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Abstract: The chemical synthesis of pyridoxine-5'-β-D-glucoside (5'-β-PNG) was 6 

investigated using various glucoside donors and promoters. Hereby, the combination of 7 

α4,3-O-isopropylidene pyridoxine, glucose vested with different leaving and protecting 8 

groups and the application of stoichiometric amounts of different promoters was examined 9 

with regards to the preparation of the twofold protected PNG. Best results were obtained with 10 

2,3,4,6-tetra-O-acetyl-D-glucopyranosyl fluoride and boron trifluoride etherate (2.0 eq.) as 11 

promoter at 0 °C (59 %). The deprotection was accomplished stepwise with 12 

potassium/sodium hydroxide in acetonitrile/water followed by acid hydrolysis with formic 13 

acid resulting in the chemical synthesis of 5'-β-PNG.  14 

Keywords: Pyridoxine; Vitamin B6; Chemical Glycosylation; Chemical Synthesis 15 

1. Introduction 16 

The group of vitamin B6 consists of the three vitamers pyridoxine (PN), pyridoxal (PL), 17 

pyridoxamine (PM) and their respective phosphorylated compounds pyridoxine 5'-phosphate 18 

(PNP), pyridoxal 5'-phosphate (PLP) and pyridoxamine 5'-phosphate (PMP) (Figure 1).[1] 19 

 20 

Figure 1. The group of vitamin B6 unites six substrates sharing a 2-methyl 3-hydroxypyridine 21 
structure. 22 



 

 

Furthermore, a glucosylated derivative, pyridoxine-5'-β-D-glucoside (5'-β-PNG, 1), can be 23 

found in plants as a major fraction of the total vitamin B6 content (Figure 1).[2-4] The 24 

substance was first identified in 1968 during investigations regarding the metabolism of 25 

pyridoxine in microorganisms.[5] In this study, the transglucosylation of glycosyl-moieties - 26 

sucrose was found to be the most efficient as carbon-donor amongst other tested saccharides 27 

- to pyridoxine using intact cells of Sarcina lutea and the isolated enzyme of Micrococcus 28 

resulted in mainly 5'-α-PNG and small amounts of 4'-α-PNG. The molecules were verified 29 

via enzymatic hydrolysis and comparison to a chemically synthesized sample.[6-10] The 30 

latter was prepared and isolated as a hexaacetate derivative according to KOENIGS-KNORR 31 

reaction using α4,3-O-isopropylidene pyridoxine, 32 

2,3,4,6-tetra-O-benzyl-α-D-glucopyranosyl chloride and silver carbonate followed by 33 

subsequent acetylation.[9] The application of purified α-glucosidase from Mucor javanicus 34 

with dextrin has been reported in 1996 to result in the formation of 4'- and 5'-α-PNG in an 35 

equimolar ratio with 14 % yield.[11] Also, a marine exo-α-glucosidase from the anaspidean 36 

mollusc Aplysia fasciata was tested regarding transglucosylation properties towards 37 

pyridoxine and showed high selectivity towards the 5’ position for both mono- (α-D-glucose) 38 

and disaccharide (α-isomaltose) formation resulting in specifically the α-glycoside.[12] 39 

Next to these microorganisms and isolated enzymes, also fungi of the genus Verticillium 40 

dahliae were found to catalyze a highly selective (99 %) transglucosylation towards 41 

5'-α-PNG with moderate yield (34 %) from maltodextrin using borate as complexing 42 

agent.[13]  43 

Although the α-epimer of 5'-PNG also exhibits nutritional value, the main fraction (5 - 70 %) 44 

of the total vitamin B6 content in plant-derived foods consists of the β-epimer.[14, 15] After 45 

their first identification in 1977 through isolation from rice bran, Yasumoto et al. also 46 

pioneered in the chemical synthesis of 5'-β-PNG preparing the molecule via 47 

KOENIGS-KNORR synthesis with a yield of 3 % using α4,3-O-isopropylidene pyridoxine, 48 

2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide and silver carbonate.[16] Additionally, 49 

pyridoxine glycosides were prepared from various glycosyl donors (e.g. 50 

p-nitrophenyl-β-glucoside) utilizing a β-glucosidase, which has been isolated and purified 51 

from rice bran[17] or sweet almond[18] beforehand. With the latter, a mixture of 52 

4’-α/5’-α/5’-β-PNG (20/39/41) was obtained in 36 % (± 10 %) yield.[18] Transglycosylating 53 

properties towards 4'- and 5'-β-PNG were also detected incubating cellobiose and pyridoxine 54 

with β-glucosidase (cellobiase) from wheat bran and using an isolated glucosyltransferase 55 

from popped pea (Pisum sativum) along with UDP-Glucose and PN.[4, 19] In this regard a 56 



 

 

variety of glycosidases were tested in glycosylation reactions using pyridoxine as 57 

substrate.[20] 58 

Various plant seeds, i.e. soybean, cow pea, jack bean, japanese radish, chinese cabbage, 59 

spinach, rice, corn, wheat, trefoil and alfalfa produce PNG during germination.[19, 21-25] 60 

While investigating the formation of β-PNGs in germinating seeds of wheat, barley and rice, 61 

the regioselective preference regarding the 4' and 5'-position of pyridoxine in certain seeds 62 

was noticed. Seeds of wheat and barley produced both the 4' and 5'-β-PNG in the same molar 63 

ratio during the germination. In contrast, rice seeds mainly contained the 5’-glucoside, while 64 

the 4’-glucoside was formed only in small amounts at later stages of germination.[11] 65 

Soybean seeds formed only 5'-β-PNG.[24] Furthermore, alfalfa seeds were reported to create 66 

unlabeled PNG - the yields ranged from 35-60 % -, [2H]- and [3H]-β-PNG.[25-29] 67 

Although there exists a manifold of different methods with regard to the biotechnological 68 

preparation of pyridoxine glycosides, the chemical pathway towards this substrate is not 69 

explored well to this day. Hereby, main approaches rely on the preparation via 70 

KOENIGS-KNORR reaction conditions, but result in rather unsatisfying yields. The aim of this 71 

study was to establish a fundament comprising of various methods regarding the chemical 72 

preparation of β-PNG in order to suggest opportunities in the field of the chemical synthesis 73 

of this molecule as an alternative to the commonly utilized preparation via biotechnological 74 

pathways. To achieve this objective, a strategy was required that would not only compete in 75 

the yield and selectivity of the reaction towards the desired molecule, but also in the 76 

simplicity of the preparation steps and time needed therefor. 77 

2. Results & Discussion 78 

2.1. Synthesis of the glucosyl donors and protection of PN 79 

In order to establish this methodology, this study focused on investigations regarding the 80 

chemical glucosylation of pyridoxine. Therefore, the starting materials for the glucosylation 81 

reaction, namely the glucosyl donors (3-18) and acceptor (20), were prepared starting from 82 

glucose (2) and pyridoxine hydrochloride (19) and subsequently implemented in a 83 

glucosylation reaction (Scheme 1). 84 



 

 

 85 

Scheme 1. General depiction outlining the strategy for the chemical glucosylation of pyridoxine. P = 86 
protecting group (Ac, Bz, Bn, Piv), LG = leaving group (F, Cl, Br, SEt, SPh, SBox, Imidate). 87 

The hydrophilicity of pyridoxine (PN) shackles the vitamin to its solubility in water - and 88 

somewhat ethanol -, a solvent not favorable for glycosylation reactions. In order to enhance 89 

its solubility in organic solvents and to improve the selectivity towards 5'-position, the 90 

hydroxyl-groups in 3'- and 4'-position were protected using p-toluenesulfonic acid (pTSA) 91 

and 2,2-dimethoxypropane resulting in the protected pyridoxine (20, 96 %, Scheme 2).[30] 92 

The introduction of the acetonide group in the right position was verified by 2D-NMR 93 

measurements.  94 

N

O

O

OH

N
H

HO

OH

OH

pTSA, acetone

Cl

OO

2019  95 

Scheme 2. The protection of PN proceeded selectively with pTSA and 2,2-dimethoxypropane. 96 

The synthesis of the glucosyl donors started with the peracetylation of glucose (2, 3; 97 

Scheme 3).[31] Implementation of bromine (4) and chlorine (5) leaving groups was 98 

accomplished with hydrogen bromide (HBr) or thionyl chloride and tin tetrachloride 99 

(SOCl2/SnCl4).[32-34] Deprotection of the anomeric acetate group was achieved with 100 

ethylene diamine and acetic acid.[35] The utilization of benzyl amine as selective 101 

anomeric-deprotection reagent[36] required a longer reaction time and higher effort with 102 

regards to the purification of the product. Continuing from the free hydroxyl functionality (7) 103 

either trichloroacetimidate-glucose (8) could be obtained using trichloroacetonitrile and 104 

DBU or a fluorine leaving group (9) could have been installed using diethylaminosulfur 105 

trifluoride (DAST).[35, 37] 106 



 

 

 107 

Scheme 3. Preparation of the glucosyl donors. a) Ac2O, pyridine; b) HBr; c) SOCl2, SnCl4; 108 
d) 2-Mercaptobenzoxazole, K2CO3; e) Ethylene diamine, HOAc; f) DBU, NCCl3; g) DAST; h) 109 

EtSH/EtPh, BF3·OEt2; i) NaOMe, MeOH; j) BnBr, NaH; k) BzCl, pyridine; l) PivCl, pyridine; m) 110 
NBS; n) C2O2Br2; o) DAST. 111 

Thioglycosylation (10, 11) of a peracetylated saccharide can be accomplished with a variety 112 

of Lewis acids e.g. SnCl4, trimethylsilyl trifluoromethanesulfonate (TMSOTf) or boron 113 

trifluoride etherate (BF3·OEt2).[38-40] Furthermore, a SBox-leaving group (6) was furnished 114 

using 2-mercapto-benzoxazole and potassium carbonate.[41] In order to investigate the 115 

influence of other protecting groups on the glucosylation of PN, the remaining acetate groups 116 

had to be cleaved while leaving the thiol-group intact. Deacetylation (12) was undertaken 117 

according to ZEMPLÉN using sodium methoxide in methanol followed by application of 118 

cation exchange resin (Dowex, H+-form) during workup.[42] Next, the molecule could be 119 

modified with benzyl-protecting groups (15) using benzyl bromide (BnBr) and sodium 120 

hydride (NaH) or benzoyl-groups (13) and pivaloyl-groups (14) using the respective 121 

chlorides (BzCl/PivCl) as starting material with pyridine. After hydrolysis (16) of the thiol 122 

group with N-bromosuccinimide (NBS), a bromine leaving group could be introduced with 123 

oxalyl bromide resulting in the 2,3,4,6-tetra-O-benzyl-α-D-glucopyranoside bromide (18). 124 

DAST aided in the synthesis of the fluorinated benzyl glucoside 17.  125 

2.2. Glucosylation reactions 126 

As part of a first approach, a promoting system consisting of the combination of 127 

N-iodosuccinimide (NIS) and different acidic/Lewis-acidic reagents, namely TMSOTf, 128 

triflic acid (TfOH), BF3·OEt2, or various silver or rather copper salts, in particular silver 129 

triflate (AgOTf), silver carbonate (Ag2CO3), silver oxide (Ag2O) and copper triflate 130 

(Cu(OTf)2), was examined (Scheme 4). As for the glucosyl donors, thio, imidate and 131 



 

 

bromoglucosides were chosen because of their versatile scope of application, good stability 132 

and simple preparation (Scheme 3).[40, 43-45] In order to enhance the selectivity towards the 133 

β-product, acetate protecting groups represented the first choice due to their neighbouring 134 

group participation.[46-48] 135 

 136 

Scheme 4. General reaction scheme for the first glucosylation-approaches involving 137 
KOENIGS-KNORR- and SCHMIDT-conditions as well as glucosylations with thioglucosides and 138 

depiction of the expected product (21). 139 

Variations regarding the reaction conditions focused not only on switching the leaving 140 

groups and promoter systems, i.e. different amounts (0.1 - 0.3 eq.) of promoter with or 141 

without the addition of NIS, but - as further dimensions of variation - additionally on 142 

temperature (− 78, − 30, 0 °C or rt) and time. Unfortunately, this set of experiments ended 143 

exclusively in the formation of the orthoester-structure 22 when NIS was added regardless of 144 

the chosen glucosylation method and reaction conditions (Figure 2, Scheme 5).  145 

 146 

Figure 2. First reaction approaches ended exclusively in the formation of the orthoester 22. 147 

On the other hand, no conversion of the starting material took place using a promoter-system 148 

without NIS. This was especially salient in the case of KOENIGS-KNORR conditions, where 149 

the acetylated glycopyranosyl bromide 4 was reacted under the addition of silver triflate (0.3 150 

eq.) at 0 °C. Hereby, the orthoester was isolated with a yield of 48 % while adding NIS (3.0 151 

eq.). On the other hand, no conversion occurred without NIS, suggesting a NIS-mediated 152 

formation of the orthoester. The structural discrepancy was verified via the number of 153 

carbon-signals related to the acetate-groups in the 13C-NMR spectra - three in case of the 154 



 

 

orthoester versus four in the desired product - and an erroneous m/z (= 414 vs. the 155 

sought-after 371) after the following basic deprotection of the acetate groups.  156 

The study of orthoesters is profoundly entrenched in the chemistry of glycosylation 157 

reactions, especially in the preparation of 1,2-trans-glycosides where the anchimeric 158 

assistance is utilized in the enhancement of β-selectivity. Furthermore, orthoesters 159 

themselves were already pictured as either intermediates on the way to a desired glycoside or 160 

used as starting materials directly.[49-52] Contrarily, their formation was connected to an 161 

undesired reaction outcome, too.[53, 54] Their origination can be traced to the 162 

activator-assisted heterolytic fission of the C-LG bond with formation of an oxonium ion 163 

leading to the generation of a more stable acyloxonium ion through neighbouring group 164 

participation of the C-2 acyl group and the subsequent attack of the glycosyl acceptor 165 

towards this new electrophilic center (Path A, Scheme 5).[55-57] 166 

 167 

Scheme 5. The formation of orthoesters occurs through neighbouring group participation. 168 

In this regard, the originally planned utilization of the neighbouring group effect to enhance 169 

the selectivity towards the β-product resulted in an undesired reaction outcome bearing only 170 

the orthoester structure, despite the variation of the reaction conditions and use of Lewis 171 

acids as promoters. In order to circumvent this problem, either the impact of the 172 

neighbouring group effect had to be diminished or a potential transformation of the 173 

orthoester into the desired glucosidic structure evaluated. Regarding the latter, especially 174 

Lewis-acidic reagents such as TMSOTf are commonly applied as aid in the rearrangement 175 

towards the desired product.[49, 50, 58-61] Unfortunately, no procedures helped in our case 176 

resulting either in no conversion of PNG while applying mild conditions (0 °C - rt, 0.1 - 1 eq. 177 

of acidic catalyst) or cleavage of the glucosidic bond in the case of harsh conditions (> rt, > 1 178 

eq. of acidic catalyst, multiple days).  179 



 

 

In order to bypass the neighbouring group effect, a further option that was explored involved 180 

the utilization of the nitrilium effect of acetonitrile (ACN). Through selective coordination 181 

towards the α-face according to the solvent coordination hypothesis, the nucleophilic attack 182 

of the acetate groups can be obviated (Path B, Scheme 5).[62-64] Although this strategy 183 

being useful with regards to the selectivity of the reaction towards the β-product, the 184 

complete substitution of dichloromethane as the reaction solvent was not possible due to 185 

reduction in solubility of the starting materials, making the addition of ACN in stoichiometric 186 

amounts inevitable. Nevertheless, no orthoester formation was observed with this procedure 187 

(AgOTf 0.3 eq./NIS 3.0 eq., − 78 °C) and the desired product could be isolated, even though 188 

in low yields (20 %).  189 

Glycosylation reactions involving pyridine based derivatives show either a scarce 190 

appearance in the literature[65-67] or are mostly studied in conjunction with nucleotide 191 

synthesis.[68-73] Their utilization as part of a protection strategy was also an aspect of 192 

research.[74-76] Optimally, application of low amounts of promoter (0.1 – 0.3 eq.) suffices 193 

with regards to glycosylation reactions, but since the activation is mostly performed in an 194 

acid driven approach, the basicity of pyridine derivatives could exhibit a competing effect 195 

under such conditions.[77, 78] In order to explore this hypothesis, the introductory 196 

experiments leading to the orthoester were revised with a stoichiometric amount of promoter 197 

added to the reaction (Scheme 6).  198 

 199 

Scheme 6. The initial experiments were repeated with an increased amount of promoter. 200 

Interestingly, this shifted the reaction outcome not only completely from the formation of the 201 

orthoester (22) to the desired PNG (21), but also resulted in a high β-selectivity of the 202 

reaction. Since the mechanism proposedly proceeds via the departure of the leaving group 203 

and the stabilization of the resulting oxonium ion through formation of an acyloxonium ion, a 204 

higher amount of promoter - hereby especially triflate substrates - could have an impact not 205 

only with regards to countering the basicity of PN, but also providing a shielding effect of the 206 

acyloxonium ion, allowing a selective attack of PN on the anomeric position from the 207 

β-side.[46, 79-83] A similar outcome, where an increase (0.1 to 0.25 eq.) of promoter helped 208 

with the conversion of the starting material - although with non-pyridine moieties -, was 209 



 

 

observed with TMSOTf and AgOTf.[58, 84] Furthermore, a dependence of the orthoester 210 

formation on the temperature was described while preparing DON-glycosides under 211 

SCHMIDT conditions.[85] It additionally has to be noted, that acetonide protecting groups are 212 

unstable against Brønsted acids. Due to the Lewis-acidic properties of the promoters used in 213 

this study, an increase of promoter showed no harm to the acetonide group. 214 

Having found a method for the synthesis of the desired PNG, the process of optimization was 215 

addressed next. For this task, halogen, thio or imidate glucosideswere utilized in analogy to 216 

the introductory tests (Scheme 6).  217 

First, reactions revolving around the activation of trichloroacetimidate functionalities (8) 218 

with Lewis acids in dichloromethane as solvent were investigated (Scheme 7, table 1).[86, 219 

87]  220 

 221 

Scheme 7. First glucosylation reactions were performed with trichloroacetimidate donors. 222 

Hereby, no formation of PNG was observed with either TMSOTf (1.0 eq.) or Sc(OTf)3 (1.0 223 

eq.) at 0 °C (entry 1/2). Better conversion was obtained with TfOH (1.0 eq., 33 %, entry 3) 224 

and BF3·OEt2 (1.0 eq., 40 %, entry 4), indicating a superior activation of trichloroacetimidate 225 

groups using BF3·OEt2 rather than TMSOTf.[84] 226 

Table 1. Reaction conditions for the imidate glucosides. 227 

entry substrate promoter [eq.] T [°C]  yield [%]  

1 8 TMSOTf 1.0 0 - 

2 8 Sc(OTf)3 1.0 0 - 

3 8 TfOH 1.0 0 33 

4 8 BF3·OEt2 1.0 0 40 

5 8 BF3·OEt2 1.0 rt 11 

6 8 BF3·OEt2 1.0 − 78 32 

7 8 BF3·OEt2 1.5 0 42 

Lowering (− 78 °C) and raising (rt) the reaction temperature led to lower yields (32 resp. 11 228 

%, entries 5/6). Furtherly increasing the amount of promoter stimulated no higher reaction 229 

outcome (42 %, entry 7). All performed reactions led selectively to the β-anomer and no 230 

formation of the α-anomer could be detected. Furthermore, monitoring the reactions via TLC 231 



 

 

indicated that most of the reaction took place during the first 12 hours and a prolonged 232 

reaction time did not result in a further change of the reaction mixture.  233 

Thiol derivatives are established leaving groups in chemical glycosylations, having gone 234 

through extensive research and thus making them powerful tools in carbohydrate 235 

chemistry.[88] Hence, they were included in this survey (Scheme 8). 236 
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Scheme 8. Thioglucosides were investigated next as part of this survey. 238 

While applying the same reaction conditions (BF3·OEt2 1.0 eq., entry 3, table 2) as with 239 

imidate groups, the glucosylation of phenyl 240 

2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (10) proceeded in approximately the 241 

same yield (38 %), whereas TfOH (1.0 eq., entry 4) increased the outcome of the reaction (48 242 

%). Also, both raising (rt, entry 5) and lowering (− 78 °C, entry 6) the temperature led to 243 

lower yields (29 and 19 %, respectively) in accordance to imidate donors outlined above and 244 

no activation of the donor was achieved with TMSOTf (1.0 eq., entry 1) or AgOTf (1.0 eq., 245 

entry 2) at 0 °C. 246 

Table 2. Reaction conditions for the thioglucosylations. 247 

entry substrate promoter [eq.]a T [°C]  yield [%]  α/β 

1 10 TMSOTf 1.0 0 - - 

2 10 AgOTf 1.0 0 - - 

3 10 BF3·OEt2 1.0 0 38 β 

4 10 TfOH 1.0 0 48 β 

5 10 TfOH 1.0 rt 29 β 

6 10 TfOH 1.0 − 78 19 β 

7 10 TfOH 1.0 0 - - 

8 15 TfOH 1.0 − 78 40 76/24 

9 15 TfOH 1.0 0 55 74/26 

10 13 TfOH 1.0 0 15 β 

11 14 TfOH 1.0 0 16 β 

12 6 TMSOTf 1.0 0 - - 

13 6 BF3·OEt2 1.0 0 - - 

14 6 AgOTf 3.0 rt 35 β 

15 6 TfOH 1.0 0 47 β 
a all reactions (except 7) were carried out with 3.0 eq. NIS. 248 



 

 

Furthermore, no product could have been isolated utilizing IBr as alternative iodine source 249 

(entry 7).[89] All reactions were carried out with and without the addition of NIS (3.0 eq.) as 250 

additive as part of this survey, although no conversion occurred in the latter case (table 2). In 251 

addition to the electron-withdrawing acetate-groups, also the influence of benzyl- (15), 252 

benzoyl- (13) and pivaloyl-groups (14) in combination with TfOH/NIS as promoter was 253 

examined. In comparison, benzoyl- (15 %, entry 10) and pivaloyl-groups (16 %, entry 11) 254 

hampered the glycosidic bond formation, while the application of benzyl groups, although 255 

generating a bigger amount of PNG at 0 °C (55 %, entry 9), resulted in an anomeric mixture 256 

of approximately α/β = 3/1 independent of the reaction temperature (− 78 / 0 °C).  257 

A modern approach regarding the aspect of versatility in glycosylation reactions was 258 

undertaken by Demchenko introducing SBox-leaving groups, which combine the electronic 259 

effects and activation properties of thiol and imidate groups.[90-95] When integrating them 260 

(6) into this study, the addition of 3.0 eq. AgOTf (35 %, entry 14) at rt and 1.0 eq. TfOH at 0 261 

°C (47 %, entry 15) both formed the product, while no conversion of the starting material was 262 

observed with TMSOTf (1.0 eq., entry 12) or BF3·OEt2 (1.0 eq., entry 13) at 0 °C. Although 263 

being frequently found in the literature as promoter for SBox-leaving groups, the lack of 264 

reactivity utilizing TMSOTf states a common agreement with the reactions involving imidate 265 

and thioglycosides. In this regard, the insufficiency of BF3·OEt2 stands in contrast to the 266 

previous experiments.  267 

After scoping imidate and thiol substrates, halogens represented the third party of leaving 268 

groups investigated during this study (Scheme 9).  269 

 270 

Scheme 9. Halogen glucosides were investigated as last part of this study. 271 

The first experiments were built around the variation of reaction conditions with bromine (4) 272 

as leaving group. Since a higher amount of promoter hindered the formation of the 273 

orthoester, a preliminary reaction was performed with AgOTf (1.0 eq.) and NIS (3.0 eq.) as 274 

promoter system at 0 °C, resulting in sparse amounts of product (21 %, entry 1, table 3). 275 

Again, in analogy to the activation of the thiol groups, no reaction was observed without NIS 276 

while utilizing bromine as leaving group. On the other hand, a trial using solely NIS as 277 

promoter resulted in no conversion of the starting material, making this reaction type 278 



 

 

interesting, since the addition of NIS as co-promoter is mostly known for thioglycosylations. 279 

Increasing the amount further to three equivalents of promoter led to nearly a duplication of 280 

the obtained yield (40 %, entry 2). Variation of the temperature both to a lower (− 78 °C, 30 281 

%, entry 3) and higher (rt, 32 %, entry 4) degree led to less product in comparison. 282 

Table 3. Reaction conditions for the glucosylations with a bromine leaving group. 283 

entry substrate promoter [eq.]c T [°C]  yield [%]  α/β 

1 4 AgOTf 1.0 0 21 β 

2 4 AgOTf 3.0 0 40 β 

3 4 AgOTf 3.0 − 78 30 β 

4 4 AgOTf 3.0 rt 32 β 

5a 4 AgOTf 3.0 rt 48 β 

6b 4 AgOTf 3.0 − 78 - - 

7 4 Ag2CO3 3.0 0 - - 

8 4 Ag2O 3.0 0 - - 

9 4 Cu(OTf)2 1.0 0 - - 

10 4 AgOTf 3.0 0 - - 

11 18 AgOTf 3.0 0 37 75/25 

12 18 AgOTf 3.0 rt 56 75/25 
a 2 eq. substrate; b THF used as solvent; c all reactions (except 10) were carried out with 3.0 eq. NIS 284 

No formation of the glucoside occurred by switching to tetrahydrofuran (THF) as solvent 285 

(entry 5) and increasing the amount of substrate (2.0 eq.) gave a slightly higher outcome 286 

compared to 1.2 equivalents (48 %, entry 6). In a trial of different promoters, silver oxide 287 

(Ag2O, entry 8), silver carbonate (Ag2CO3, entry 7) and also copper triflate (Cu(OTf)2, entry 288 

9) all led to no conversion of the starting material at 0 °C. IBr as alternative additive resulted, 289 

corresponding to the thiol experiments, in no PNG formation (entry 10). Switching from 290 

acetate to benzyl protecting groups (18) expectedly increased the yield (56 %, entry 12), but 291 

led in a similar manner as the benzylated thiol donors to an anomeric mixture (α/β = 75/25). 292 

Lowering the temperature (0 °C) decreased the yield contrarily to the obtained results using 293 

‘deactivating’ groups (37 %, entry 11). 294 

Applications of a chloride leaving group in glucosylation reactions are seldom and often 295 

considered less powerful in comparison to the other halogens. In order to compare them to 296 

the ‘classic’ KOENIGS-KNORR leaving group (table 3), a few experiments were performed 297 

within this study (table 4). Amongst the tested promoters, only AgOTf (37 %, 0 °C, entry 4) 298 

in combination with NIS worked out leading to a reaction outcome in the same range as the 299 

bromoglucoside (entry 2, table 3). Lowering the temperature (− 78 °C) resulted in nearly the 300 

same yield (36 %, entry 5), while increasing the temperature (40 °C, entry 6) and substitution 301 



 

 

with IBr (1.1 eq., entry 7) led to no product formation. Tests with TfOH, BF3·OEt2 and 302 

TMSOTf showed no conversion of the starting material (entries 1-3).  303 

Table 4. Reaction conditions for the glucosylations with chlorine as leaving group. 304 

entry substrate promoter [eq.]a T [°C]  yield [%]  α/β 

1 5 TfOH 2.0 0 - - 

2 5 BF3·OEt2 2.0 0 - - 

3 5 TMSOTf 2.0 0 - - 

4 5 AgOTf 3.0 0 37 β 

5 5 AgOTf 3.0 − 78 36 β 

6 5 AgOTf 3.0 40 - - 

7 5 AgOTf 3.0 0 - - 
a all reactions (except 7) were carried out with 3.0 eq. NIS 305 

Since the first introduction of fluorine as leaving groups in order to enhance stereoselectivity 306 

during glycosylation reactions due to assumed lower reactivity compared to thioglycosides, 307 

their application in the field of chemical glycosylations rose constantly.[96]  308 

Table 5. Reaction conditions for the optimization of the fluoroglucosylation. 309 

entry substrate promoter [eq.] T [°C]  yield [%]  α/β 

1c 9 TMSOTf 2.0 0 - - 

2a 9 SnCl2 2.0 0 - - 

3c 9 AgOTf 3.0 0 - - 

4 9 TfOH 2.0 0 - - 

5 9 BF3·OEt2 1.0 0 - - 

6c 9 BF3·OEt2 1.0 0 - - 

7 9 BF3·OEt2 2.0 0 59 β 

8 9 BF3·OEt2 6.0 0 59 β 

9 9 BF3·OEt2 6.0 − 78 40 β 

10 17 BF3·OEt2 2.0 0 65 71/29 

11 17 BF3·OEt2 2.0 − 78 63 75/25 

12b 17 BF3·OEt2 2.0 0 58 46/54 

13 17 BF3·OEt2 0.5 0 - - 

14 17 TMSOTf 0.5 0 - - 

15 17 TfOH 0.5 0 - - 

16 17 
SnCl2 2.0, 
AgClO4 

0 48 71/29 

a the reaction was also performed with NIS, but resulted in the same yield; b ACN as solvent; c 310 
reactions were carried out with 3.0 eq. NIS. 311 

The first reactions with the fluoroglucoside 9 were performed with acetate protecting groups 312 

and a stoichiometric amount of various promoters. Among the latter were TMSOTf[97] 313 

(2.0 eq., entry 1, table 5), SnCl2 (2.0 eq., entry 2), AgOTf (3.0 eq., entry 3) and TfOH (2.0 314 

eq., entry 4), which all led to no formation of product. Also, first experiments with BF3·OEt2 315 



 

 

(1.0 eq., entry 5), with and without (entry 6) the addition of NIS, bore no fruits. Only with the 316 

further increase of the amount of promoter to two equivalents, the reaction with BF3·OEt2 317 

resulted in the desired glucoside in good yield (59 %, entry 7). A further increase of 318 

BF3·OEt2 (6.0 eq., entry 8) did not improve the amount of obtained product (59 %). Carrying 319 

out the reaction at − 78 °C gave less PNG (40 %, entry 9). In analogy to the thiol and bromine 320 

experiments, benzyl groups were tested in combination with fluorine as leaving group (17). 321 

Likewise, the reaction outcome grew in comparison to acetate groups using two equivalents 322 

of BF3·OEt2 at 0 °C and − 78 °C (65 resp. 63 %, entry 10 / 11), but resulted in an anomeric 323 

mixture of approximately α/β = 3/1 due to the lack of the neighbouring effect and the 324 

anomeric effect taking over. Utilizing acetonitrile as solvent shifted the reaction slightly 325 

towards the β-anomer (58 %, α/β = 46/54, entry 12). Furthermore, low amounts of the 326 

promoters TfOH, TMSOTf and BF3·OEt2 (0.5 eq., entries 13 – 15) were tested with 327 

fluorobenzyl donors, but led to no conversion of the starting material. Lastly, stannous 328 

chloride in combination with silver perchlorate was examined, but resulted in a lower yield 329 

compared to the other experiments (48 %, entry 16). 330 

After scoping various pathways towards the formation of the glyosidic bond, the last step of 331 

this study revolved around the deprotection of the acetonide and acetate/benzyl groups. 332 

Because of the stability of acetate groups in acidic medium and the stability of the acetonide 333 

group under alkaline conditions, a two-step deprotection procedure had to be applied to the 334 

acetate protected PNG (21). Benzyl groups (23) could be cleaved with the aid of palladium 335 

and hydrogen (Scheme 10). 336 

 337 

Scheme 10. The deprotection of PNG involved a two-step procedure. 338 

Application of a mild procedure involving pH-control with aqueous solutions of potassium 339 

and sodium hydroxide followed by cleaving the acetonide group in a slightly acidic media at 340 

higher temperatures led to the deprotected PNG (1) in quantitative yield. Also, the 341 

hydrogenation with palladium and hydrogen followed by the acid deprotection proceeded 342 

with the same excellent yield. The validity of the anomeric outcome was verified by 343 

NMR-spectroscopy and the transformation with β-glycosidase from almonds was followed 344 

by HPLC-analysis. 345 



 

 

Closing the circle back to the requirements the proposed method should feature, the 346 

arrangement with the literature regarding aspects like yield and working effort seems 347 

adequately comparable, since biotechnological methods, e.g. utilizing Alfalfa seeds, result 348 

also in yields ranging from 35 – 60 %.[29] Furthermore, biotechnological methods for the 349 

preparation of β-PNG suffer from the detriment of arduous upscaling, limiting the methods to 350 

microgram batches, whereas the proposed method can be scaled up quite simply, especially 351 

since the starting materials are cheap and easy accessible, making it an interesting alternative 352 

for the synthesis of isotopically labeled standards. Also, with this study, only a first glance of 353 

the chemistry behind the glycosylation of pyridoxine is given, providing the opportunity to 354 

increase the yield even further by testing other leaving groups or modifying the reactivity of 355 

the substrates.[98] Additionally, this method can be used to further scout the influence of 356 

pyridine-based derivatives in glycosylation reactions and their influence on the mechanism. 357 

3. Conclusions 358 

The catalog of procedures entitled ‘chemical glycosylations’ contains a manifold of various 359 

methods and hereby, every known strategy also inherits numerous variables for the specific 360 

adaptation towards the particularly investigated substrate. As part of this study, a small part 361 

of well-known strategies was examined in order to develop an alternative preparation of 362 

pyridoxine glycosides to the common biotechnological procedures and furthermore open 363 

avenues for additional investigations regarding the glycosylation of vitamin B6. Hereby, best 364 

conversions of the acetonide-protected pyridoxine were obtained using fluoroglucosides in 365 

combination with acetate protection groups and BF3·OEt2 (2.0 eq.) as promoter generating 366 

the twofold protected PNG in 59 % yield. Thereupon, the deprotection was accomplished 367 

stepwise through change of basic and acid milieu to obtain the desired 5'-β-PNG. 368 

4. Materials and Methods  369 

4.1. Experimental procedures 370 

Reactions sensitive to air or moisture were carried out in dried glassware under a positive 371 

pressure of argon using standard Schlenk techniques. Solvents were distilled and stored over 372 

molecular sieves prior to use. Chemicals received from commercial sources (Acros, 373 

Sigma-Aldrich, Fluka, Fisher Scientific) were used without further purification unless stated 374 

otherwise. β-Glucosidase from almonds was purchased from Sigma-Aldrich. Column 375 

chromatography was performed on silica gel 60 (Merck, 230-240 mesh) with the eluent 376 

mixtures given for the corresponding procedures. Thin-layer Chromatography (TLC) was 377 

performed using silica-coated aluminium plates (silica gel 60). The substances were detected 378 



 

 

by UV (λ = 254 nm, 366 nm) or after visualization with CAM (cerium ammonium 379 

molybdate)/potassium permanganate (KMnO4) solution. NMR spectra were recorded either 380 

on a Bruker AV III system (400 MHz, Bruker, Rheinstetten, Germany) or on a Bruker AV III 381 

system (500 MHz, Bruker, Rheinstetten, Germany). 1H- and 13C NMR spectra were recorded 382 

at 400 or 500 MHz and at 101 or 126 MHz, respectively. 1H and 13C NMR spectroscopic 383 

chemical shifts δ are reported in parts per million (ppm) relative to residual proton signal. All 384 

coupling constants (J) are reported in Hertz (Hz). The following abbreviations were used to 385 

explain multiplicities: s = singlet, d = doublet, dd = doublet of doublets, t = triplet, m = 386 

multiplet. LC-MS/MS was carried out on a Shimadzu LC-30A Prominence system 387 

(Shimadzu, Kyoto, Japan) with the mobile phase combinations water/acetonitrile or 388 

water/methanol. The injection volume was 1 µL. The LC was interfaced with a triple 389 

quadrupole ion trap mass spectrometer (LCMS-8050, Shimadzu, Kyoto, Japan). Data 390 

acquisition was performed with LabSolutions software 5.80 (Shimadzu, Kyoto, Japan). The 391 

optical rotation was measured on a P3000 polarimeter by Kruess. All preparations of the 392 

sugar donors can be found in the supplementary information. 393 

4.1.1. General procedure for glucosylation reactions (A1)  394 

A mixture of α4,3-O-isopropylidene pyridoxine, the respective saccharide and molecular 395 

sieves (4 Å) was stirred under argon atmosphere in dry solvent (5 mL) at rt for 1 h before it 396 

was cooled to the respective temperature T. The promoter was added and the reaction 397 

mixture allowed to reach rt overnight. The mixture was diluted with dichloromethane (10 398 

mL) and filtered through a pad of celite. Afterwards, the filtrate was washed with Na2S2O3 399 

(10 % in water, 30 mL) and the aqueous phase was extracted with dichloromethane (3 × 40 400 

mL). The combined organic layers were washed with distilled water (1 × 50 mL), brine (1 × 401 

50 mL) and dried over Na2SO4. The solvent was evaporated under reduced pressure and the 402 

crude product subjected to column chromatography using SiO2 (pentane/ethyl acetate 1/1 to 403 

1/4, gradient elution) followed by C18 (methanol, isocratic) to afford the glucoside. 404 

4.1.2. General procedure for deprotection reactions (A2) 405 

A solution of potassium hydroxide (1 M) was added dropwise to a solution of protected 406 

glucoside in acetonitrile/water (8 mL, v/v = 1/1) until the pH reached 11. After 1 h at pH = 11, 407 

0.5 mL of a 2 M NaOH-solution were added and the mixture stirred at rt until completion of 408 

the reaction (ESI-MS). The solvent was evaporated under reduced pressure, the residue 409 

suspended in a solution of abs. EtOH / 1% HCOOH (5 mL, v/v = 0.6 mL/4.4 mL) and the 410 

reaction heated to reflux for 1.5 h. The solvent was evaporated under reduced pressure and 411 



 

 

the crude product purified via column chromatography using Sephadex (methanol, isocratic) 412 

and preparative HPLC (C18, water/acetonitrile 90/10, isocratic) to obtain the glucoside. 413 

4.1.3. 2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl bromide (4) 414 

HBr (33 % wt in acetic acid, 8.88 g, 6.25 mL, 109.7 mmol, 86 eq.) was added dropwise to a 415 

cooled solution (0 °C) of 1,2,3,4,6-penta-O-acetyl-α/β-D-glucopyranoside (3, 0.50 g, 416 

1.28 mmol, 1.00 eq.) in dichloromethane (10 mL) and stirred for 3 h at rt. Ice water (50 mL) 417 

was added to the mixture and the aqueous phase was extracted with dichloromethane (3 × 50 418 

mL). The combined organic layers were washed with 0.5 % Na2S2O3 (1 × 75 mL), sat. 419 

NaHCO3 (3 × 75 mL), brine (1 × 75 mL) and dried over Na2SO4. The solvent was evaporated 420 

under reduced pressure and the crude product crystallized from diethylether/pentane to 421 

afford the halogenated substrate (0.44 g, 1.12 mmol, 88 %). 1H-NMR (360 MHz, CDCl3, 292 422 

K) α-Anomer δ (ppm) = 6.61 (d, J = 4.0 Hz, 1 H), 5.56 (t, J = 9.7 Hz, 1 H), 5.16 (t, J = 9.8 Hz, 423 

1 H), 4.84 (dd, J = 10.0, 4.1 Hz, 1 H), 4.35-4.27 (m, 2 H), 4.15-4.10 (m, 1 H), 2.10 (s, 3 H), 424 

2.10 (s, 3 H), 2.05 (s, 3 H), 2.03 (s, 3 H); 13C-NMR (101 MHz, CDCl3, 292 K) α-Anomer δ 425 

(ppm) = 170.6, 170.0, 169.9, 169.6, 86.7, 72.3, 70.8, 70.3, 67.3, 61.1, 20.81, 20.8, 20.8, 20.7; 426 

ESI-MS m/z 411.2 [M + H]+; Anomeric ratio α/β = 100/0.[99] 427 

4.1.4. 2,3,4,6-Tetra-O-acetyl-α-D-glucopyranosyl chloride (5)  428 

Thionyl chloride (1.22 g, 0.74 mL, 10.2 mmol, 2.00 eq.) and Tin(IV)chloride (1.33 g, 0.59 429 

mL, 5.12 mmol, 1.00 eq.) were added dropwise to a solution of 430 

1,2,3,4,6-penta-O-acetyl-α/β-D-glucopyranoside (3, 2.00 g, 5.12 mmol, 1.00 eq.) in 431 

dichloromethane (30 mL) and stirred for 2 h at rt. The mixture was added to a cold solution of 432 

sat. NaHCO3 and the aqueous phase was extracted with dichloromethane (3 × 50 mL). The 433 

combined organic layers were washed with brine (1 × 75 mL) and dried over Na2SO4 The 434 

solvent was evaporated under reduced pressure and the crude product purified via column 435 

chromatography (hexane/ethyl acetate = 3/2) to obtain the desired product (1.83 g, 4.99 436 

mmol, 97 %). 1H-NMR (360 MHz, CDCl3, 292 K) α-Anomer δ (ppm) = 6.29 (d, J = 4.0 Hz, 437 

1 H), 5.55 (t, J = 9.7 Hz, 1 H), 5.13 (t, J = 9.7 Hz, 1 H), 5.01 (dd, J = 10.1, 4.0 Hz, 1 H), 4.31 438 

(d, J = 11.8 Hz, 2 H), 4.13 (d, J = 10.5 Hz, 1 H), 2.10 (s, 3 H), 2.09 (s, 3 H), 2.04 (s, 3 H), 2.03 439 

(s, 3 H); 13C-NMR (101 MHz, CDCl3, 292 K) α-Anomer δ (ppm) = 170.6, 170.0, 170.0, 440 

169.6, 90.2, 70.8, 70.5, 69.5, 67.5, 61.2, 20.8, 20.7, 20.7, 20.6; ESI-MS m/z 388.8 [M + Na]+; 441 

Anomeric ratio α/β = 100/0; Rf 0.43 (pentane/diethyl ether 1/1) [CAM].[32]  442 

4.1.5. Benzoxazolyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (6) 443 



 

 

A solution of 2,3,4,6-tetra-O-acetyl-α-D-glucopyranosyl bromide (4, 1.00 g, 2.43 mmol, 1.00 444 

eq.) in dry acetone (2.5 mL) was added to a suspension of 2-mercaptobenzoxazole (0.51 g, 445 

3.40 mmol, 1.40 eq.) and potassium carbonate (0.47 g, 3.40 mmol, 1.40 eq.) in acetone (7.5 446 

mL) at 40 °C. The reaction was stirred at the elevated temperature for 2.5 h and at rt 447 

overnight. Dichloromethane (30 mL) was added, the mixture washed with 1 % NaOH (25 448 

mL) and dist. water (2 × 25 mL), dried over Na2SO4 and the solvent removed under reduced 449 

pressure yielding the product, which could be used without further purification (1.07 g, 2.22 450 

mmol, 91 %). 1H-NMR (360 MHz, CDCl3, 292 K) δ (ppm) = 7.68 – 7.58 (m, 1 H), 7.50 – 451 

7.44 (m, 1 H), 7.35 – 7.27 (m, 2 H), 5.70 (d, J = 10.4 Hz, 1 H), 5.36 (t, J = 9.3 Hz, 1 H), 5.31 452 

– 5.13 (m, 2 H), 4.28 (dd, J = 12.5, 4.7 Hz, 1 H), 4.14 (dd, J = 12.5, 2.2 Hz, 1 H), 3.96 (ddd, 453 

J = 10.1, 4.7, 2.3 Hz, 1 H), 2.05 (s, 3 H), 2.04 (s, 3 H), 2.03 (s, 3 H), 2.01 (s, 3 H); 13C-NMR 454 

(101 MHz, CDCl3, 292 K) δ (ppm) = 170.7, 170.1, 169.5, 169.5, 161.0, 152.1, 141.6, 124.7, 455 

124.7, 119.0, 110.3, 83.5, 76.5, 73.8, 69.7, 68.0, 61.8, 20.8, 20.7 (3x); ESI-MS m/z 504.10 456 

[M + Na]+.[92] 457 

4.1.6. 2,3,4,6-Tetra-O-acetyl-β-D-glucopyranosyl fluoride (9) 458 

A cooled (0 °C) solution of 2,3,4,6-tetra-O-acetyl-α/β-D-glucopyranoside (7, 0.51 g, 1.46 459 

mmol, 1.00 eq.) in dry dichloromethane (12 mL) was stirred for 20 min with molecular 460 

sieves (4 Å) before diethylaminosulfur trifluoride (DAST) (0.27 g, 0.22 mL, 1.68 mmol, 461 

1.15 eq.) was added and the solution was allowed to warm to rt over 2.5 h. After dilution with 462 

dichloromethane (20 mL) and filtration through a pad of silica gel, the organic phase was 463 

washed with sat. NaHCO3 (2 × 50 mL), dist. water (3 × 50 mL), brine (1 × 50 mL) and dried 464 

over Na2SO4. The solvent was evaporated under reduced pressure and the crude product 465 

crystallized from diethyl ether/pentane to afford the halogenated product (0.35 g, 0.99 mmol, 466 

68 %). 1H-NMR (360 MHz, CDCl3, 292 K) β-Anomer δ (ppm) = 5.36 (dd, J = 52.0, 6.0 Hz, 1 467 

H), 5.27 – 5.16 (m, 2 H), 5.16 – 5.05 (m, 1 H), 4.31 – 4.18 (m, 2 H), 3.90 (ddt, J = 7.6, 4.7, 2.3 468 

Hz, 1 H), 2.10 (d, J = 2.7 Hz, 6 H), 2.04 (d, J = 2.8 Hz, 6 H); 13C-NMR (101 MHz, CDCl3, 469 

292 K) β-Anomer δ (ppm) = 170.7, 170.1, 169.4, 169.2, 106.3 (d, J = 219.7 Hz), 72.2 (d, J = 470 

3.9 Hz), 71.9 (d, J = 8.3 Hz), 71.3 (d, J = 28.7 Hz), 67.5, 61.9, 20.8, 20.7, 20.7, 20.7; ESI-MS 471 

m/z 373.3 [M + Na]+.[35] 472 

4.1.7. Phenyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (10) 473 

BF3·Et2O (16.6 mL, 130.7 mmol, 3.00 eq.) was added to a cooled (0 °C) solution of 474 

peracetylated glucose (3, 17.0 g, 43.6 mmol, 1.00 eq.) in dichloromethane (150 mL) in one 475 

portion. Thiophenol (PhSH, 6.67 mL, 65.3 mmol, 1.50 eq.) was added dropwise to the 476 



 

 

reaction mixture at 0 °C, followed by stirring at rt until completion of the reaction (TLC). 477 

The mixture was diluted with dichloromethane (50 ml) and successively washed with sat. 478 

NaHCO3 (100 ml) and brine (100 ml). The organic layer was dried over Na2SO4 and the 479 

solvent evaporated under reduced pressure. Purification via column chromatography 480 

(pentane/ethyl acetate = 3/2) gave the desired product (13.7 g, 31.1 mmol, 71 %). 1H-NMR 481 

(360 MHz, CDCl3, 292 K) δ (ppm) = 7.46 (m, 2 H), 7.29 (m, 3 H), 5.20 (t, J = 9.3 Hz, 1 H), 482 

5.01 (t, J = 9.8 Hz, 1 H), 4.94 (t, J = 9.5 Hz, 1 H), 4.69 (d, J = 10.1 Hz, 1 H), 4.30 – 4.01 (m, 483 

2 H), 3.70 (m, 1 H), 2.05 (s, 3 H), 2.05 (s, 3 H), 1.99 (s, 3 H), 1.96 (s, 3 H); 13C-NMR (101 484 

MHz, CDCl3, 292 K) δ (ppm) = 170.5, 170.1, 169.4, 169.2, 133.1, 131.6, 128.9, 128.4, 85.7, 485 

75.8, 73.9, 69.9, 68.2, 20.7, 20.7, 20.6, 20.6; Rf 0.30 (pentane/ethyl acetate 3/2) 486 

[KMnO4].[100] 487 

4.1.8. Ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-α/β-D-glucopyranoside (13) 488 

Benzoyl chloride (BzCl, 0.28 g, 0.23 mL, 1.96 mmol, 4.40 eq.) was added dropwise to a 489 

solution of ethyl 1-thio-α/β-D-glucopyranoside (12, 103 mg, 0.46 mmol, 1.00 eq.) in pyridine 490 

(5 mL) over 15 min and the mixture was stirred at rt for 12 h. Distilled water (5 mL) was 491 

added to the reaction at 0 °C and it was diluted with dichloromethane (10 mL). The aqueous 492 

phase was extracted with dichloromethane (3 × 10 mL). The combined organic phases were 493 

washed with sat. CuSO4 (3 × 50 mL), dist. water (2 × 50 mL), brine (1 × 50 mL) and dried 494 

over Na2SO4. The solvent was evaporated and the crude product subjected to column 495 

chromatography (pentane/ethyl acetate = 6/1) to obtain the desired product (285 mg, 0.41 496 

mmol, 89 %) as colorless oil. 1H-NMR (360 MHz, CDCl3, 292 K) α-Anomer δ (ppm) 497 

= 8.11-7.80, 7.62-7.27 (m, 20 H), 6.07 (t, J = 9.87 Hz, 1 H), 5.94 (d, J = 4.2 Hz, 1 H), 5.68 (t, 498 

J = 8.00 Hz, 1 H), 5.50 (dd, J = 10.2, 5.78 Hz, 1 H), 4.89-4.88 (m, 1 H), 4.59 (d, J = 2.81 Hz, 499 

1 H), 4.53 (d, J = 5.45 Hz, 1 H), 2.67-2.58 (m, 2 H), 1.25 (t, J = 6.00 Hz, 3 H); β-Anomer δ 500 

(ppm) = 8.11-7.80, 7.62-7.27 (m, 20 H), 5.93 (t, J = 9.57 Hz, 1 H), 5.67 (t, J = 9.79 Hz, 1 H), 501 

5.57 (t, J = 9.72 Hz, 1 H), 4.86 (d, J = 9.96 Hz, 1 H), 4.63 (dd, J = 12.2, 3.16 Hz, 1 H), 4.50 502 

(dd, J = 12.2, 5.44 Hz, 1 H), 4.19-4.16 (m, 1 H), 2.83-2.70 (m, 2 H), 1.26 (t, J = 7.46 Hz, 3 503 

H); 13C-NMR (101 MHz, CDCl3, 292 K) β-Anomer δ (ppm) = 166.3, 166.0, 165.4, 165.3, 504 

130.3, 130.0, 130.0, 129.9, 129.9, 129.8, 129.3, 129.0, 128.9, 128.6, 128.6, 128.5, 128.5, 505 

128.4, 84.1, 76.5, 74.3, 70.8, 69.8, 63.5, 24.6, 15.1; ESI-MS m/z 663.3 [M + Na]+; Rf 0.39 506 

(α), 0.25 (β, dichloromethane/methanol 9/1) [CAM].[101] 507 

4.1.9. Ethyl 2,3,4,6-tetra-O-pivaloyl-1-thio-β-D-glucopyranoside (14) 508 



 

 

Pivaloyl chloride (PivCl, 0.44 g, 0.45 mL, 3.65 mmol, 7.80 eq.) was added dropwise to a 509 

solution of ethyl 1-thio-α/β-D-glucopyranoside (12, 0.11 g, 0.47 mmol, 1.00 eq.) in pyridine 510 

(0.50 mL). The reaction mixture was stirred at 75 °C for 48 h. Methanol (5 mL) was added 511 

and the mixture was diluted with dichloromethane (10 mL). The mixture was washed with 512 

sat. CuSO4 (4 × 50 mL), dist. water (2 × 50 mL), brine (1 × 50 mL) and dried over Na2SO4. 513 

The solvent was evaporated under reduced pressure and the crude product objected to 514 

column chromatography (pentane/ethyl acetate = 10/0.1 to 9/1) to obtain the desired product 515 

(198 mg, 0.35 mmol, 75 %) as colorless oil. 1H-NMR (400 MHz, CDCl3) β-Anomer δ (ppm) 516 

= 5.33 (t, J = 9.4 Hz, 1 H), 5.12 (t, J = 9.8 Hz, 1 H), 5.07 (t, J = 9.7 Hz, 1 H), 4.51 (d, J = 10.1 517 

Hz, 1 H), 4.22 (dd, J = 12.3, 1.9 Hz, 1 H), 4.05 (dd, J = 12.4, 5.5 Hz, 1 H), 3.73 (ddd, J = 10.2, 518 

5.5, 1.9 Hz, 1 H), 2.84 – 2.56 (m, 2 H), 1.26 (m, 3 H), 1.22 (s, 9 H), 1.17 (s, 9 H), 1.15 (s, 9 H), 519 

1.11 (s, 9 H); 13C-NMR (101 MHz, CDCl3) β-anomer δ (ppm) = 178.2, 177.3, 176.7, 176.6, 520 

83.6, 76.6, 73.4, 69.7, 68.0, 62.3, 39.0, 38.9, 38.9, 38.8, 27.3, 27.3, 27.2, 24.0, 15.1; ESI-MS 521 

m/z 583.4 [M + Na]+, 599.4 [M + K]+; Rf 0.83 (α), 0.75 (β, pentane/ethyl acetate 9/1) 522 

[CAM].[102] 523 

4.1.10. Phenyl 1,2,3,4,6-tetra-O-benzyl-1-thio-β-D-glucopyranoside (15) 524 

A solution of sodium methoxide (NaOMe, 30 % in MeOH, 0.78 mL) was added to a solution 525 

of phenyl 2,3,4,6-tetra-O-acetyl-1-thio-β-D-glucopyranoside (10, 5.00 g, 11.3 mmol, 1.00 526 

eq.) in dry methanol at rt and stirred until complete conversion of starting material (TLC). 527 

Afterwards the reaction mixture was neutralized using Dowex 5W (H+-Form), filtered and 528 

the solvent evaporated under reduced pressure. The obtained glucopyranoside (3.06 g, 11.2 529 

mmol, 1.00 eq.) was dissolved in dry DMF (150 mL) and the reaction mixture cooled to 0 °C. 530 

Sodium hydride (NaH, 60 %, 4.49 g, 112 mmol, 10.0 eq.) was added portionwise and the 531 

resulting slurry mixed for additional 30 min at low temperature while warming up. Benzyl 532 

bromide (BnBr, 19.2 g, 13.3 mL, 112 mmol, 10 eq.) was added at room temperature and the 533 

mixture stirred for 22 h. The solution was cooled to 0 °C and cold dist. water (100 mL) was 534 

added slowly. The aqueous phase was extracted with dichloromethane (3 × 50 mL). The 535 

collected organic phases were washed with dist. water (2 × 50 mL) and brine (1 × 50 mL), 536 

dried over Na2SO4 and the solvent evaporated under reduced pressure. The crude product 537 

was purified via column chromatography (pentane/ethyl acetate = 10/0.5) to obtain the 538 

desired product as white solid (6.09 g, 9.62 mmol, 85 % over two steps). 1H-NMR (360 MHz, 539 

CDCl3, 292 K) β-Anomer δ (ppm) = 7.60 (m, 2 H), 7.41 – 7.19 (m, 23 H), 4.92 – 4.81 (m, 4 540 

H), 4.74 (d, J = 10.3 Hz, 2 H), 4.68 (d, J = 9.7 Hz, 1 H), 4.64 – 4.54 (m, 3 H), 3.80 (dd, J = 541 



 

 

10.9, 2.1 Hz, 1 H), 3.76 – 3.63 (m, 3 H), 3.52 (m, 2 H); 13C-NMR (101 MHz, CDCl3, 292 K) 542 

β-Anomer δ (ppm) = 138.5, 138.4, 138.1, 133.9, 132.0, 129.0, 128.6, 128.6, 128.5, 128.5, 543 

128.4, 128.3, 128.0, 128.0, 127.9, 127.8, 127.7, 127.6, 87.5, 86.9, 80.9, 79.2, 77.9, 75.9, 75.5, 544 

75.2, 73.5, 69.1; ESI-MS m/z 654.1 [M + Na]+; Rf 0.61 + 0.69 (pentane/diethyl ether 2/1) 545 

[KMnO4].[100] 546 

4.1.11. 2,3,4,6-Tetra-O-benzyl-α/β-D-glucopyranosyl fluoride (17) 547 

Diethylaminosulfur trifluoride (0.28 g, 1.74 mmol, 1.20 eq.) was added to a cooled (0 °C) 548 

solution of 2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranose (16, 0.78 g, 1.45 mmol, 1.00 eq.) in 549 

dichloromethane (10 mL) and stirred for 1.5 h. The reaction mixture was diluted with 550 

dichloromethane (10 mL) and filtrated through a pad of Celite. The filtrate was washed with 551 

sat. NaHCO3 (2 × 20 mL), dist. water (3 × 20 mL) and brine (1 × 20 mL), dried over Na2SO4 552 

and the solvent evaporated under reduced pressure. The crude product was purified via 553 

column chromatography (pentane/ethyl acetate 9/1) to obtain the desired product as as white 554 

solid containing both the α- and β-anomer (0.72 g, 1.33 mmol, 92 %) 1H-NMR (360 MHz, 555 

CDCl3, 292 K) α+β-Anomer δ (ppm) = 7.38 – 7.25 (m, 18 H), 7.15 (dd, J = 6.7, 2.8 Hz, 2 H), 556 

5.56 (dd, J = 53.2, 2.7 Hz, 1 H, α-anomer), 5.26 (dd, J = 52.8, 6.7 Hz, 1 H, β-anomer), 4.97 – 557 

4.46 (m, 8 H), 4.01 – 3.53 (m, 6 H); 13C-NMR (101 MHz, CDCl3, 292 K) α+β-Anomer δ 558 

(ppm) = 138.6, 138.4, 138.5, 138.0, 137.9, 137.8, 137.8, 137.8, 128.7, 127.8, 110.0 (d, J = 559 

215.9 Hz), 105.7 (d, J = 227.1 Hz), 83.6, 83.5, 81.7, 81.5, 81.5, 79.5, 79.3, 77.3, 77.0, 76.7, 560 

75.9, 75.6, 75.3, 75.1, 75.0, 74.9, 74.6, 74.5, 73.7, 73.6, 73.6, 72.8, 72.7, 68.5, 67.9; ESI-MS 561 

m/z 560.1 [M + NH4]
+, 565.1 [M + Na]+; Anomeric ratio α/β = 32/68; Rf 0.82 (pentane/ethyl 562 

acetate 4/1) [CAM].[103] 563 

4.1.12. 2,3,4,6-Tetra-O-benzyl-α-D-glucopyranosyl bromide (18) 564 

Oxalyl bromide (0.71 g, 0.46 mL, 3.39 mmol, 2.00 eq.) was added dropwise to a cooled 565 

(0 °C) solution of 2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranose (16, 0.91 g, 1.70 mmol, 1.00 566 

eq.) in dichloromethane/dimethyl formamide (10 mL/0.15 mL) and was allowed to reach rt. 567 

After complete conversion of the starting material (TLC), the reaction was cooled (0 °C) and 568 

ice water (20 mL) was added dropwise. The layers were separated and the aqueous phase 569 

extracted with dichloromethane (3 × 15 mL). The collected organic phases were washed with 570 

brine, dried over Na2SO4 and the solvent evaporated under reduced pressure to obtain the 571 

bromide (0.87 g, 1.44 mmol, 85 %) as yellow oil, which was used without further 572 

purification; 1H-NMR (360 MHz, CDCl3, 292 K) δ (ppm) = 7.45 – 7.20 (m, 18 H), 7.20 – 573 

7.09 (m, 2 H), 6.43 (d, J = 3.7 Hz, 1 H), 4.97 (d, J = 10.8 Hz, 1 H),  4.83 (dd, J = 10.8, 8.9 574 



 

 

Hz, 2 H), 4.71 (s, 2 H), 4.44 – 4.60 (m, 3 H), 4.07 – 4.01 (m, 2 H), 3.77 (m, 2 H), 3.65 (dd, J 575 

= 11.0, 2.0 Hz, 1 H), 3.53 (dd, J = 9.3, 3.8 Hz, 1 H); Rf 0.88 (pentane/ethyl acetate 4/1) 576 

[CAM].[104] 577 

4.1.13. α4,3-O-Isopropylidene pyridoxine (20) 578 

Para-toluenesulfonic acid monohydrate (11.1 g, 58.3 mmol, 4.00 eq.) was added to a 579 

solution of pyridoxine hydrochloride (19, 3.00 g, 14.6 mmol, 1.00 eq.) and 580 

2,2-dimethoxypropane (25.5 g, 30.0 mL, 245 mmol, 16.8 eq.) in acetone (60 mL). The 581 

mixture was stirred at rt for 23 h. After neutralization with sat. NaHCO3, the solvent was 582 

evaporated under reduced pressure and the aqueous residue was extracted with 583 

dichloromethane (3 × 50 mL). The combined organic layers were washed with dist. water (1 584 

× 75 mL), brine (1 × 75 mL) and dried over Na2SO4. The solvent was evaporated under 585 

reduced pressure and the crude product crystallized from diethyl ether/pentane to afford the 586 

title compound (2.92 g, 13.9 mmol, 96 %) as a yellowish solid. 1H-NMR (CDCl3, 360 MHz) 587 

δ (ppm) 7.83 (s, 1 H), 4.93 (s, 2 H), 4.55 (s, 2 H), 2.37 (s, 3 H), 1.54 (s, 6 H); 13C-NMR 588 

(CDCl3, 101 MHz) δ 148.0, 146.2, 138.9, 129.4, 126.0, 99.9, 60.4, 58.7, 24.9, 18.5; ESI-MS 589 

m/z 210.6 [M + H]+.[105] 590 

4.1.14. Tetraacetyl-β-D-glucopyranosyl isopropylidene pyridoxine (21) 591 

Prepared according to A1 with α4,3-O-isopropylidene pyridoxine (20, 50.0 mg, 0.24 mmol, 592 

1.00 eq.), 2,3,4,6-tetra-O-acetyl-β-D-glucopyranosyl fluoride (9, 1.2 eq.) and BF3·OEt2 (68.0 593 

mg, 61.0 µL, 0.48 mmol, 2.00 eq.) in dichloromethane (5 mL) at 0 °C to obtain the product as 594 

colorless oil (77.0 mg, 0.14 mmol, 59 %). 1H-NMR (CDCl3, 360 MHz, β-Anomer) δ 7.89 (s, 595 

1 H, H6), 5.13 (t, 1 H, H12), 5.06 (t, 1H, H13), 4.99 (t, 1 H, H11), 4.80 (d, J = 1.7 Hz, 2 H, 596 

H8), 4.64 (dd, J = 82.2, 12.1 Hz, 2 H, H7), 4.46 (d, J = 7.9 Hz, 1 H, Hβ10), 4.22 (dd, J = 12.3, 597 

4.9 Hz, 1 H, H15), 4.13 (dd, J = 12.3, 2.4 Hz, 1 H, H15), 3.64 (ddd, J = 9.8, 4.9, 2.4 Hz, 1 H, 598 

H14), 2.39 (s, 3 H, CH39), 2.09 (s, 3 H, H17), 2.00 (s, 3 H, H19), 1.98 (s, 3 H, H23), 1.97 (s, 599 

3 H, H21), 1.53 (s, 3 H, CH325/CH326), 1.51 (s, 3 H, CH325/CH326); 13C-NMR (CDCl3, 101 600 

MHz, β-Anomer) δ 170.7 (C16), 170.3 (C20), 169.4 (C22), 169.3 (C18), 149.0 (C2), 146.2 601 

(C3), 139.9 (C6), 126.3 (C5), 124.6 (C4), 99.9 (C24), 98.7 (C10), 72.9 (C12), 72.0 (C14), 602 

71.3 (C11), 68.3 (C13), 66.0 (C7), 61.9 (C15), 58.5 (C8), 25.0 (C25/C26), 24.6 (C25/C26), 603 

20.8 (C17), 20.6 (C19, C21, C23), 18.6 (C9); TLC Rf 0.29 (pentane/ethyl acetate 1/4) 604 

[CAM]; ESI-MS m/z 540.2 [M + H]+. 605 

4.1.15. Tetrabenzyl-β-D-glucopyranosyl isopropylidene pyridoxine (23) 606 



 

 

Prepared according to A1 with α4,3-O-isopropylidene pyridoxine (20, 50.1 mg, 0.24 mmol, 607 

1.00 eq.), 2,3,4,6-tetra-O-benzyl-α/β-D-glucopyranosyl fluoride (17, 0.15 g, 0.29 mmol, 1.2 608 

eq.) and BF3·OEt2 (68.0 mg, 61.0 µL, 0.48 mmol, 2.00 eq.) in dichloromethane (5 mL) at 0 609 

°C to obtain the product as a colorless oil in a mixture of anomers (0.11 mg, 0.15 mmol, 65 610 

%, α/β = 71/29). 1H-NMR (CDCl3, 360 MHz, β-Anomer) δ 8.00 (s, 1 H, H6), 7.39 – 7.22 (m, 611 

18 H, Bn-H), 7.15 (m, 2 H, Bn-H), 4.95 - 4.86 (m, 3 H, H8, H19), 4.87 - 4.76 (m, 4 H, H19, 612 

H7, H11, H17/H18), 4.69 (d, 1H, H17/H18), 4.62 (d, 1H, H16), 4.58 - 4.50 (m, 3 H, H7, H16, 613 

H17/H18), 4.40 (d, J = 7.7 Hz, 1 H, Hβ10), 3.73 - 3.67 (m, 2 H, H15), 3.64 - 3.59 (m, 2 H, 614 

H13, H12), 3.49 - 3.42 (m, 2 H, H11, H14), 2.41 (s, 3 H, CH39), 1.47 (s, 3 H, CH325/CH326), 615 

1.44 (s, 3 H, CH325/CH326); 13C-NMR (CDCl3, 101 MHz, β-Anomer) δ 148.5 (C2), 146.1 616 

(C3), 140.2 (C6), 138.7 - 138.0 (CBn), 126.2 (C5), 125.6 (C4), 128.5 - 127.7 (CBn), 102.1 617 

(C10), 99.9 (C24), 84.9 (C12/C13), 82.2 (C11/C14), 77.9 (C12/C13), 75.8 (C19), 75.0 (3C: 618 

C11/C14, C17, C18), 73.6 (C16), 68.9 (C15), 66.0 (C7), 58.7 (C8), 18.7 (C9), 25.0 619 

(C25/C26), 24.6 (C25/C26); TLC Rf 0.36 (pentane/ethyl acetate 1.5/1) [CAM]; ESI-MS m/z 620 

732.4 [M + H]+. 621 

4.1.16. Tetrapivaloyl-β-D-glucopyranosyl isopropylidene pyridoxine (24) 622 

Prepared according to A1 with α4,3-O-isopropylidene pyridoxine (20, 51.0 mg, 0.24 mmol, 623 

1.00 eq.), ethyl 2,3,4,6-tetra-O-pivaloyl-1-thio-β-D-glucopyranoside (14, 0.16 g, 0.29 mmol, 624 

1.2 eq.) and TfOH (37.0 mg, 22.0 µL, 0.24 mmol, 1.00 eq.) in dichloromethane (5 mL) at 0 625 

°C to obtain the product as colorless oil (27.8 mg, 39.2 µmol, 16 %). 1H-NMR (CDCl3, 360 626 

MHz, β-Anomer) δ 7.87 (s, 1 H, H6), 5.30 (t, J = 9.5 Hz, 1 H, H12), 5.12 (t, J = 9.7 Hz, 1 H, 627 

H13), 5.03 (dd, J = 9.6, 8.0 Hz, 1 H, H11), 4.92 – 4.77 (m, 2 H, H8), 4.72 (d, J = 11.5 Hz, 1 H, 628 

H7), 4.56 (d, J = 8.0 Hz, 1 H, Hβ10), 4.44 (d, J = 11.5 Hz, 1 H, H7), 4.22 (dd, J = 12.3, 1.9 Hz, 629 

1 H, H15), 4.04 (dd, J = 12.3, 5.4 Hz, 1 H, H15), 3.71 (ddd, J = 10.1, 5.4, 1.9 Hz, 1 H, H14), 630 

2.39 (s, 3 H, CH39), 1.53 (s, 3 H, CH325, CH326), 1.52 (s, 3 H, CH325, CH326), 1.23 (s, 9 H, 631 

CH3Piv), 1.14 (s, 9 H, CH3Piv), 1.09 (s, 9 H, CH3Piv), 1.07 (s, 9 H, CH3Piv); 13C-NMR 632 

(CDCl3, 101 MHz, β-Anomer) δ 178.1 (C16), 177.2 (C20), 176.6 (C22), 176.5 (C18), 148.7 633 

(C2), 146.2 (C3), 139.7 (C6), 126.3 (C5), 125.0 (C4), 99.9 (C10, C24), 72.5 (C14), 72.2 634 

(C12, C13), 71.1 (C11), 68.0 (C12, C13), 66.1 (C7), 61.9 (C15), 58.6 (C8), 39.0 (C17), 38.8 635 

(C19), 38.8 (C21), 38.8 (C23), 27.2 (CH3Piv x2), 27.1 (CH3Piv), 27.1 (CH3Piv), 24.9 (C25, 636 

C26), 24.8 (C25, C26), 18.7 (C9); TLC Rf 0.64 (pentane/ethyl acetate 1/1) [CAM]; ESI-MS 637 

m/z 708.1 [M + H]+. 638 

4.1.17. Tetrabenzoyl-β-D-glucopyranosyl isopropylidene pyridoxine (25) 639 



 

 

Prepared according to A1 with α4,3-O-isopropylidene pyridoxine (20, 49.4 mg, 0.24 mmol, 640 

1.00 eq.), ethyl 2,3,4,6-tetra-O-benzoyl-1-thio-α/β-D-glucopyranoside (13, 0.18 g, 0.28 641 

mmol, 1.2 eq.) and TfOH (35.0 mg, 21.0 µL, 0.24 mmol, 1.00 eq.) in dichloromethane (5 642 

mL) at 0 °C to obtain the product as colorless oil (28.2 mg, 35.8 µmol, 15 %). 1H-NMR 643 

(CDCl3, 360 MHz, β-Anomer) δ 8.10 – 7.22 (m, 21 H, HBz, H6), 5.87 (t, J = 9.7 Hz, 1 H, 644 

H12), 5.68 (t, J = 9.7 Hz, 1 H, H13), 5.54 (dd, J = 9.7, 7.8 Hz, 1 H, H11), 4.85 (d, J = 7.9 Hz, 645 

1 H, Hβ10), 4.80 (d, J = 12.0 Hz, 1 H, H7), 4.68 (d, J = 1.5 Hz, 2 H, H8), 4.67 – 4.63 (m, 1 H, 646 

H15), 4.60 – 4.49 (m, 2 H, H7, H15), 4.15 (ddd, J = 10.0, 5.3, 3.2 Hz, 1 H, H14), 2.35 (s, 3 H, 647 

CH39), 1.32 (s, 3 H, CH321/CH322), 1.29 (s, 3 H, CH321/CH322); 13C-NMR (CDCl3, 101 648 

MHz, β-Anomer) δ 166.2 (C16), 165.8 (C18), 165.2 (C17), 165.1 (C19), 148.9 (C2), 146.2 649 

(C3), 139.9 (C6), 134.0 – 133.3 (m, CBz), 130.5 – 128.3 (m, CBz), 126.4 (C5), 124.7 (C4), 650 

99.8 (C20), 99.3 (C10), 72.9 (C12), 72.5 (C14), 71.8 (C11), 69.7 (C13), 66.2 (C7), 63.0 651 

(C15), 58.5 (C8), 24.7 (C21, C22), 24.4 (C21,C22), 18.6 (C9); TLC Rf 0.61 (pentane/ethyl 652 

acetate 1/2) [CAM]; ESI-MS m/z 788.1 [M + H]+. 653 

4.1.18. Pyridoxine-5'-β-D-glucoside (5'-β-PNG, 1) 654 

Prepared according to A2 with 23 (50.0 mg, 0.09 mmol, 1.00 eq.) to obtain the glucoside as 655 

white solid in quantitative yield. 1H-NMR (D2O, 360 MHz, β-Anomer) δ 7.65 (s, 1 H, H6), 656 

4.93 (d, J = 12.5 Hz, 1 H, H7), 4.78 – 4.70 (m, 3 H, H7, H8), 4.43 (d, J = 7.9 Hz, 1 H, Hβ10), 657 

3.83 (d, J = 11.4 Hz, 1 H, H15), 3.65 (m, J = 6.0 Hz, 1 H, H15), 3.41 - 3.35 (m, 1 H, H12, 658 

H14), 3.32 (m, 1 H, H13), 3.22 (t, J = 8.5 Hz, 1 H, H11), 2.38 (s, 3 H, CH39); 13C-NMR (D2O, 659 

101 MHz, β-Anomer) δ 159.7 (C3), 145.0 (C2), 139.2 (C5), 131.8 (C4), 126.9 (C6), 101.3 660 

(C10), 75.9 (C12/C14), 75.6 (C12/C14), 73.0 (C11), 69.5 (C13), 66.1 (C7), 60.6 (C15), 56.1 661 

(C8), 15.6 (C9); ESI-MS m/z 331.8 [M + H]+, 353.9 [M + Na]+, 330.2 [M - H]-. 662 

4.1.19. Pyridoxine-5'-β-D-glucoside (5'-β-PNG, 1) 663 

Starting from 24. Palladium/Coal (5.30 mg, 15.0 µmol, 0.30 eq.) was added to a solution of 664 

protected pyridoxine glucoside (24, 36.0 mg, 50.0 µmol, 1.00 eq.) in dry ethanol. A pressure 665 

of 1 atm H2 was applied to the reaction vessel and uphold until complete conversion of the 666 

starting material (ESI-MS). The mixture was filtered, the solvent evaporated under reduced 667 

pressure, the residue suspended in a solution of abs. EtOH / 1% HCOOH (5 mL, v/v = 0.6 668 

mL/4.4 mL) and the reaction heated to reflux for 1.5 h. The solvent was evaporated under 669 

reduced pressure and the crude product purified via column chromatography using Sephadex 670 

(methanol, isocratic) and preparative HPLC (C18, water/acetonitrile 90/10, isocratic) to 671 

obtain the glucoside as white solid in quantitative yield. 672 
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substances are available online.  674 

Author Contributions: T.B. and M.R. conceived and designed the experiments; T.B. 675 

performed the experiments and analyzed the data; T.B. and M.R. wrote the paper. 676 

Funding: The study was funded by a grant from the German Research Association DFG (RY 677 

19/17-1). 678 

Acknowledgments: The authors gratefully acknowledge the support by the Chair of Food 679 

Chemistry and Molecular Science, Technical University Munich, Germany, for the NMR 680 

measurements 681 

Conflicts of Interest: The authors declare no competing financial interests  682 

Abbreviations: Bn, benzyl; Bz, benzoyl; LG, leaving group; P, protecting group; Piv, 683 

pivaloyl; PN, pyridoxine; PL, pyridoxal; PM, pyridoxamine; PLP, pyridoxal phosphate; 684 

PMP, pyridoxamine phosphate; PNG, pyridoxine glucoside. 685 

References 686 

[1] IUPAC-IUB, Nomenclature for Vitamins B-6 and Related Compounds, Eur. J. Biochem. 40 (1973) 687 
325-327. 10.1111/j.1432-1033.1973.tb03200.x. 688 

[2] L. Siegel, D. Melnick, B.L. Oser, Bound Pyridoxine (Vitamin B6) in Biological Materials, J. Biol. 689 
Chem. 149 (1943) 361-367.  690 

[3] J.C. Rabinowitz, E.E. Snell, The Vitamin B6 Group, Distribution of Pyridoxal, Pyridoxamine, and 691 
Pyridoxine in some natural Products, J. Biol. Chem. 176 (1948) 1157-1167.  692 

[4] K. Tadera, F. Yagi, A. Kobayashi, Specificity of a particulate glucosyltransferase in seedlings of 693 
Pisum sativum L. which catalyzes the formation of 5'-O-(β-D-glucopyranosyl)pyridoxine, J. Nutr. Sci. 694 
Vitaminol. 28 (1982) 359-366. 10.3177/jnsv.28.359. 695 

[5] K. Ogata, Y. Tani, Y. Uchida, T. Tochikura, Microbial formation of pyridoxine glucoside, a new 696 
derivative of vitamin B6, Biochim. Biophys. Acta. 165 (1968) 578-579. 697 
10.1016/0304-4165(68)90249-3. 698 

[6] F. Kawai, H. Yamada, K. Ogata, Studies on Transglycosidation to Vitamin B6 by Microorganisms, 699 
Agric. Biol. Chem. 35 (1971) 1660-1667.  700 

[7] F. Kawai, H. Yamada, K. Ogata, Studies on Transglycosidation to Vitamin B6 by Microorganisms, 701 
Agric. Biol. Chem. 35 (1971) 184-190. 10.1271/bbb1961.35.184. 702 

[8] K. Ogata, Y. Tani, Y. Uchida, T. Tochikura, Studies on transglycosidation to vitamin B6 by 703 
microorganisms. I. Formation of a new vitamin B6 derivative, pyridoxine glucoside, by Sarcina lutea, 704 
J. Vitaminol. 15 (1969) 142-150. 10.5925/jnsv1954.15.142. 705 

[9] K. Ogata, Y. Tani, Y. Uchida, N. Kurihara, T. Tochikura, Studies on Transglycosidation to Vitamin B6 706 
by Microorganisms: II. Chemical Structure of Pyridoxine Glucoside, J. Vitaminol. 15 (1969) 160-166. 707 
10.5925/jnsv1954.15.160. 708 



 

 

[10] K. Ogata, Y. Tani, F. Kawai, Y. Uchida, T. Tochikura, Studies on Transglycosidation to Vitamin B6 by 709 
Microorganisms, J. Vitaminol. 15 (1969) 167-173.  710 

[11] Y. Suzuki, Y. Doi, K. Uchida, H. Tsuge, Preparation of two Pyridoxine-α-Glucosides by 711 
α-Glucosidase from Mucor javanicus, J. Appl. Glycosci. 43 (1996) 369-372.  712 

[12] A. Tramice, A. Giordano, G. Andreotti, E. Mollo, A. Trincone, High-Yielding Enzymatic 713 
α-Glucosylation of Pyridoxine by Marine α-Glucosidase from Aplysia fasciata, Mar. Biotechnol. 8 714 
(2006) 448-452. 10.1007/s10126-005-6144-4. 715 

[13] K. Wada, Y. Asano, Use of Borate To Control the 5'-Position-Selective Microbial Glucosylation of 716 
Pyridoxine, Appl. Environ. Microbiol. 69 (2003) 7058-7062. 10.1128/aem.69.12.7058-7062.2003. 717 

[14] H. Tsuge, M. Maeno, T. Hayakawa, Y. Suzuki, Comparative Study of Pyridoxine-α,β-Glucosides, and 718 
Phosphopyridoxyl-Lysine as a Vitamin B6 Nutrient, J. Nutr. Sci. Vitaminol. 42 (1996) 377-386. 719 
10.3177/jnsv.42.377. 720 

[15] J.F. Gregory, S.L. Ink, Identification and Quantification of Pyridoxine-β-Glucoside as a Major Form 721 
of Vitamin B6 in Plant-Derived Foods, J. Agric. Food Chem. 35 (1987) 76-82. 10.1021/jf00073a018. 722 

[16] K. Yasumoto, H. Tsuji, K. Iwami, H. Mitsuda, Isolation from Rice Bran of a Bound Form of Vitamin 723 
B6 and Its Identification as 5′-O-(β-D-Glucopyranosyl) Pyridoxine, Agric. Biol. Chem. 41 (1977) 724 
1061-1067. 10.1080/00021369.1977.10862620. 725 

[17] K. Iwami, K. Yasumoto, Synthesis of pyridoxine-β-glucoside by rice bran β-glucosidease and its in 726 
situ absorption in rat small intestine, Nutr. Res. 6 (1986) 407-414. 10.1016/S0271-5317(86)80181-6. 727 

[18] R.E. Charles, S. Divakar, β-Glucosidase Catalyzed Syntheses of Pyridoxine Glycosides, Biosci. 728 
Biotechnol. Biochem. 73 (2009) 233–236. 10.1271/bbb.80463. 729 

[19] Y. Suzuki, K. Uchida, A. Tsuboi, Nippon NogeiKagaku Kaishi 53 (1979) 189-196.  730 
[20] L. Weignerova, Y. Suzuki, Z. Hunkova, P. Sedmera, V. Havlicek, R. Marek, V. Kren, Pyridoxine as a 731 

substrate for screening synthetic potential of glycosidases Collect. Czech. Chem. Commun. 64 (1999) 732 
1325-1334. 10.1135/cccc19991325  733 

[21] K. Tadera, M. Nakamura, F. Magi, A. Kobayashi, A particulate glucosyltransferase catalyzing the 734 
formation of 5'-O-(β-D-glucopyranosyl)pyridoxine from pyridoxine: The occurrence in the seedlings 735 
of Pisum sativum L., J. Nutr. Sci. Vitaminol. 25 (1979) 347-350. 10.3177/jnsv.25.347. 736 

[22] K. Tadera, M. Nakamura, A. Kobayashi, Vitamins 52 (1978) 17-23.  737 
[23] K. Yasumoto, K. Iwami, J. Okada, H. Mitsuda, Eiyoto Shokuryo 32 (1979) 105-110.  738 
[24] Y. Suzuki, Y. Inada, K. Uchida, β-Glucosylpyridoxines in germinating Seeds cultured in the Presence 739 

of Pyridoxine, Phytochemistry 25 (1986) 2049-2051. 10.1016/0031-9422(86)80064-4. 740 
[25] S.L. Ink, J.F. Gregory, D.B. Sartain, Determination of Pyridoxine β-Glucoside Bioavailability Using 741 

Intrinsic and Extrinsic Labeling in the Rat, J. Agric. Food Chem. 34 (1986) 857-862. 742 
10.1021/jf00071a024. 743 

[26] P.R. Trumbo, J.F. Gregory, D.B. Sartain, Incomplete Utilization of Pyridoxine-β-Glucoside as 744 
Vitamin B-6 in the Rat., J. Nutr. 118 (1988) 170-175. 10.1093/jn/118.2.170. 745 

[27] P.R. Trumbo, J.F. Gregory, Metabolic Utilization of Pyridoxine-β-Glucoside in Rats: Influence of 746 
Vitamin B-6 Status and Route of Administration., J. Nutr. 118 (1988) 1336-1342. 747 
10.1093/jn/118.11.1336. 748 

[28] P.R. Trumbo, J.F. Gregory, The Fate of Dietary Pyridoxine-β-Glucoside in the Lactating Rat, J. Nutr. 749 
119 (1989) 36-39. 10.1093/jn/119.1.36. 750 



 

 

[29] J.F. Gregory, H. Nakano, [7] Preparation of Nonlabeled, Tritiated, and Deuterated Pyridoxine 751 
5′-β-D-Glucoside and Assay of Pyridoxine-5′-β-D-glucoside Hydrolase, Methods Enzymol. 280 (1997) 752 
58-65. 10.1016/S0076-6879(97)80101-2. 753 

[30] N.L. Morozowich, A.L. Weikel, J.L. Nichol, C. Chen, L.S. Nair, C.T. Laurencin, H.R. Allcock, 754 
Polyphosphazenes Containing Vitamin Substituents: Synthesis, Characterization, and Hydrolytic 755 
Sensitivity, Macromolecules 44 (2011) 1355-1364. 10.1021/ma1027406. 756 

[31] R. Šardzík, G.T. Noble, M.J. Weissenborn, Andrew Martin, S.J. Webb, S.L. Flitsch, Preparation of 757 
aminoethyl glycosides for glycoconjugation, Beilstein J. Org. Chem. 6 (2010) 699-703. 758 
10.3762/bjoc.6.81. 759 

[32] P. Bonomi, M.D. Attieh, C. Gonzato, K. Haupt, A New Versatile Water-Soluble Iniferter Platform for 760 
the Preparation of Molecularly Imprinted Nanoparticles by Photopolymerisation in Aqueous Media, 761 
Chemistry 22 (2016) 10150-10154. 10.1002/chem.201600750. 762 

[33] C. Liang, W. Ju, S. Ding, H. Sun, G. Mao, Effective Synthesis of Nucleosides Utilizing 763 
O-Acetyl-Glycosyl Chlorides as Glycosyl Donors in the Absence of Catalyst: Mechanism Revision 764 
and Application to Silyl-Hilbert-Johnson Reaction, Molecules 22 (2017). 765 
10.3390/molecules22010084. 766 

[34] Q. Wang, J. Fu, J. Zhang, A facile preparation of peracylated α-aldopyranosyl chlorides with thionyl 767 
chloride and tin tetrachloride, Carbohydr. Res. 343 (2008) 2989-2991. 10.1016/j.carres.2008.08.037. 768 

[35] B.L. Moller, C.E. Olsen, M.S. Motawia, General and Stereocontrolled Approach to the Chemical 769 
Synthesis of Naturally Occurring Cyanogenic Glucosides, J. Nat. Prod. 79 (2016) 1198-1202. 770 
10.1021/acs.jnatprod.5b01121. 771 

[36] X. Qian, O. Hindsgaul, Use of the p-nitrobenzyloxycarbonyl group as an orthogonal amine protecting 772 
group in the synthesis of β-GlcNAc terminating glycosides, Chem. Commun. (1997) 1059-1060. 773 
10.1039/A700549K. 774 

[37] T. Ren, D. Liu, Synthesis of targetable cationic amphiphiles, Tetrahedron Lett. 40 (1999) 7621-7625. 775 
10.1016/S0040-4039(99)01558-0. 776 

[38] S. Houdier, P.J.A. Vottero, Synthesis of benzylated cycloisomaltotetraose, Carbohydr. Res. 248 777 
(1993) 317-384. 10.1016/0008-6215(93)84145-V. 778 

[39] S. Bording, T. Bach, An enantioselective synthesis of the C24-C40 fragment of (−)-pulvomycin, Chem. 779 
Commun. 50 (2014) 4901-4903. 10.1039/c4cc01338g. 780 

[40] C.S. Barry, E.J. Cocinero, P. Carcabal, D.P. Gamblin, E.C. Stanca-Kaposta, S.M. Remmert, M.C. 781 
Fernandez-Alonso, S. Rudic, J.P. Simons, B.G. Davis, 'Naked' and Hydrated Conformers of the 782 
Conserved Core Pentasaccharide of N-linked Glycoproteins and its Building Blocks, J. Am. Chem. 783 
Soc. 135 (2013) 16895-16903. 10.1021/ja4056678. 784 

[41] A.V. Demchenko, M.N. Kamat, C.D. Meo, S-Benzoxazolyl (SBox) Glycosides in Oligosaccharide 785 
Synthesis: Novel Glycosylation Approach to the Synthesis of β-D-Glucosides, β-D-Galactosides, and 786 
α-D-Mannosides, Synlett 9 (2003) 1287-1290. 10.1055/s-2003-40345. 787 

[42] D. Cancogni, L. Lay, Exploring Glycosylation Reactions under Continuous-Flow Conditions, Synlett 788 
25 (2014) 2873–2878. 10.1055/s-0034-1379471. 789 

[43] A. Franais, D. Urban, J.-M. Beau, Tandem catalysis for a one-pot regioselective protection of 790 
carbohydrates: the example of glucose, Angew. Chem. Int. Ed. 46 (2007) 8662-8665. 791 
10.1002/anie.200703437. 792 



 

 

[44] G. Agnihotri, P. Tiwari, A.K. Misra, One-pot synthesis of per-O-acetylated thioglycosides from 793 
unprotected reducing sugars, Carbohydr. Res. 340 (2005) 1393-1396. 10.1016/j.carres.2005.02.027. 794 

[45] R. Smith, H. Muller-Bunz, X. Zhu, Investigation of α-Thioglycoside Donors: Reactivity Studies 795 
toward Configuration-Controlled Orthogonal Activation in One-Pot Systems, Org. Lett. 18 (2016) 796 
3578-3581. 10.1021/acs.orglett.6b01572. 797 

[46] W. Günter, R. Gerhard, Results and Problems of O-Glycoside Synthesis, Angew. Chem. Int. Ed. Engl. 798 
13 (1974) 157-216. 10.1002/anie.197401571. 799 

[47] S. Manabe, Y. Ito, Optimizing Glycosylation Reaction Selectivities by Protecting Group 800 
Manipulation, Curr. Bioact. Compd. 4 (2008) 258-281. 10.2174/157340708786847861. 801 

[48] R.A. Mensink, T.J. Boltje, Advances in Stereoselective 1,2-cis Glycosylation using C-2 Auxiliaries, 802 
Chemistry 23 (2017) 17637-17653. 10.1002/chem.201700908. 803 

[49] A.F. Bochkov, N.K. Kochetkov, A new approach to the synthesis of oligosaccharides, Carbohydr. Res. 804 
39 (1975) 355-357. 10.1016/S0008-6215(00)86147-9. 805 

[50] K. Kochetkov, A.F. Bochkov, T.A. Sokolavskaya, V.J. Snyatkova, Modifications of the orthoester 806 
method of glycosylation, Carbohydr. Res. 16 (1971) 17-27. 10.1016/S0008-6215(00)86094-2. 807 

[51] P.J. Garegg, P. Konradsson, I. Kvarnström, T. Norberg, S.C.T. Svensson, B. Wigilius, Studies on 808 
Koenigs-Knorr Glycosidations., Acta Chem. Scand. Ser. B 39 (1985) 569-577. 809 
10.3891/acta.chem.scand.39b-0569. 810 

[52] P.J. Garegg, I. Kvarnström, The Orthoester Glycosylation Method. Variations in the Anomeric 811 
Composition of the Product with Aglycone Basicity in the Two-Step Procedure., Acta Chem. Scand. 812 
Ser. B 30 (1976) 655-658. 10.3891/acta.chem.scand.30b-0655. 813 

[53] P.H. Seeberger, M. Eckhardt, C.E. Gutteridge, S.J. Danishefsky, Coupling of Glycal Derived 814 
Thioethyl Glycosyl Donors with Glycal Acceptors. An Advance in the Scope of the Glycal Assembly, 815 
J. Am. Chem. Soc. 119 (1997) 10064-10072. 10.1021/ja971640d. 816 

[54] Y. Ma, G. Lian, Y. Li, B. Yu, Identification of 817 
3,6-di-O-acetyl-1,2,4-O-orthoacetyl-α-D-glucopyranose as a direct evidence for the 4-O-acyl group 818 
participation in glycosylation, Chem. Commun. 47 (2011) 7515-7517. 10.1039/c1cc11680k. 819 

[55] H.S. Isbell, H.L. Frush, Mechanisms for the Formation of Acetylglycosides and Orthoesters from 820 
Acetylglycosyl Halides, J. Res. Natl. Bur. Stand. 43 (1949) 161-171. 10.6028/jres.043.019. 821 

[56] S. Winstein, R.E. Buckles, The Role of Neighboring Groups in Replacement Reactions. I. Retention of 822 
Configuration in the Reaction of Some Dihalides and Acetoxyhalides with Silver Acetate, J. Am. 823 
Chem. Soc. 64 (1942) 2780-2786. 10.1021/ja01264a020. 824 

[57] F. Kong, Recent studies on reaction pathways and applications of sugar orthoesters in synthesis of 825 
oligosaccharides, Carbohydr. Res. 342 (2007) 345–373. 10.1016/j.carres.2006.09.025. 826 

[58] Z. Yang, W. Lin, B. Yu, Rearrangement of sugar 1,2-orthoesters to glycosidic products: a mechanistic 827 
implication, Carbohydr. Res. 329 (2000) 879–884. 10.1016/S0008-6215(00)00242-1. 828 

[59] W. Wang, F. Kong, New Synthetic Methodology for Regio- and Stereoselective Synthesis of 829 
Oligosaccharides via Sugar Ortho Ester Intermediates, J. Org. Chem. 63 (1998) 5744-5745. 830 
10.1021/jo981135e. 831 

[60] W. Wang, F. Kong, Facile Syntheses of the Trisaccharide Acceptors-The Key Intermediates for 832 
Assembling the Elicitor Hexasaccharide, Synth. Commun. 29 (1999) 3179-3190. 833 
10.1080/00397919908085942. 834 



 

 

[61] J. Gass, M. Strobl, A. Loibner, P. Kosma, U. Zähringer, Synthesis of allyl O-[sodium 835 
(α-D-glycero-D-talo-2-octulopyranosyl)onate]-(2 → 6)-2-acetamido-2-deoxy-β-D-glucopyranoside, a 836 
core constituent of the lipopolysaccharide from Acinetobacter calcoaceticus NCTC 10305, 837 
Carbohydr. Res. 244 (1993) 69-84. 10.1016/0008-6215(93)80005-Y. 838 

[62] I. Braccini, C. Derouet, J. Esnault, C.H. Penhoat, J.-M. Mallet, V. Michon, P. Sinaÿ, Conformational 839 
analysis of nitrilium intermediates in glycosylation reactions, Carbohydr. Res. 246 (1993) 23-41. 840 
10.1016/0008-6215(93)84021-W. 841 

[63] J.-R. Pougny, P. Sinaÿ, Reaction d'imidates de glucopyranosyle avec l'acetonitrile. Applications 842 
synthetiques, Tetrahedron Lett. 17 (1976) 4073-4076. 10.1016/S0040-4039(00)92578-4. 843 

[64] A.J. Ratcliffe, B. Fraser-Reid, Generation of α-D-Glucopyranosylacetonitrilium Ions. Concerning the 844 
Reverse Anomeric Effect, J. Chem. Soc. Perkin Trans. (1990) 747-750. 10.1039/P19900000747. 845 

[65] S. Wang, D. Lafont, J. Rahkila, B. Picod, R. Leino, S. Vidal, Glycosylation of 'basic' alcohols: methyl 846 
6-(hydroxymethyl)picolinate as a case study, Carbohydr. Res. 372 (2013) 35-46. 847 
10.1016/j.carres.2013.02.009. 848 

[66] M. Schultz, G. Zörkler, Synthese eines mit D‐Glucuronsäure konjugierten Metaboliten von Ciamexon, 849 
Liebigs Ann. Chem. (1989) 393-395. 10.1002/jlac.198919890168. 850 

[67] C. Müller, V. Diehl, F.W. Lichtenthaler, Building blocks from sugars. Part 23. Hydrophilic 851 
3-pyridinols from fructose and isomaltulose, Tetrahedron 54 (1998) 10703-10712. 852 
10.1016/S0040-4020(98)00634-6. 853 

[68] E.S. Ibrahim, G.E.H. Elgemeie, M.M. Abbasi, Y.A. Abbas, M.A. Elbadawi, A.M.E. Attia, Synthesis 854 
of N-Glycosylated Pyridines as New Antiviral Agents, Nucleosides and Nucleotides 14 (1995) 855 
1415-1423. 10.1080/15257779508010701. 856 

[69] Y.S. Sanghvi, S.B. Larson, R.C. Willis, R.K. Robins, G.R. Revankar, Synthesis and Biological 857 
Evaluation of Certain C-4 Substituted Pyrazolo[3,4-b]pyridine Nucleosides, J. Med. Chem. 32 (1989) 858 
945-951. 10.1021/jm00125a004. 859 

[70] P.K. Gupta, N.K. Dalley, R.K. Robins, G.R. Revankar, Synthesis of β‐D‐Ribo‐ and 2′‐Deoxy‐β‐D‐860 
ribofuranosyl Derivatives of 6‐Aminopyrazolo[4,3‐c]pyridin‐4(5H)‐one by a Ring Closure of 861 
Pyrazole Nucleoside Precursors J. Heterocycl. Chem. 23 (1986) 59-64. 10.1002/jhet.5570230112. 862 

[71] N. Ikemoto, S.L. Schreiber, Total Synthesis of (−)-Hikizimycin Employing the Strategy of 863 
Two-Directional Chain Synthesis, J. Am. Chem. Soc. 114 (1992) 2524-2536. 10.1021/ja00033a029. 864 

[72] M. Kageyama, T. Nagasawa, M. Yoshida, H. Ohrui, S. Kuwahara, Enantioselective Total Synthesis of 865 
the Potent Anti-HIV Nucleoside EFdA, Org. Lett. 13 (2011) 5264-5266. 10.1021/ol202116k. 866 

[73] S. Nie, W. Li, B. Yu, Total synthesis of nucleoside antibiotic A201A, J. Am. Chem. Soc. 136 (2014) 867 
4157-4160. 10.1021/ja501460j. 868 

[74] J.T. Smoot, A.V. Demchenko, How the Arming Participating Moieties can Broaden the Scope of 869 
Chemoselective Oligosaccharide Synthesis by Allowing the Inverse Armed-Disarmed Approach, J. 870 
Org. Chem. 73 (2008) 8838–8850. 10.1021/jo801551r. 871 

[75] J.T. Smoot, P. Pornsuriyasak, A.V. Demchenko, Development of an Arming Participating Group for 872 
Stereoselective Glycosylation and Chemoselective Oligosaccharide Synthesis, Angew. Chem. Int. Ed. 873 
Engl. 44 (2005) 7123-7126. 10.1002/anie.200502694. 874 

[76] J.P. Yasomanee, A.V. Demchenko, Effect of Remote Picolinyl and Picoloyl Substituents on the 875 
Stereoselectivity of Chemical Glycosylation, J. Am. Chem. Soc. 134 (2012) 20097-20102. 876 
10.1021/ja307355n. 877 



 

 

[77] A.B. Charette, M. Grenon, Spectroscopic studies of the electrophilic activation of amides with triflic 878 
anhydride and pyridine, Can. J. Chem. 79 (2001) 1694-1703. 10.1139/v01-150. 879 

[78] D. Crich, Z. Dai, S. Gastaldi, On the Role of Neighboring Group Participation and Ortho Esters in 880 
β-Xylosylation:  13C NMR Observation of a Bridging 2-Phenyl-1,3-dioxalenium Ion, J. Org. Chem. 64 881 
(1999) 5224-5229. 10.1021/jo990424f. 882 

[79] D. Crich, J. Mataka, L.N. Zakharov, A.L. Rheingold, D.J. Wink, Stereoselective Formation of 883 
Glycosyl Sulfoxides and Their Subsequent Equilibration: Ring Inversion of an α-Xylopyranosyl 884 
Sulfoxide Dependent on the Configuration at Sulfur, J. Am. Chem. Soc. 124 (2002) 6028-6036. 885 
10.1021/ja0122694. 886 

[80] L. Bohé, D. Crich, A propos of glycosyl cations and the mechanism of chemical glycosylation, C. R. 887 
Chim. 14 (2011) 3-16. 10.1016/j.crci.2010.03.016. 888 

[81] R.U. Lemieux, K.B. Hendriks, R.V. Stick, K. James, Halide Ion Catalyzed Glycosidation Reactions. 889 
Syntheses of α-Linked Disaccharides, J. Am. Chem. Soc. 97 (1975) 4056-4062. 890 
10.1021/ja00847a032. 891 

[82] P.O. Adero, H. Amarasekara, P. Wen, L. Bohe, D. Crich, The Experimental Evidence in Support of 892 
Glycosylation Mechanisms at the SN1-SN2 Interface, Chem. Rev. 118 (2018) 8242-8284. 893 
10.1021/acs.chemrev.8b00083. 894 

[83] D.M. Whitfield, T. Nukada, DFT studies of the role of C-2−O-2 bond rotation in neighboring-group 895 
glycosylation reactions, Carbohydr. Res. 342 (2007) 1291-1304. 10.1016/j.carres.2007.03.030. 896 

[84] Y. Li, H. Mo, G. Lian, B. Yu, Revisit of the phenol O-glycosylation with glycosyl imidates, BF3·OEt2 897 
is a better catalyst than TMSOTf, Carbohydr. Res. 363 (2012) 14-22. 10.1016/j.carres.2012.09.025. 898 

[85] J. Weber, P. Fruhmann, C. Hametner, A. Schiessl, G. Häubl, J. Fröhlich, H. Mikula, Synthesis of 899 
Isotope-Labeled Deoxynivalenol-15-O-Glycosides, Eur. J. Org. Chem. 2017 (2017) 7012-7018. 900 
10.1002/ejoc.201700934. 901 

[86] R.R. Schmidt, Neue Methoden zur Glycosid- und Oligosaccharidsynthese - gibt es Alternativen zur 902 
Koenigs-Knorr-Methode?, Angew. Chem. 98 (1986) 213-236. 10.1002/ange.19860980305. 903 

[87] R.R. Schmidt, W. Kinzy, Anomeric-Oxygen Activation for Glycoside Synthesis: The 904 
Trichloroacetimidate Method, Adv. Carbohydr. Chem. Biochem. 50 (1994) 21-123. 905 
10.1016/s0065-2318(08)60150-x. 906 

[88] X. Zhu, R.R. Schmidt, New Principles for Glycoside-Bond Formation, Angew. Chem. Int. Ed. Engl. 907 
48 (2009) 1900-1934. 10.1002/anie.200802036. 908 

[89] K.P.R. Kartha, P. Cura, M. Aloui, S.K. Readman, T.J. Rutherford, R.A. Field, Observations on the 909 
activation of methyl thioglycosides by iodine and its interhalogen compounds, Tetrahedron: 910 
Asymmetry 11 (2000) 581-593. 10.1016/S0957-4166(99)00501-7. 911 

[90] S.C. Ranade, A.V. Demchenko, Mechanism of Chemical Glycosylation: Focus on the Mode of 912 
Activation and Departure of Anomeric Leaving Groups, J. Carbohydr. Chem. 32 (2013) 1-43. 913 
10.1080/07328303.2012.749264. 914 

[91] M.N. Kamat, C. De Meo, A.V. Demchenko, S-benzoxazolyl as a stable protecting moiety and a potent 915 
anomeric leaving group in oligosaccharide synthesis, J. Org. Chem. 72 (2007) 6947-6955. 916 
10.1021/jo071191s. 917 

[92] M.N. Kamat, N.P. Rath, A.V. Demchenko, Versatile synthesis and mechanism of activation of 918 
S-benzoxazolyl glycosides, J. Org. Chem. 72 (2007) 6938-6946. 10.1021/jo0711844. 919 



 

 

[93] P. Pornsuriyasak, A.V. Demchenko, S-Thiazolinyl (STaz) Glycosides as Versatile Building Blocks for 920 
Convergent Selective, Chemoselective, and Orthogonal Oligosaccharide Synthesis, Chemistry 12 921 
(2006) 6630-6646. 10.1002/chem.200600262. 922 

[94] S.S. Nigudkar, K.J. Stine, A.V. Demchenko, Regenerative glycosylation under nucleophilic catalysis, 923 
J. Am. Chem. Soc. 136 (2014) 921-923. 10.1021/ja411746a. 924 

[95] Y. Singh, T. Wang, S.A. Geringer, K.J. Stine, A.V. Demchenko, Regenerative Glycosylation, J. Org. 925 
Chem. 83 (2018) 374-381. 10.1021/acs.joc.7b02768. 926 

[96] T. Mukaiyama, Y. Murai, S.-i. Shoda, An Efficient Method for Glucosylation of hydroxy compounds 927 
using glucopyranosyl fluoride, Chem. Lett. 10 (1981) 431-432. 10.1246/cl.1981.431. 928 

[97] S. Hashimoto, M. Hayashi, R. Noyori, Glycosylation using glucopyranosyl fluorides and silicon-based 929 
catalysts. Solvent dependency of the stereoselection, Tetrahedron Lett. 25 (1984) 1379-1382. 930 
10.1016/S0040-4039(01)80163-5. 931 

[98] Z. Zhang, I.R. Ollmann, X.-S. Ye, R. Wischnat, T. Baasov, C.-H. Wong, Programmable One-Pot 932 
Oligosaccharide Synthesis, J. Am. Chem. Soc. 121 (1999) 734-753. 10.1021/ja982232s. 933 

[99] T. Machida, A. Novoa, E. Gillon, S. Zheng, J. Claudinon, T. Eierhoff, A. Imberty, W. Romer, N. 934 
Winssinger, Dynamic Cooperative Glycan Assembly Blocks the Binding of Bacterial Lectins to 935 
Epithelial Cells, Angew. Chem. Int. Ed. Engl. 56 (2017) 6762-6766. 10.1002/anie.201700813. 936 

[100] A. Kitowski, E. Jimenez-Moreno, M. Salvado, J. Mestre, S. Castillon, G. Jimenez-Oses, O. Boutureira, 937 
G.J.L. Bernardes, Oxidative Activation of C-S Bonds with an Electropositive Nitrogen Promoter 938 
Enables Orthogonal Glycosylation of Alkyl over Phenyl Thioglycosides, Org. Lett. 19 (2017) 939 
5490-5493. 10.1021/acs.orglett.7b02886. 940 

[101] R. Verduyn, M. Douwes, P.A.M. Klein, E.M. Mösinger, G.A. Marel, J.H. Boom, Synthesis of a methyl 941 
heptaglucoside: Analogue of the phytoalexin elicitor from phytophtora megasperma, Tetrahedron 49 942 
(1993) 7301-7316. 10.1016/S0040-4020(01)87208-2. 943 

[102] F. Chéry, S. Cassel, H.P. Wessel, P. Rollin, Synthesis of Anomeric Sulfimides and Their Use as a New 944 
Family of Glycosyl Donors, Eur. J. Org. Chem. 2002 (2002) 171-180. 945 
10.1002/1099-0690(20021)2002:1<171::AID-EJOC171>3.0.CO;2-7. 946 

[103] A. L'Heureux, F. Beaulieu, C. Bennett, D.R. Bill, S. Clayton, F. Laflamme, M. Mirmehrabi, S. 947 
Tadayon, D. Tovell, M. Couturier, Aminodifluorosulfinium salts: selective fluorination reagents with 948 
enhanced thermal stability and ease of handling, J. Org. Chem. 75 (2010) 3401-3411. 949 
10.1021/jo100504x. 950 

[104] E.J. Grayson, S.J. Ward, A.L. Hall, P.M. Rendle, D.P. Gamblin, A.S. Batsanov, B.G. Davis, Glycosyl 951 
Disulfides:  Novel Glycosylating Reagents with Flexible Aglycon Alteration, J. Org. Chem. 70 (2005) 952 
9740-9754. 10.1021/jo051374j. 953 

[105] G. Knobloch, N. Jabariac, S. Stadlbauer, H. Schindelin, M. Köhn, A. Gohla, Synthesis of 954 
hydrolysis-resistant pyridoxal 5'-phosphate analogs and their biochemical and X-ray crystallographic 955 
characterization with the pyridoxal phosphatase chronophin, Bioorg. Med. Chem. 23 (2015) 956 
2819-2827. 10.1016/j.bmc.2015.02.049. 957 

 958 



Chemical glucosylation of pyridoxine 

 

Highlights  

 

• New strategies for the chemical glucosylation of pyridoxine were investigated. 

• Multiple leaving groups, protecting groups and promoters were tested. 

• The synthesis gave best results with fluorine leaving groups. 

• Formation of othoesters can be reduced drastically by increased amounts of promotor. 



Declaration of interests 

 

☒ The authors declare that they have no known competing financial interests or personal relationships 

that could have appeared to influence the work reported in this paper. 

 

☐The authors declare the following financial interests/personal relationships which may be considered 

as potential competing interests:  

 

 
 
 

 

 


