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a b s t r a c t

A hydrogen bond-assisted α-selective glycosylation reaction by using 4,6-dibenzyloxy-1,3,5-triazin-2-yl

(DBT) β-glycosyl donors was developed for the efficient construction of 1,2-cis-α-glycosidic bond in nat-

ural products. This method was applied successfully to the direct synthesis of complex oligosaccharide-

derived glycolipids with simple protecting chemistry. Mechanistic studies using the NMR spectroscopy

and DFT calculation provide a proof of concept for hydrogen bond-assisted glycosylation reaction towards

α-specific construction of O-glycosidic linkage.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The diverse 1,2-cis glycosidic moieties could be commonly

found in pharmaceuticals and natural products such as lipids, ter-

penoids, polyketides [1], in which sugar residues act as a deci-

sive factor in their architectural complexity and bioactivity [2].

Moreover, anomerically alkyl glycosides serving as fundamental

building blocks are in demand to construct cell-wall structures

[3]. Low abundance and heterogeneity of these glycoconjugates

in nature cause the major obstacles in isolation and characteriza-

tion. Methodologies for the efficient synthesis of homogeneous and

structurally well-defined α-glycosyl natural products have thus at-

tracted attention in many research fields to aid in understanding

the precise biological roles and structure-activity relationships of

these attached sugars. Clearly, uncovering the contributions of car-

bohydrates to natural medicines and nutraceuticals would greatly

facilitate advances of glycosciences.

To meet the needs of stereo-specific synthesis, various strate-

gies were developed to offer a neighboring-group effect or

supramolecular interaction, generating the α- and β-specific prod-

ucts [4–6]. Although the 1,2-cis-α linkage is favored by the

anomeric effect, the stereospecific synthesis of 1,2-cis-α-product

is still challenging for chemists. In 1981, the first use of β-

glucosyl fluoride as a glycosyl donor was reported for the syn-
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thesis of α-glucosides with a promoter generated from stannous

chloride (SnCl2) and silver perchlorate (AgClO4) [7]. The poorer

leaving group derived from a strong C-F bond leads to the selec-

tive formation of α-products. Currently, many advanced and rep-

resentative protocols including H-bond mediated aglycon delivery

(HAD) strategy (Fig. 1a, route A) [8], boronic ester mediated 1,2-

cis-α-glycosylation (Fig. 1a, route B) [9–12], neighboring auxiliary

method (Fig. 1a, route C) [13], and remote assistance effect (Fig.

1a, route D) via O-Bz [14], 6-O-Lev protecting group [15,16], or 1,6-

di-O-N-phenyltrifluoeoacetimidoyl glycosyl donors [17], have been

reported to overcome this issue.

In addition, some new methods have also been demonstrated

for the efficient synthesis of α-glycosides by using traditional

donors, such as phenanthroline-glycosyl bromide system [18], de-

signed triflation of the 2-hydroxyethyl group [19], in-situ adduct

transformation with thioglycosides [20], halogenated benzyl pro-

tecting groups [21,22], and gold-catalyzed glucosylation using

an O-ethynylphenyl β-d-1-thioglucosyl donor [23]. In a differ-

ent approach, Niu and co-workers reported a distinct 1,2-cis-α-

glycosylation enabled by halogen-bond-assisted radical activation

rather than the conventional ionic process [24]. More recently, the

α-selective O-glycosylation reactions towards 2-deoxyglycosides

were also successfully established in our group by using electro-

chemical strategy [25] and visible-light-promoted protocol [26].

Although the excellent stereoselectivity could be obtained

through these advanced strategies, the preparation of special gly-
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Fig. 1. Introduction and background of current work.

cosyl donors with designed protecting groups also brings seriously

synthetic hurdles, especially when the direct glycosyl coupling re-

action of an oligosaccharide moiety is required in the total synthe-

sis of natural products. Thus, simple and stereocontrolled methods

for the construction of completely 1,2-cis-α-glycosidic linkages are

still welcome.

In our previous work (Fig. 1b), a protecting group-free 1,2-cis-α-

glycosylation by using DBT-β-glycosyl donors under hydrogenolytic

conditions was demonstrated [27]. The preferential α-selectivity

might be rationalized by the speculated H-bond-mediated stere-

ospecific manner (SN2 type). However, the α-selectivity was dra-

matically decreased in the glycosylation with secondary and ter-

tiary alcohols. The weak hydrogen bond interaction between 4,6-

dihydroxy-1,3,5-triazin-2-yl (DHT)-β-glycosyl intermediates and al-

cohols was postulated as the key factor resulting the unde-

sired stereoselectivity. In this context, we want to employ some

hydrogen-bonding additives in this hydrogenolytic glycosylation to

offer stronger H-bond interaction (Fig. 1c). Obviously improved

reaction efficiency and α-selectivity have been noted with assis-

tance of chloral hydrate or hexafluoro-2-propanol (HFIP). We have

also disclosed the experimental evidence for the intermolecular

hydrogen-bonding effect via proton NMR and DFT calculation.

The glycosyl donors were prepared according to our reported

work via the direct anomer-activation under aqueous media. Then,

the produced DBT-β-glycosyl donors were isolated through sim-

ple washing with water and chloroform to remove the native

sugars and minor α-type 1,2-(DBT)2-glycosides (Fig. S2–2 in Sup-

porting information). The protection of trimethylsilyl (TMS) group

enables us to synthesize glycosides having hydrophobic moiety,

since TMS group acts as solubilizing group in organic solvent like

dichloromethane and can be removed under mild conditions like

hydrogenolysis. Glycosylation reactions can be carried out under

Pd/C (10 wt%)-catalyzed hydrogenolysis conditions, giving rise to

the α-glycosides via an SN2-like course. When acceptors contain-

ing alkenyl group are used, selective debenzylation and subsequent

glycosylation can be achieved by using triethylsilane (TESH) as the

mild reductant instead of H2 atmosphere.

Initially, the model glycosylation of TMS-DBT-β-gluco-

pyranoside 1a and 2-propanol was screened with varied sol-

Table 1

Control experiments for the optimization of reaction conditions.a

Entry Donor Acceptor Solvent Additive Yield (%)b α/βc

1 1a DCM – 62 (95/5)

2d 1a DCM – 30 (4/1)

3 1a DCE – 50 (9/1)

4 1a THF – 48 (52/48)

5 1a Toluene – 0

6 1a EtOAc – 0

7 1a i-PrOH – 80 (α only)

8 1f i-PrOH – 85 (4/1)

9 1g i-PrOH – 0

10 1b t-BuOH – 40 (α only)

11 1b H2O 47 (α only)

12 1b BnOH 55 (α only)

13 1b pH–CHO 55 (α only)

14 1b CCl3CH2OH 68 (α only)

15 1b CCl3CH(OH)2 75 (9/1)

16 1b CCl3–CHO 80 (73/27)

17 1b (CF3)2CHOH 70 (α only)

18 1b (CCl3)2C=O 95 (54/46)

a Reaction conditions: donor (0.1mol/L), reaction time (24h for entries 1–6; 2h

for entries 7–18, solvolysis condition for entries 7–18).
b Isolated yield after desilylation.
c Determined by 1H NMR.
d Acceptor ROH (3.0 equiv.).

vents (Table 1, entries 1–6). It was found that dichloromethane

(DCM) supported the best results for both yield and α-selectivity.

As anticipated, a remarkable decrease in yield was observed along

with generation of the byproduct B1 when a relatively low amount

of 2-propanol was used (Table 1, entry 2). Whereas, the reaction

failed in toluene or ethyl acetate due to the inhibited activity of Pd

metals which can be strongly coordinated with solvent molecules

[28]. Under a solvolysis condition in 2-protanol, the desired α-

product was stereospecifically formed in good yield (Table 1, entry

7). Replacing the TMS groups with other protecting groups led

to the different results (Table 1, entries 8 and 9). When using

triethylsilylated glycosyl donor (TES-DBT-β-glucopyranoside) 1f, a

decreased α-selectivity was observed due to the steric hindrance.

In case of using O-acetyl donor 1g, the desired glucoside was not

obtained, and the orthoester product B2 was generated quantita-

tively. These results disclose the optimized reaction conditions of

TMS-donors in DCM.

According to the postulated mechanism, it is more difficult for

the elimination of DHT leaving group in the presence of secondary

or tertiary alcohols due to a weaker hydrogen-bonding interac-

tion. To facilitate the departure of DHT group, some additives were

added to this reaction to afford a stronger H-bond interaction. In

the model reaction, the coupling reaction of 1b was carried out

in dry tert–butyl alcohol with the assistance of diverse additives

(Table 1, entries 11–18). There is no doubt that low yield was

noticed in the absence of additives (Table 1, entry 10). The im-

proved yields were observed with the participation of additives

2
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Scheme 1. Substrate scope of the present glycosylation. Reaction conditions: ROH (10 equiv.) for the primary alcohols; ROH (20 equiv.) for the secondary and tertiary

alcohols; TESH (5–10 equiv.) was employed as the reductant in case of using unsaturated acceptors; 24h reaction for the Pd-H2 conditions; 48h reaction for the Pd-TESH

conditions. Chloral hydrate was employed as additive in the synthesis of 2c, 2e and 2i, HFIP was used for the other reactions.
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Fig. 2. Reaction mechanism studies. (a) Relations between the chemical shifts of the anomeric protons on amine-stabilized DHT-glycosyl intermediates and varied additives;

(b) Stacked NMR spectra for the mixture of amine-stabilized DHT-glycosyl intermediates and different additives; (c) DFT calculation results about this reaction: reaction

intermediate is generated via hydrogenolytic debenzylation. Then, HFIP and 2-prpanol were added to form the corresponding transition structures TS1 and TS2, respectively.

The simulated details and original energy for DFT calculation were listed in Supporting information.

(Table 1, entries 11–18). Among them, the desired α-selectivity was

achieved in most cases. However, the reaction with hexachloroace-

tone gave the product as an α/β-mixture in high yield (Table 1,

entry 18). As chloral hydrate (Table 1, entry 15) and hexafluoroiso-

propanol (HFIP, Table 1, entry 17) have proven to be very effective

in this additive-assisted α-glycosylation, the reactions with other

substrates are carried out by using these highly promising addi-

tives.

With optimal conditions in hand, we next set out to screen the

reaction scope. The glycosylation of diverse acceptors with various

donors including oligosaccharide-derived donors were performed

smoothly under the standard additive-assisted reaction conditions,

affording highly α-specific glycosides in moderate to satisfactory

yields (Scheme 1). According to this reaction, series of amphiphilic

glycolipids, which are widely used as the nonionic biosurfactants

in the cosmetic and pharmaceutical industry, could be prepared in

good yields. The obtained alkenyl and alkynyl α-glycosides could

be employed as reactive precursor for further reactions such as

polymerization for the production of glycopolymers. It was note-

worthy that challenging secondary and tertiary alcohols were gly-

cosylated in good α-selectivity under the present method (2e,

2g, 2h). The reaction of higher oligosaccharides (maltopentaose:

α(1,4)-Glc5) also successfully occurred in satisfied yields and with

high 1,2-cis-α-selectivity (2n-2q). These results showed attractive

applications of this hydrogen-bond-assisted glycosylation to offer

an efficient and simple route towards construction of α-glycosidic

bonds.

Finally, the reaction mechanism was studied via the NMR exper-

iment and DFT calculation, providing the evidence that hydrogen-

bonding interaction between additives and DHT-intermediates is

critical for the efficient glycosylation. Normally, it is difficult to

monitor the highly reactive intermediate that is very unstable

under the ambient conditions. In our experiments, this reaction

was able to be inhibited with the addition of amines (e.g., tri-

ethylamine), forming the amine-stabilized DHT-glycosyl intermedi-

ate, which offers an alternative model to study hydrogen-bonding

between additives and intermediates (Fig. 2a). Thus, NMR spec-

troscopy was performed towards the mixture of amine-stabilized

intermediate from 1b and different additives, respectively, to re-

veal the shifts of the anomeric proton (H-1) signals (Fig. 2b). Since

the chemical status of DHT leaving group could influence the elec-

tron density of the anomeric center, the chemical shift of anomeric

proton might be useful in explaining the observed improvement

from additive-assisted glycosylation. Expected shifts (upfield shift

of the H-1) could be identified for the mixture of amine-stabilized

intermediates and additives in CD2Cl2. Furthermore, the increased

upfield shift of the anomeric proton was observed with the de-

creased pKa values of additives. The magnitude of the chemical

shift is thought to be indicative of the H-bond strength. Similarly,

another hydrogen-bond-mediated upfield shift of anomeric proton

has also been displayed in the thiourea-assisted glycosylation [29].

Furthermore, we studied the reaction mechanism via the den-

sity functional theory (DFT) code Dmol3 in the framework of the

B3LYP exchange-correlation functional (Fig. 2c). The double numer-
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ical plus polarization (DNP) was utilized as the numerical basis

set during the simulation. The core electrons treatment was imple-

mented by DFT semicore pseudopotential. It should be noted that

TS1 derived from DHT-glycosyl intermediate and HFIP has lower

free energy barrier (6.33 kcal/mol) than TS2 (7.90 kcal/mol), indi-

cating that the glycosylation could be activated via the hydrogen-

bond-induced six-membered ring complex. Stronger hydrogen-

bonding is more favorable for a SN2-manner, leading to the pro-

duction of α-glycosides. These results are consistent with the ex-

perimental results.

In summary, a hydrogen bond-assisted α-glycosylation reaction

with DBT-β-glycosyl donors was presented. Hydrogenolytic deben-

zylation gave the glycosyl intermediate with a DHT leaving group

which would be further activated by an H-bond interaction with

the glycosyl acceptor or additive, offering an α-glycosidic prod-

uct through SN2 manner. NMR studies confirmed that the chemical

shift of anomeric proton in the glycosyl intermediate moved to the

upfield due to the H-bond interactions with additives, which in-

deed facilitated the glycosylation reaction. Density-functional the-

ory calculations were consistent with the experimental results,

suggesting a lower free energy barrier in the presence of HFIP ad-

ditive. It is hoped that this new method will assist glycochemists

in the modification of natural products with the α-linked carbo-

hydrate moiety. Further versatility of the present glycosylation is

underway.
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