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Aryl C-glycosides are privileged scaffolds in drug discovery, biochemical
research, and materials science. Established methods for their synthesis typi-
cally involve radical cross-coupling of saccharides. However, the glycosyl
donors required in these methods encounter longstanding challenges,
including instability and the need for prefunctionalization at the anomeric
position. Herein, we report a highly efficient radical cross-coupling approach
in which the native hydroxyl group on saccharides is activated in situ by a
phosphorus reagent, enabling C — C bond formation with aryl iodides to afford
a broad range of aryl C-glycosides. A combination of Zn and I, is developed for
initiating the key B-scission step. Importantly, the glycosyl donors are bench-
stable and readily available, addressing the issues associated with previous
donors. Furthermore, this method offers an attractive strategy for the direct
synthesis of drug-sugar conjugates and therapeutic agents. Mechanistic
experiments and density functional theory (DFT) calculations provide strong

support for the proposed reaction mechanism.

C-Glycosides are an important class of glycosides in which the
anomeric carbon of a saccharide moiety is linked to an aglycone via a
C-C bond (Fig. 1a). This strong C-C bond contributes chemical and
enzymatic stability to C-glycosides, distinguishing them from the more
labile O- and N-glycosides'. The synthesis of C-glycosides has gained
widespread interest in medicinal chemistry, as their robust structures
enable the development of glycomimetics and inhibitors with
enhanced metabolic stability*”. Among the marketed or potential C-
glycoside drugs, aryl C-glycosides represent a significant proportion
due to their promising pharmacokinetic properties®'°. In recent years,
aryl C-glycosides have been successfully developed into effective
therapeutics, especially for treating diseases such as diabetes, infec-
tion, and cancer (Fig. 1a)" ™.

One of the most direct and efficient strategies for accessing aryl C-
glycosides involves radical cross-coupling reactions between glycosyl

donors and aryl halides or aryl metal reagents'*™". In this approach,
glycosyl donors serve as precursors to glycosyl radicals, which
undergo C - C bond formation with aryl coupling partners to furnish
the desired aryl C-glycosides. For example, a recent advancement by
the Niu group has demonstrated the use of allyl glycosyl sulfones as
radical precursors, enabling the efficient synthesis of unprotected aryl
C-glycosides™. Similarly, the Koh group has reported glycosyl pyridyl
sulfone as radical precursors for synthesizing aryl C-glycosides®. It is
also noteworthy that Ye and co-workers have employed glycosyl
phosphates in a ligand-controlled, diastereoselective C-glycosylation
enabled by an unprecedented zirconaaziridine-mediated asymmetric
nickel catalysis®*. Other commonly used glycosyl donors, including
glycosyl halides®?, borates?®*’, dihydropyridine esters®??, and
1-deoxyglycosides®, have also been developed to access glycosyl
radicals for the construction of aryl C-glycosides (Fig. 1b). While these
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a Structure of C-glycosides and representative aryl C-glycosides in drug development
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Fig. 1| Significance of aryl C-glycosides, challenges in their synthesis, and our
protocol. a Structure of C-glycosides and representative aryl C-glycosides in drug
development. b Common glycosyl donors for accessing aryl C-glycosides.
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glycosyl donors offer effective strategies for aryl C-glycosides synth-
esis, their instability or reliance on prefunctionalization at the
anomeric position often limits their applicability. Therefore, it is highly
desirable to develop a general radical cross-coupling method to access
aryl C-glycosides using stable and easily accessible glycosyl donors.

Over the past few years, B-scission has emerged as a powerful
strategy for enabling challenging C — O bond cleavage™. This approach
often relies on N-heterocyclic carbene (NHC) salts***** or main
group elements such as phosphorus*~*. Theoretically, B-scission
offers a direct means to activate the native hydroxyl groups on sac-
charides for deoxygenative transformation, eliminating the need for
prior functionalization at the anomeric position. Moreover, such gly-
cosyl donors are typically stable, addressing the instability issues
associated with some traditional glycosyl donors. However, compared
to alkyl C-glycosides synthesis, the preparation of aryl C-glycosides is
more challenging due to compatibility issues between the activation
reagent and the metal catalyst. Consequently, this S-scission strategy
has rarely been applied to the synthesis of aryl C-glycosides
(Fig. 1c)*****, One of the few successful examples is the NHC-mediated
[S-scission demonstrated by MacMillan and co-workers in 2021, in
which only a few aryl C-glycosides were reported*. In light of these
limitations, we sought to develop a S-scission strategy to enable the
direct deoxygenative arylation of saccharides, applicable to synthe-
sizing a diverse range of aryl C-glycosides.

Herein, we disclose that glycosyl radicals can be directly gener-
ated through the phosphorus-assisted S-scission. The resulting radi-
cals undergo a nickel-catalyzed radical cross-coupling reaction with
aryl iodides to produce a diverse array of aryl C-glycosides (Fig. 1d).
This work represents an example in which a combination of Zn and I, is
used to activate phosphinite intermediates for radical generation.
Furthermore, the glycosyl donors used in this reaction are bench-
stable, with most being commercially available. Beyond the arylation
of anomeric carbon, the alkylation of anomeric carbon and the aryla-
tion at the C6 position of saccharides are also demonstrated. Addi-
tionally, this method proves useful in synthesizing various drug-sugar
conjugates and therapeutic agents. Mechanistic experiments, com-
plemented by DFT calculations, are conducted to gain insights into the
mechanism underlying this reaction.

Results and discussion

Reaction development

We initiated our study using bench-stable glycosyl donor 1a and aryl
iodide 2a as model substrates to develop a method for the direct
deoxygenative arylation of saccharides (Table 1, more details in
Tables S1-S7). After extensive optimization, we established the opti-
mal reaction conditions, achieving an isolated yield of 86% for the
target product 3 on a 0.1 mmol scale (entry 1). The reaction protocol
consisted of using NiCl,.dtbbpy as the catalyst, CIPPh, as the
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Table 1 | Optimization of reaction conditions®

| NiCl,-dtbbpy, BnO oBn
BnO opgn CIPPh,, DMAP, Cy,NH,  gno -0
Bno/% 1,4-dioxane, r.t., 20 min; BnO
BnO. *
OH then Zn, I,
cN rt, 18 h
1a 2a 3, aonly CN
Entry Deviation from standard conditions Yield of 3 (%)°
1 none 86
2 THF as solvent M
3 MeCN as solvent 70
4 DME as solvent 78
5 Mn instead of Zn 9
6 without DMAP 76
7 without Cy,NH 8
8 without NiClydtbbpy n.d.
9 without CIPPh, or Zn or I, n.d.
10 under air 4

2Standard reaction conditions: 1a (0.1 mmol, 1.0 equiv.), 2a (0.2 mmol, 2.0 equiv.), NiClydtbbpy (0.01 mmol, 10 mol%), CIPPh, (0.1 mmol, 1.1 equiv.), DMAP (0.01 mmol, 10 mol%), and Cy,NH
(0.12mmol, 1.2 equiv.) in 1,4-dioxane (0.25 mL, 0.4 M) at room temperature for 20 min; then Zn (0.3 mmol, 3.0 equiv.), I, (0.1mmol, 1.0 equiv.) at room temperature for 18 h. Isolated yield. n.d. not
detected. See Supplementary Section 3 for more details on optimization studies and control experiments.

phosphorus reagent, DMAP as the promoter for condensation, Cy,NH
as the base, 1,4-dioxane as the solvent, Zn as the reductant, and I, as the
oxidant. Solvent screening revealed that replacing 1,4-dioxane with
tetrahydrofuran (THF) led to a significant decrease in yield (entry 2),
whereas the yield reduction was more moderate when using acetoni-
trile (MeCN) (entry 3) or 12-dimethoxyethane (DME) (entry 4).
Regarding the choice of reductant, alternative reductants such as Mn
(entry 5) led to much lower yields. This phenomenon can be attributed
to the stronger reducing potential of Mn, which may facilitate the over-
reduction of both glycosyl radicals and nickel species® . The resulting
side reactions, such as -elimination to form glycals, ultimately lead to
diminished yields of the desired product”. In the absence of DMAP to
promote the condensation, the yield decreased slightly (entry 6). The
organic base Cy,NH is crucial for condensation, and the yield
decreased significantly without it (entry 7). Control experiments
demonstrated that the nickel catalyst, phosphorus reagent, zinc, and
iodine were indispensable for this reaction (entries 8 and 9). It is worth
noting that the reaction was almost completely inhibited when all
operations were carried out under air (entry 10).

Reaction scope

Upon establishing the optimized reaction conditions, we proceeded to
explore the scope of the aryl iodide coupling partners (Fig. 2). We were
delighted to find that a broad range of aryl iodides, with either
electron-donating or electron-withdrawing groups in the para-posi-
tion, participated smoothly in this reaction (3-12, 19). In addition, a
positive Hammett correlation (p=+0.32) indicates that electron-
withdrawing substituents on the aryl iodide accelerate the reaction
(see Supplementary Fig. 13 for more details). This trend suggests
negative charge delocalization into the aryl ring during oxidative
addition to low-valent nickel, which could contribute to the observed
rate dependence in this coupling reaction®®. The chemoselectivity was
demonstrated when reacting with aryl iodides bearing chloro or
bromo group (8, 9), owing to the higher oxidative addition rate of
nickel catalyst to aryl iodides compared to aryl chlorides or
bromides®. For meta-substituted aryl iodides (13, 14), a moderate
decrease in yield was observed, whereas the yield declined more sig-
nificantly with ortho-substituted aryl iodide (15). This phenomenon can

be explained by the electronic and steric effects associated with sub-
stituent positioning. The disubstituted aryl iodides, including the
analogue of the dapagliflozin (17), reacted in good yields to afford the
desired products (16-18). Heterocycles, such as pyridines (20-21) and
thiophenes (22), were also successfully incorporated to broaden the
scope of this methodology.

The late-stage functionalization of bioactive compounds to gen-
erate drug-sugar conjugates is a widely used strategy for improving the
pharmacokinetic properties of drug candidates®. Accordingly, the
synthesis of drug-sugar conjugates was highlighted to illustrate the
practicality of our method (23-29). For example, menthol, specifically a
monoterpenoid, is widely used to relieve minor throat irritation®. Its
aryliodide derivative was converted to the glycosylated conjugate (23)
efficiently via the radical cross-coupling reaction. Similarly, the anti-
tumor agent perillyl alcohol® underwent conjugation to yield the
desired product (24). Borneol, which is a traditional Chinese
medicine®, was smoothly coupled with glycosyl donors to produce the
target product (25). Galactopyranose, uridine, and cholesterol, each
playing vital roles in biological systems® ¢, were also compatible with
the reaction conditions, delivering the corresponding conjugates
(26-28) in good yields. Moreover, this glycosylation strategy extended
to perfumery applications, as demonstrated with rhodinol derivative
(29), where sugar conjugation holds the potential for optimizing its
properties®’.

We next investigated the substrate scope with respect to gly-
cosyl donors (Fig. 3). In addition to the previously examined benzyl-
protected saccharides, methyl (30, 33, 36), isopropylidene (31, 41-
44, 46), acetyl (39, 40), and silyl (43, 44) protecting groups were
also well tolerated. Beyond mannopyranose, both glucopyranose
and galactopyranose demonstrated good reactivity, efficiently
affording the corresponding products (32-36). However, despite
extensive optimization, poor stereoselectivity was still observed in
these products (32-36, see Table S8 for more details). This phe-
nomenon can be attributed to the competing steric and stereoelec-
tronic effects®. Specifically, the steric hindrance at the C2 position of
the pyranose ring favors S-attack, whereas the transition state for a-
attack benefits from stabilization via the kinetic anomeric effect.
Notably, the B-anomer of product 34 serves as a key precursor to
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Fig. 2 | Substrate scope of aryl iodides, including late-stage functionalization of
bioactive compounds. Reaction conditions: 1a (0.1 mmol, 1.0 equiv.), 2 (0.2 mmol,
2.0 equiv.), NiCl,.dtbbpy (0.01 mmol, 10 mol%), CIPPh, (0.11 mmol, 1.1 equiv.),
DMAP (0.01 mmol, 10 mol%), and Cy,NH (0.12 mmol, 1.2 equiv.) in 1,4-dioxane
(0.25 mL, 0.4 M) at room temperature for 20 min; then Zn (0.3 mmol, 3.0 equiv.), I,

from rhodinol
29, 48%, a

(0.1 mmol, 1.0 equiv.) at room temperature for 18 h. Isolated yields are reported; All
products observed and isolated occur as single anomer. Bn benzyl, dtbbpy 4,4’-di-
tert-butyl-2,2’-dipyridyl; DMAP 4-dimethylaminopyridine, Cy cyclohexyl, Me
methyl, Ac acetyl.
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dapagliflozin, a widely used treatment for type Il diabetes". Other
pyranoses, including rhamnopyranose, arabinopyranose, and glu-
cosamine, efficiently yielded aryl C-glycosides (37-39) with excellent
stereoselectivity under the standard reaction conditions. The high S-
selectivities of 38 and 39 can be attributed to the strong steric hin-
drance of the C2 substituents on the a-face. Encouragingly,

disaccharides underwent smooth deoxygenative arylation to form
the desired products (40, 41) in good yields.

In addition to pyranoses, several furanoses were also tested in the
deoxygenative arylation reactions. All tested substrates underwent
efficient transformation, affording the corresponding products (42-
45) in moderate to excellent yields, with only one single anomer
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observed. It is worth mentioning that the hydroxyl group at the Cé6
position can also participate in deoxygenative cross-coupling with aryl
iodides. However, the primary alkyl radical generated at the C6 posi-
tion is more susceptible to unproductive hydrogen atom abstraction,
resulting in a low yield of the desired product (46).

Mechanistic study

Mechanistic experiments and DFT calculations were performed to
elucidate the reaction pathway (see Supplementary Sections 6 and 7
for more details). The addition of a radical trap, such as benzyl acrylate,
inhibited the reaction and led to the formation of the products from
INTS5 with benzyl acrylate, as well as the decomposition product likely
derived from the reaction of INT4 with benzyl acrylate (Supplemen-
tary Fig. 4). This observation suggests that the reaction likely proceeds
via a radical mechanism. We further hypothesized that glycosyl iodide
might form as an intermediate during the reaction and could

a Gram-scale preparation

BnO

subsequently react to yield the desired product. To test this hypoth-
esis, we directly used glycosyl iodide as substrate, affording the
desired product in only 27% yield (Supplementary Fig. 5). This result
suggests that, while glycosyl iodide may form transiently, it does not
play a dominant role in the formation of the target product in our
reaction. Moreover, INT1 could be directly used as the substrate to
furnish the desired product in a comparable yield (Supplementary
Fig. 7). NMR and HRMS analyses provide additional evidence for the
involvement of INT2 and INT3 as intermediates in the reaction (Sup-
plementary Fig. 10).

To gain further insight into the reaction pathway, comprehensive
DFT calculations were performed, and the computed reaction energy
profile for glycosyl radical generation was illustrated (Fig. 4a, see
Supplementary Dataset for Cartesian coordinates). The oxidation of
compound S1 by iodine®®** is thermodynamically favorable, releasing
2.0 kcal/mol to yield intermediate S2. The hydrolysis of $27° is highly
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Fig. 5 | Gram-scale synthesis and applications in the synthesis of biologically
active C-glycosides. a Gram-scale preparation. b The efficient synthesis of ben-
zamide riboside and BRDP-Hep. ¢ Deoxygenative alkylation for the synthesis of an

anti-inflammatory agent. NaHMDS sodium hexamethyldisilazide; TBAF tetra-
butylammonium fluoride.
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exothermic, with a Gibbs free energy change of -26.4 kcal/mol. Sub-
sequently, a single-electron transfer (SET) step occurs on intermediate
$3, where electron transfer from zinc is thermodynamically favorable,
with a Gibbs free energy change of —76.6 kcal/mol, whereas electron
transfer from the [Ni'] complex is thermodynamically unfavorable,
calculated at 55.5 kcal/mol. The kinetic barrier for this SET process was
determined to be 17.3 kcal/mol using Marcus theory, supporting its
feasibility. Following SET, the f-scission process of intermediate S4
proceeds with an energy barrier (TS-a) of 14.9 kcal/mol and releases
24.1kcal/mol, indicating energetic accessibility at room temperature.
This process results in the formation of glycosyl radical S5 and phos-
phinic acid S6, consistent with the detection of S6 by LC-QTOF under
standard conditions. Notably, the higher energy barrier of SET com-
pared to B-scission identifies SET as the rate-determining step in this
reaction pathway. Furthermore, the significantly higher energy barrier
of 21.8 kcal/mol for the reduction of glycosyl iodide by the [Ni'] com-
plex suggests that glycosyl iodide is unlikely to play a dominant role in
the formation of the desired product (Supplementary Fig. 17). This
conclusion aligns well with the results of the mechanistic experiments.

Based on existing research'®™®**>* along with our mechanistic
experiments and DFT calculations, we propose a plausible reaction
mechanism (Fig. 4b). The sugar-phosphinite intermediate INTI,
obtained from the condensation of the glycosyl donor 1 and phos-
phorus (IlI) chloride, undergoes oxidation with iodine to yield inter-
mediate INT2. A trace amount of water induces the hydrolysis of INT2,
yielding intermediate INT3, which is readily reduced by zinc. The
resulting radical intermediate INT4 undergoes f-scission to generate
the glycosyl radical INT5. Concurrently, the [Ni'] complex engages in
oxidative addition with an aryl iodide, forming a [Ni"] intermediate.
Upon reduction by zinc, the [Ni"] complex is converted to the [Ni"]
complex. This [Ni"] complex can capture the glycosyl radical INTS, and
the following reductive elimination leads to the formation of the
desired aryl C-glycoside product.

Synthetic applications

To showcase the synthetic utility of this strategy, a gram-scale pre-
paration of aryl C-glycoside 3 was conducted (Fig. 5a). Extending the
reaction time to 24 h afforded an 81% yield, only slightly lower than the
86% yield obtained on a 0.1 mmol scale. This methodology was also
applied to the direct synthesis of biologically active C-glycosides
(Fig. 5b, c). Benzamide riboside, a synthetic nucleoside analog, exhibits
potent antitumor properties”. Under modified deoxygenative aryla-
tion conditions, its precursor (47) was synthesized in moderate yield.
Subsequent amination and deprotection steps successfully yielded the
target product, benzamide riboside (48). This product could be fur-
ther transformed into BRDP-Hep (49), which is a potent activator of
NF-kB signaling. In addition to the deoxygenative arylation of sac-
charides, deoxygenative alkylation was also achieved by modifying the
standard reaction conditions. This process, performed without the
nickel catalyst, enabled the reaction with acrylamide to produce alkyl
C-glycoside 50 in 64% yield with complete a-selectivity. Subsequent
deprotection of compound 50 yielded the anti-inflammatory
agent 517,

In summary, we have developed a phosphorus-assisted deox-
ygenative arylation of saccharides, enabling direct synthesis of a
diverse range of aryl C-glycosides. Notably, the key S-scission step is
initiated by a Zn/l, system. The glycosyl donors used in this reaction
are bench-stable, mostly commercially available. The reaction features
a broad substrate scope, is applicable to late-stage functionalization of
bioactive compounds, and allows for the construction of alkyl C-gly-
coside and aryl Cé-glycoside. The synthetic utility of this strategy has
been further demonstrated through gram-scale synthesis and the
preparation of pharmaceutically relevant C-glycosides. Mechanistic
insights, supported by experimental studies and DFT calculations,
provide a strong foundation for the proposed reaction pathway. From

a practical standpoint, this method is poised to play an important role
in various research fields involving synthetic C-glycosides, including
molecular biology and medicinal chemistry.

Methods

General procedure for the preparation of 3-46

A 4 mL vial equipped with a magnetic stir bar was charged with sac-
charide 1 (0.1 mmol, 1.0 equiv.), aryl iodide 2 (0.2 mmol, 2.0 equiv.),
NiCl,.dtbbpy catalyst (0.01 mmol, 10 mol%), and DMAP (0.01 mmol,
10 mol%). The vial was transferred to an Ar-filled glove box. Subse-
quently, CIPPh; (0.11 mmol, 1.1 equiv.), Cy,NH (0.12 mmol, 1.2 equiv.),
and 1,4-dioxane (0.25 mL, 0.4 M) were added to the mixture, which was
stirred at 1000 rpm for 20 min. Next, Zn (0.3 mmol, 3.0 equiv.) and I,
(0.1 mmol, 1.0 equiv.) were added. The vial was sealed with a PTFE cap
and wrapped with a thin layer of parafilm. The vial was then transferred
out of the glovebox, and the reaction mixture was allowed to stir
vigorously at room temperature for 18 h. When the reaction was
complete, the reaction mixture was filtered and then concentrated in
vacuo. The crude material was purified by flash column chromato-
graphy on silica gel to afford the corresponding product.

Data availability

The data generated in this study are provided in the Supplementary
Information file. For the experimental procedures and data of NMR
analysis, see Supplementary Information. All data are available from
the corresponding author upon request.
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