 2.14 – 2.10 (m, 1H, H7a, 

overlaps with H7a of 25-2), 1.15 – 1.05 (m, 1H, H7b). 13C NMR (151 MHz, DMSO-d6) δ 

208.5 (C4), 79.7 (C2), 78.1 (C3), 70.1 (C1), 59.2 (C6), 46.3 (C5), 33.0 (C7). 

 

 

 

Oxidation of carba-1-deoxy-D-glucose To a solution of carba-1-deoxy-D-glucose (19.5 

mg, 0.12 mmol, 1 equiv) in DMSO-d6 (400 µl) was added p-benzoquinone (13 mg, 0.12 

mmol, 1 equiv). The yellow mixture was placed in an NMR tube and a 1H NMR spectrum 

(d1=60) was obtained, followed by a start NMR spectrum to determine the ratio of DMSO 

: Starting material. Next, [(neocuproine)PdOAc]2OTf2 (3 mg, 3 µmol, 2.5 mol%) was 

added to the NMR tube, and the NMR tube was shaken to obtain a homogeneous mixture. 

The tube was kept at room temperature for 45 min and NMR spectra (1H (d1=60), 13C, 
13C-APT, ASAPHMQC) were obtained to determine the distribution of the oxidation 

products. The residual solvent peak of DMSO was used as an internal standard. Upon full 

conversion, the selectivity was determined and product characterized by 1H- and 13C-

NMR. Three major products were obtained, namely C4, C3 and C2 oxidized with an 

NMR yield of 38%, 40% and 22%, respectively. 

Products partially characterized on 1H-NMR, full characterization given in 13C-NMR. 

NMR data 2-ketone 26-2:  
1H NMR (400 MHz, DMSO-d6) δ 3.94 (d, J = 8.8 Hz, 1H, H3, overlaps with H3 of 26-

4), 3.71 – 3.64 (m, 1H, H6a, overlaps with H6a of 26-4), 3.39 (dd, J = 10.4, 6.6 Hz, 1H, 

H6b), 3.14 (apt, J = 9.8 Hz, 1H, H4) 13C NMR (101 MHz, DMSO-d6) δ 208.9 (C2), 80.6 

(C3) 75.5 (C4), 61.93 (C6), 44.3 (C5), 38.2 (C1), 31.4 (C7, overlaps with C1 of 26-4). 

NMR data 2-ketone 26-3:  
1H NMR (400 MHz, DMSO-d6) δ 4.12 (ddd, J = 12.2, 6.6, 1.7 Hz, 1H, H2) 3.88 (dd, J = 

9.3, 1.4 Hz, 1H, H4), 3.57 (dd, J = 10.4, 2.8 Hz, 1H, H6a), 3.46 (dd, J = 10.5, 5.4 Hz, 1H, 

H6b) 2.15 (dtt, J = 15.8, 6.5, 2.8 Hz, 1H, H1) 13C NMR (101 MHz, DMSO-d6) δ 211.1 

(C3), 81.5 (C4) 73.5 (C2), 61.88 (C6), 49.3 (C5), 34.9 (C1), 22.9 (C7). 

NMR data 2-ketone 26-4:  
1H NMR (400 MHz, DMSO-d6) δ 3.94 (d, 8.8 Hz, 1H, H3, overlaps with H3 of 26-2), 

3.71 – 3.64 (m, 1H, H6a, overlaps with H6a of 26-2), 3.35 – 3.26 (m, 2H, H2 + H6b) 13C 

NMR (101 MHz, DMSO-d6) δ 209.0 (C4), 75.4 (C2), 74.3 (C3), 59.6 (C6), 49.9 (C5), 

31.4 (C1, overlaps with C7 of 26-2), 24.5 (C7). 
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Rare monosaccharides are monosaccharides which are produced in minute amounts by 

many organisms, mainly bacteria. However, their low abundance does not imply triviality, 

as many of them are structural components of important natural products, such as anti-

cancer agents and antibiotics.[1] The synthesis of such compounds is therefore an 

important field in carbohydrate chemistry. Despite their minimal size (C6), their poly-

hydroxylated structure with multiple stereocenters poses a non-trivial challenge for a 

bottom-up synthesis from achiral starting materials. A more tractable approach is to start 

from a molecule which has most of the existing functional group with the correct 

regiochemistry and stereochemistry, i.e. a common monosaccharide. With such an 

approach, minimal changes have to be made to the starting material for the synthesis of 

the target rare monosaccharide, thus shortening the synthesis. Nevertheless, desired 

modifications on common monosaccharides are often not straightforward due to the 

multiple hydroxyl groups which are similar in reactivity. In order to tackle this problem, 

carbohydrate chemists have devised multiple tools which are effective in differentiating 

different hydroxyl groups in monosaccharides. Among the existing strategies, silylation, 

esterification, and acetal/ketal formation are effective at differentiating different hydroxyl 

groups in common monosaccharides (i.e. they are site-selective). Due to their versatility, 

most of the rare monosaccharides synthesized chemically rely on such methodology. 

Some of these methodologies can even be extended to modify oligosaccharides and 

glycopeptides. However, all of these modifications are protective, i.e. they are seldom 

used for further functionalization and do not appear in the final product. Multiple 

protection and deprotection steps are often involved in the synthesis with only a few steps 

which are synthetically progressive towards the desired product. In recent years, progress 

has been made in direct site-selective modifications which lead to the desired product or 

versatile intermediates and allows further functionalization. Examples are oxidation,[2-3] 

deoxygenation,[4] α-alkylation[5] and inversion.[6] Despite all the progress made, the 

toolbox of site-selective modifications remains small. In the work described in this 

dissertation, different aspects of progressive site-selective modifications of 

monosaccharides were approached from different angles. New methodologies have been 

developed with photoredox catalysis, and the mechanism and the origin of selectivity 

observed in the transition metal catalyzed oxidation developed by our group is deciphered. 

While trying to apply our new methodology on the synthesis of N-acetyl talosaminuronic 

acid, a new shortcut towards N-acetylgulosamine was discovered by serendipity.  

Chapter 2 describes the C3 selective α-alkylation of unprotected glucosides and 

xylosides. By adapting the photoredox catalysis methodology originally developed by 

MacMillan and coworkers,[7] C3 selective hydrogen atom transfer (HAT) is induced in 

glucosides and xylosides, forming an electron-rich carbon-centered radical at C3. 

Subsequent addition of this radical to various somophiles results in C3-branched allosides 

in ~50% isolated yield (Scheme 1).[8] Despite the remarkable selectivity, the reaction 

suffers from moderate yields due to incomplete conversion and difficult isolation. 

Therefore, the reaction is studied extensively in Chapter 3. The reaction of α-methyl 

glucoside with phenyl vinyl sulfone is chosen as the benchmark reaction for the study. 

Optimization of the reaction in terms of both conversion and catalyst loading was 

attempted. During the study, the light sources were characterized, and side reactions of 
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phenyl vinyl sulfone were found to occur under the photochemical conditions used. To 

facilitate isolation, it was attempted to replace DMSO with other solvents, while trying 

to remove salts with extraction based on our knowledge on the Hofmeister series.  

 

Scheme 1. Selective α-alkylation of α-methyl glucoside at C3. (Chapters 2 and 3) 

In Chapter 4, the challenge to prepare L-monosaccharides from common D-

monosaccharides using photoredox catalysis is addressed (Scheme 2). By oxidizing and 

attaching a redox-active group on C6, decarboxylation can be induced, generating a 

carbon-centered radical at C5. By restricting the conformation of the radical intermediate, 

subsequent addition to a somophile occurs with high selectivity leading to the L-

configured product in ~80% isolated yield. Using this methodology, L-guloside was 

synthesized from D-mannoside in 6 steps and 21% yield, providing a new entry point of 

L-monosaccharides from D-monosaccharides via inversion at C5.[9]  

 

Scheme 2. Stereo-inversion at C5 using photoredox catalysis. (Chapter 4) 

To capitalize on the success with the methodology on C5 inversion, we attempted to 

synthesize N-acetyl talosaminuronic acid from N-acetyl glucosamine in Chapter 5 by 

combining C3 inversion described previously in our group and C5 inversion (Scheme 3). 

However, during the synthesis of N-acetyl talosaminuronic acid, an unusual side product 

appeared during the reduction of 3-keto-N-acetyl glucosaminoside to N-acetyl 

allosaminoside. This turned out to be N-acetyl gulosaminoside. Subsequent optimization 

and mechanistic studies show that the epimerization does not happen during the reduction 

step, but rather with the product N-acetyl allosaminoside during workup with the acidic 
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resin Amberlite IR120 H. Although we were not able to pinpoint the mechanism, this 

reaction provides a novel starting point to the synthesis of N-acetyl gulosamine from N-

acetyl glucosamine.  

 

Scheme 3. Synthesis of N-acetyl gulosaminoside via reduction and epimerization at C4. (Chapter 

5) 

In Chapter 6, the in silico the origin of the C3 selectivity observed in the site-selective 

oxidation of methyl glucoside by Waymouth’s catalyst is investigated. Via activation 

strain analysis, it is shown that the selectivity is entirely substrate-controlled. Comparison 

of the energies of multiple 3-keto vs 2-keto systems unilaterally shows an intrinsic 

thermodynamic bias towards the 3-keto product, and subsequent energy decomposition 

analysis on the model systems demonstrates that the positive charge buildup during β-

hydride elimination is disfavored when the site is in proximity to the ring oxygen, leaving 

C3 the “least disfavored” site for oxidation (Scheme 4). This aligns with the experimental 

results that the C3 selectivity entirely disappears when the ring oxygen is replaced by a 

methylene group. 

 

Scheme 4. Origin of selectivity for β-hydride elimination at C3. (Chapter 6) 
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Zeldzame monosacchariden zijn monosacchariden die in zeer kleine hoeveelheden door 

veel organismen, voornamelijk bacteriën, worden geproduceerd. Hun geringe productie 

impliceert echter niet dat ze niet belangrijk zijn, aangezien velen structurele componenten 

zijn van belangrijke natuurlijke producten, zoals antikankermiddelen en antibiotica.[1] De 

synthese van dergelijke chemische verbindingen is daarom een belangrijk onderdeel van 

de koolhydraatchemie. Ondanks hun minimale grootte (C6) vormt hun 

polyhydroxylstructuur met meerdere stereocentra een niet-triviale uitdaging voor een 

bottom-up synthese uit achirale uitgangsmaterialen. Een meer handelbare methode is om 

te beginnen met een molecuul dat het grootste deel van de bestaande functionele groepen 

heeft met de juiste regiochemie en stereochemie, d.w.z. een algemeen monosaccharide. 

Met een dergelijke benadering hoeven maar minimale wijzigingen te worden aangebracht 

in het uitgangsmateriaal voor de synthese van het zeldzame doelmonosaccharide, 

waardoor de synthese wordt verkort. Desalniettemin zijn gewenste modificaties op 

gewone monosacchariden vaak niet eenvoudig vanwege de meerdere hydroxylgroepen 

die vergelijkbaar zijn in reactiviteit. Om dit probleem aan te pakken, hebben 

koolhydraatchemici meerdere methodes bedacht die effectief zijn in het differentiëren 

van verschillende hydroxylgroepen in monosacchariden. Van de bestaande strategieën 

zijn silylatie, esterificatie en acetaal/ketaalvorming effectief bij het differentiëren van 

verschillende hydroxylgroepen in gewone monosacchariden (d.w.z. ze zijn regioselectief). 

Vanwege hun veelzijdigheid zijn de meeste van de zeldzame chemisch gesynthetiseerde 

monosacchariden op een dergelijke methodologie gebaseerd. Sommige van deze 

methodologieën kunnen zelfs worden uitgebreid om oligosacchariden en glycopeptiden 

te modificeren. Al deze aanpassingen zijn echter om hydroxylgroepen te beschermen, 

d.w.z. ze worden zelden gebruikt voor verdere functionalisatie en komen niet voor in het 

eindproduct. Bij de synthese zijn vaak meerdere beschermings- en ontschermingsstappen 

betrokken, met slechts een paar stappen die synthetisch progressief zijn in de richting van 

het gewenste product. In de afgelopen jaren is vooruitgang geboekt in directe 

regioselectieve modificaties die leiden tot het gewenste product of veelzijdige 

tussenproducten en verdere functionalisering mogelijk maken. Voorbeelden zijn 

oxidatie,[2-3] deoxygenatie,[4] α-alkylering[5] en inversie.[6] Ondanks alle geboekte 

vooruitgang blijft de toolbox met site-selectieve aanpassingen klein. In het werk dat in 

dit proefschrift wordt beschreven, worden verschillende aspecten van progressieve 

locatieselectieve modificaties van monosacchariden vanuit verschillende invalshoeken 

benaderd. Er zijn nieuwe methodologieën ontwikkeld met fotoredoxkatalyse, en het 

mechanisme en de oorsprong van selectiviteit waargenomen in de overgangsmetaal 

gekatalyseerde oxidatie ontwikkeld door onze groep wordt ontcijferd. Terwijl we onze 

nieuwe methodologie probeerden toe te passen op de synthese van N-

acetyltalosaminuronzuur, werd een nieuwe kortere weg naar N-acetylgulosamine ontdekt 

door serendipiteit. 

Hoofdstuk 2 beschrijft de C3 selectieve α-alkylatie van onbeschermde glucosiden en 

xylosiden. Door de fotoredox-katalyse-methodologie aan te passen die oorspronkelijk 

werd ontwikkeld door MacMillan en collega's,[7] wordt C3 selectieve 

waterstofatoomoverdracht (HAT) geïnduceerd in glucosiden en xylosiden, waardoor een 

elektronenrijke koolstof-gecentreerde radicaal op C3 wordt gevormd. Daaropvolgende 
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toevoeging van deze radicaal aan verschillende somofielen resulteert in C3-vertakte 

allosiden met een geïsoleerde opbrengst van ~ 50% (Schema 1).[8] Ondanks de 

opmerkelijke selectiviteit lijdt de reactie aan matige opbrengsten als gevolg van 

onvolledige omzetting en moeilijke isolatie. Daarom wordt de reactie uitgebreid 

bestudeerd in Hoofdstuk 3. De reactie van α-methylglucoside met fenylvinylsulfon is 

gekozen als de benchmarkreactie voor de studie. Hierbij werd een poging om de reactie 

te optimaliseren in termen van zowel conversie als katalysatorbelading. Tijdens het 

onderzoek werden de lichtbronnen gekarakteriseerd en bleken nevenreacties van 

fenylvinylsulfon plaats te vinden onder de gebruikte fotochemische omstandigheden. Om 

isolatie te vergemakkelijken, werd er geprobeerd om DMSO te vervangen door andere 

oplosmiddelen, terwijl de zouten geprobeerd werden te verwijderen met extractie op basis 

van onze kennis over de Hofmeister-serie. 

 

Schema 1. Selectieve α-alkylatie van α-methylglucoside op C3. (Hoofdstuk 2 en 3) 

In Hoofdstuk 4 wordt de de uitdaging om L-monosacchariden te bereiden uit gewone D-

monosacchariden met behulp van fotoredoxkatalyse beschreven (Schema 2). Door een 

redox-actieve groep op C6 te oxideren en te introduceren, kan decarboxylatie worden 

geïnduceerd, waardoor een koolstof-gecentreerde radicaal op C5 wordt gegenereerd. 

Door de conformatie van het radicale tussenproduct te beperken, vindt de daaropvolgende 

toevoeging aan een somofiel plaats met een hoge selectiviteit, wat leidt tot het L-

geconfigureerde product in ~80% geïsoleerde opbrengst. Met behulp van deze 

methodologie werd L-guloside gesynthetiseerd uit D-mannoside in 6 stappen en een 

opbrengst van 21%, wat een nieuw toegangspunt voor L-monosacchariden uit D- 

monosacchariden via inversie op C5 opleverde.[9] 
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Schema 2. Stereo-inversie op C5 met behulp van fotoredoxkatalyse. (Hoofdstuk 4) 

Om te profiteren van het succes met de methodologie voor C5-inversie, wordt in 

Hoofdstuk 5 een poging gedaan om N-acetyltalosaminuronzuur te synthetiseren uit N-

acetylglucosamine door C3-inversie te combineren die eerder in onze groep werd 

beschreven en C5-inversie (Schema 3). Tijdens de synthese van N-

acetyltalosaminuronzuur verscheen echter een ongebruikelijk bijproduct tijdens de 

reductie van 3-keto-N-acetylglucosaminoside tot N-acetylallosaminoside. Dit bleek N-

acetylgulosaminoside te zijn. Daaropvolgende optimalisatie- en mechanistische studies 

tonen aan dat de epimerisatie niet plaatsvindt tijdens de reductiestap, maar eerder met het 

product N-acetylallosaminoside tijdens de opwerking met de zure resin Amberlite IR120 

H. Hoewel we het mechanisme niet konden vaststellen, levert deze reactie een nieuw 

uitgangspunt voor de synthese van N-acetylgulosamine uit N-acetylglucosamine.  

 

Schema 3. Synthese van N-acetylgulosaminoside via reductie en epimerisatie op C4. (Hoofdstuk 

5) 

Hoofdstuk 6 beschrijft hoe de oorsprong van de C3-selectiviteit die wordt waargenomen 

in de plaatsselectieve oxidatie van methylglucoside door Waymouth’s katalysator in 

silico onderzocht wordt. Via activeringsstamanalyse (ASA) wordt getoond dat de 

selectiviteit volledig substraatgestuurd is. Vergelijking van de energieën van meerdere 3-

keto- versus 2-keto-systemen toont eenzijdig een intrinsieke thermodynamische voorkeur 

voor het 3-keto-product, en daaropvolgende analyse van de energiedecompositie op de 

modelsystemen toont aan dat de opbouw van positieve lading tijdens β-hydride-eliminatie 

ongunstig is wanneer de site zich bevindt in de buurt van de ringzuurstof, waardoor C3 
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de "minst ongunstige" site voor oxidatie is (Schema 4). Dit komt overeen met de 

experimentele resultaten dat de C3-selectiviteit volledig verdwijnt wanneer de 

ringzuurstof wordt vervangen door een methyleengroep. 

 

Schema 4. Oorsprong van selectiviteit voor eliminatie van β-hydride op C3. (Hoofdstuk 6) 
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