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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. 



22 

 

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). 
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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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