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a b s t r a c t

2-Deoxy-α-C-Glycosides are a significant class of carbohydrates found in numerous bioactive molecules

and medicines. Developing a concise strategy for the assembly of these α-configured C-glycosides is cru-

cial in the field of carbohydrate chemistry. However, current methods are restricted to the utilization of

glycosyl radical precursors, which are required for pre-syntheses. Herein, we present a novel approach for

the synthesis of 2-deoxy-α-C-glycosides using a nickel-catalyzed stereoselective coupling reaction with

commercially available glycals. Notably, this method circumvents the preparation for diverse glycosyl rad-

ical precursors. The developed protocol exhibits a broad substrate scope and remarkable stereoselectivity

under mild reaction conditions. Furthermore, the raw materials required for this process are readily ac-

cessible, eliminating the necessity for pre-functionalization modifications of the glycosyl substrates and

ensuring high atomic economy.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Glycosylation, a fundamental process in living organisms, en-

tails the attachment of a sugar moiety to a target molecule.

This pivotal reaction is facilitated by enzymes called glycosyltrans-

ferases, which play crucial roles in various biological processes, in-

cluding cell signaling, protein folding, and immune response [1–6].

Among the different types of glycosylation reactions, carbon glyco-

sylation, also known as carbon glycosidation or carbon glycosyla-

tion, has garnered significant attention in recent years [7–11]. Car-

bon glycosylation reactions have been extensively investigated due

to their potential applications in the synthesis of natural products,

pharmaceuticals, and bioactive compounds [12–14]. Especially for

α-C-glycoside motifs are prominently prevalent in a wide range of

bioactive molecules, exemplified by the C-Analogue of KRN7000

and saptomycin B (Fig. 1a) [15,16]. They have also displayed en-

hanced stability and pharmacokinetic properties in biological stud-

ies, making them valuable tools for investigating the biological

functions of polysaccharides [17–20]. Therefore, the development

of efficient and highly stereoselective carbosylation methods has

garnered significant interest among synthetic chemists [21–26].

Within the realm of oligosaccharide synthesis, the precise con-

trol of stereochemistry during glycosidic bond formation presents

a persistent challenge [27,28]. This crucial reaction in glycochem-

istry significantly constrains the advancement of glycochemical
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synthesis. In recent years, various strategies and catalysts have

been explored to improve the efficiency and selectivity of car-

bon glycosylation reactions. These include the use of organocat-

alysts [29–35] and transition metal catalysts [14,36–43]. Among

these strategies, transition-metal-catalyzed glycosylation reactions

involving anomeric C(sp3)-metal bond formation via 1e− oxidative

addition have emerged as a powerful tool for the synthesis of var-

ious glycosides and glycoconjugates due to their versatility, effi-

ciency, and stereoselectivity with various glycosyl radical precur-

sors (Fig. 1b). For instance, the Gong’s group [44] and Koh’s group

[45,46] have successfully employed glycosyl chlorides as glycosyl

radical precursors, enabling the synthesis of α-stereodefined C-

glycosides under reductive conditions using nickel and iron catal-

ysis, respectively. The emergence of metallaphotoredox catalysis

has expanded the chemical space of carbon glycosylation [47–

51]. Molander and co-workers introduced a novel class of glyco-

syl radical precursors, namely 4-pyranosyl/glycosyl DHPs, enabling

the synthesis of non-classical arylated C-glycosides [52,53]. Glyco-

syl trifluoroborates have also been utilized as radical precursors

in photoredox/nickel synergistic-catalyzed α-C-glycosylation reac-

tions with high α-selectivity, as demonstrated by Walczak’s group

[54] and Hirai’s group [55] respectively. Additionally, Niu’s group

recently succeeded in utilizing glycosyl sulfinates or glycosyl sul-

foxides as radical precursors for the efficient and highly stereose-

lective synthesis of α-C-glycosides [56–58].

Despite the significant progress made in transition-metal-

catalyzed cross-coupling reactions for the synthesis of α-C-

glycosides, these strategies still face certain limitations. One such
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Fig. 1. Stereoselective synthesis of α-C-glycosides. (a) Representative structures of 2-deoxy-α-C-glycosides. (b) Metal-mediated synthese of α-C-glycosides via glycosyl radi-

cals. (c) Reaction design (this work).

limitation is the need to prepare glycosyl radical precursors in ad-

vance, which restricts the range of coupling partners that can be

used. Additionally, these reactions involve radical processes that

occasionally suffer from issues related to stereoselectivity [59,60].

Therefore, there remain several challenges that need to be ad-

dressed. We envision whether we can enable precise control over

the stereoselectivity of these reactions by discovering suitable cat-

alysts and combining the steric effects of the ligand with the

metallo-anomeric effect. In parallel with our work, Liu with co-

operators Fu, Lu [61], Liu and Wang [62] reported the ligand-

controlled highly stereoselective synthesis of β-C-glycosides via

cobalt catalysis, respectively.

Herein, we developed an approach for the ligand-controlled

nickel-catalyzed stereoselective synthesis of 2-deoxy-α-C-

glycosides from glycals and alkyl halides. The introduction of

the alkyl group enhances the structural diversity of carbohydrate

compounds and offers greater possibilities for investigating the bi-

ological functions of polysaccharides [63,64]. This reaction exhibits

a broad substrate scope and excellent tolerance towards various

functional groups (Fig. 1c).

We initiated our study by selecting commercially available gly-

cal 1a and 4-fluorobenzyl chloride 2d as model substrates, using

KF as the base and (MeO)3SiH as the hydrogen source (Table 1).

Various bisoxazoline ligands with different backbones were evalu-

ated in the C-alkyl glycosylation reaction. Encouragingly, the rigid

2,2-bis(2-oxazoline) ligand L1 was identified as the optimal ligand,

demonstrating good α-selectivity (α/β =10:1) and a high yield of

68% (entry 1). However, upon increasing the steric hindrance of

the ligands by modifying the substituent adjacent to the nitro-

gen group, a significant decrease in both stereoselectivity and yield

was observed (L2-L4). This observation highlights the crucial role

of steric effects in the efficiency and stereoselectivity of this re-

action. Furthermore, when flexibly bisoxazoline ligands were em-

ployed (L5-L8), the stereochemistry of the products became uncon-

trollable. These results collectively suggest that the ligands play a

crucial role in determining the α-selectivity of this reaction. Sub-

sequently, various nickel sources were tested, and it was found

that NiBr2·DME led to an increased yield (entry 9). Finally, the op-

timal outcome was achieved by replacing trimethoxysilane with

Table 1

Optimization of the reaction conditions.a

Entry Ligands Catalysts Yield (%) α/β

1 L1 NiBr2 68 10:1

2 L2 NiBr2 13 4:1

3 L3 NiBr2 43 6:1

4 L4 NiBr2 50 1:1

5 L5 NiBr2 21 4:1

6 L6 NiBr2 24 3:1

7 L7 NiBr2 NR –

8 L8 NiBr2 21 2:1

9 L1 NiBr2 ·DME 78 12:1

10 L1 NiCl2 ·DME 62 9:1

11 L1 Ni(NO3)2 ·2H2O 33 6:1

12 L1 Ni(CF3CO2)2 ·4H2O 67 10:1

13b L1 NiBr2 ·DME 86 12:1

14b , c L1 NiBr2 ·DME 45 8:1

a Reaction conditions: 1a (0.2mmol), 2d (0.4mmol), catalyst (5 mol%), ligand (6

mol%), KF (3.0 equiv.) and (MeO)3SiH (3.0 equiv.) in DMF (0.5mol/L) at 5 °C for 36h,

isolated yield, α/β ratios were determined by 1H NMR analysis.
b PMHS (2.0 equiv.) instead of (MeO)3SiH at 5 °C for 48h.
c DMA instead of DMF.
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Scheme 1. Substrate scope of alkyl halides and glycals. General reaction conditions: NiBr2·DME (5 mol%), L1 (6 mol%), KF (3.0 equiv.), PMHS (2.0 equiv.), 1 (0.2mmol, 1.0

equiv.), 2 (2.0 equiv.), in DMF (0.4mL) at 5 °C for 48h. Yields are for the isolated product, α/β ratios were determined by 1H NMR analysis.

poly(methylhydrosiloxane) (PMHS) with 86% yield and 12:1 α-

selectivity (entry 13).

After identifying the optimal conditions, we proceeded to in-

vestigate the substrate scope of this reaction, and the summarized

results can be found in Scheme 1. Initially, we explored the ben-

zyl halide derivatives, and our observations revealed that benzyl

halides substituted with halogen groups (F, Br, Cl) underwent the

reaction smoothly, leading to the formation of the desired products

(3b, 3d, 3e, and 3f) with good yields and high α-selectivity. These

results open up possibilities for diverse downstream transforma-

tions. This reaction demonstrated tolerance towards both electron-

rich and electron-deficient groups, such as methoxy (3k and 3l),

cyano (3g), and ester (3p), yielding moderate to high yields. No-

tably, polar groups such as aldehyde, alcohol and amide groups on
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Scheme 2. Synthesis application and proposed mechanism.

benzyl halides (3o, 3m and 3r) were found to be compatible with

this transformation, resulting in moderate yields and excellent α-

selectivity. Additionally, the absolute α-anomeric configuration of

the products was confirmed through X-ray crystal structures of 3g

and 3n. Furthermore, additional unactivated alkyl halide, namely

1–bromo-3-phenylpropane and 1-iodo-3-phenylpropane, were also

subjected to investigation. These compounds were observed to

yield the desired products (3s) with moderate efficiency, albeit ex-

hibiting lower levels of diastereoselectivity.

Subsequently, a diverse range of protected glycals with different

substituents were subjected to the reaction, as depicted in Scheme

1. Various protected groups including Me-, Bn-, Bz-, TBS- and TIPS-

were effectively employed in the C-alkyl glycosylation reaction,

yielding products with yields ranging from 40% to 86%. Notably,

even the unprotected primary alcohol group on the glycols yielded

target products with high yields and good stereoselectivity (3x).

However, when the 4-position substituent group on the glycals was

positioned in the axial direction, lower efficiency was observed,

likely due to significant steric effects (3u). It is worth noting that

the aldehyde-protected glycals substrate can also obtain 2-deoxy-

α-C-glycosides products with excellent stereoselectivity, which is

convenient for further conversion (3y and 3z). Moreover, the struc-

ture of product 3z, derived from 4,6-O-benzylidene-d-glycal, was

confirmed by X-ray crystallography. Notably, 3,6-dihydroglycal was

also compatible, yielding the target product (3za) with moderate

yield and excellent diastereoselectivity in this catalytic system.

By highlighting the application of this reaction, a scale-up ex-

periment was conducted. As shown in Scheme 2a, reducing the

amount of catalyst and ligand, the targeted product 3e was isolated

in moderate yield and excellent diastereoselectivity, demonstrat-

ing the practicality of this transformation. Subsequently, we suc-

cessfully achieved divergent synthesis for the formation of mono-
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C-glycoside and twice-C-glycoside products (3zb and 3zc), respec-

tively, under the same conditions. This was accomplished by sim-

ply switching the amounts of glycals and benzyl chlorides, while

utilizing specific benzyl chlorides (Scheme 2b). This method pro-

vides an efficient and feasible strategy for the skeleton splicing of

different carbohydrate compounds, so that polysaccharides of dif-

ferent glycosyl fragments can be synthesized, it has very impor-

tant synthetic value. Furthermore, we compareing with the previ-

ous method of synthesis of benzyl-glycosides, previous synthesis

strategies focused on the synthesis of a single β-benzyl-glycosides,

such as by reacted glycosyl halides with benzylmagnesium chloride

[65], or hydrogenation of exo-glycals [66]. However, we developed

nickel catalysis cross-coupling synthesis main α-benzyl-glycosides

configuration from glycals and benzyl chlorides (Scheme 2c). In

comparison to previous methods that predominantly resulted in

β-selectivity products, our protocol demonstrated the ability to as-

semble α-selectivity products with the opposite configuration, ex-

hibiting good efficiency (3a and 3u). This protocol fills the vacancy

in the field of benzyl glycosidation and provides a new choice

for the synthesis of carbohydrate compounds. α-Benzyl-glycosides

with rich functional groups can be synthesized effectively, which

provides a new possibility for the enrichment and diversity of the

molecular library of carbohydrate compounds.

According to previous studies [65–77], a plausible mechanism

was proposed, as demonstrated in Scheme 2d. Initially, the LNiII-

H species was generated by reacting LNiII-F with silane, and then

followed by glycals insertion, due to the steric effects of the ligand

and the anomeric effect, which favored resulting in the formation

of the syn-addition α-configured alkylnickel intermediate I, rather

than the β-stereoselective alkylnickel intermediate III. Likely due

to the LNiII complex, there is a strong thermodynamic propen-

sity for the display of axial isomers. Furthermore, the lone pairs

of the oxygen atom can effectively delocalize to the antibonding

σ ∗(C−Ni) orbital, and the cancellation of the dipole-dipole interac-

tion and the stabilization of the axial C–Ni bond. Then intermedi-

ate I was quickly trapped by a benzyl radical, leading to the forma-

tion of the highly active LNiIIIBn species II, and this high-valence

nickel complex prefers the axial direction. Subsequently, reductive

elimination occurred, producing the targeted products and the LNiI

species. The LNiI species then reacted with benzyl chlorides, regen-

erating LNiII-Cl and a benzyl radical.

In summary, we have developed a Ni-catalyzed C(sp3)-C(sp3)

coupling hydrobenzylation method for the efficient synthesis of

α-configured C-glycosides. This transformation occurs under mild

conditions and makes use of readily available glycals and commer-

cially accessible benzyl chlorides. Notably, our methodology elimi-

nates the requirement for a variety of glycosyl radical precursors. It

demonstrates broad substrate scope, excellent α-stereoselectivity,

and remarkable tolerance towards diverse functional groups. The

success of the synthesis protocol has important scientific signifi-

cance and application value, and is expected to provide new ideas

and methods for the synthesis and research of glucosyl-containing

drugs.
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