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Abstract 16 
 17 

The state-of-the-art for glycosylation primarily relies on the classical polar reactions of heteroa-18 
tomic nucleophiles with electrophilic glycosyl oxocarbenium intermediates. While such an ionic glyco-19 
sylation strategy has worked well to deliver O-glycosides, its utilization in N-glycoside synthesis is often 20 
plagued by the subdued reactivity of N-nucleophiles under the acidic reaction conditions required for 21 
activating glycosyl donors. Exploring the reactivity of glycosyl radical intermediates could open up new 22 
glycosylation pathways. However, despite the recent significant progress in radical-mediated synthesis of 23 
C-glycosides, harnessing the reactivity of glycosyl radicals for the generation of canonical O- or N-gly-24 
cosides remains elusive. Herein, we report the first examples of glycosyl radical-mediated N-glycosyla-25 
tion reaction using readily accessible glycosyl sulfone donors and N-nucleophiles under mild copper-26 
catalyzed photoredox-promoted conditions. The method is efficient, selective, redox-neutral, and broadly 27 
applicable, enabling facile access to a variety of complex N-glycosides and nucleosides in a streamlined 28 
fashion. Importantly, the present system tolerates the presence of water and offers unique chemoselectiv-29 
ity, allowing selective reaction of NH sites over hydroxyl groups that would otherwise pose challenges in 30 
conventional cationic N-glycosylation. 31 
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 41 
 42 

Figure 1. Glycosyl radical-mediated synthesis of N-glycosides. 43 
 44 

 45 
Carbohydrates play a central role in many biological processes and have important applications in 46 

modern therapeutic developments[1-3]. O- and N-glycosides bearing oxygen or nitrogen linkers at the ano-47 
meric position, respectively, are the two most prevalent classes of carbohydrates[2, 4, 5]. Compared to di-48 
valent oxygen atoms, trivalent nitrogen atoms can adopt more diverse bonding patterns, and their reactiv-49 
ities can be more strongly influenced by steric and electronic factors[6]. The versatile bonding abilities of 50 
nitrogen give N-glycosides rich structural features that enable their varied biological functions[7, 8]. For 51 
example, nucleosides bearing heteroaromatic nitrogen motifs are the key building blocks of nucleic acids, 52 
and nucleoside analogs are commonly found in natural products (e.g. Herbicidin)[9] and widely used in 53 
drug development (e.g. Ribavirin)[10] (Figure 1a). N-glycosylation of the carboxamide side chain of glu-54 
tamine (N-glycan) represents an important mode of posttranslational modification of proteins[11]. However, 55 
the distinct chemical properties of various nitrogen motifs, especially their basicity, also pose a significant 56 
challenge to the synthesis of N-glycosides[5]. 57 
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The existing strategies for constructing the glycosidic bond mostly rely on the polar reactions of 58 
heteroatomic nucleophiles with electrophilic glycosyl oxocarbenium intermediates, which are typically 59 
generated from glycosyl donors under acidic conditions[5, 7, 12-15]. While the acid-promoted substitution 60 
regime works well for most O-nucleophiles such as OH groups of alcohols[2, 16, 17], it is not particularly 61 
well-suited for more basic N-nucleophiles, whose reactivity can be diminished under the reaction condi-62 
tions[12, 18]. To enhance N-glycosylation efficiency, more forcing conditions such as higher temperatures 63 
are often required, but this can cause problems with acid-labile functional groups[19]. In addition, oxo-64 
carbenium pathways lack the ability to effectively distinguish different types of nucleophiles, resulting in 65 
the need for extensive use of protecting groups for intricate substrates and rigorous removal of water from 66 
the reaction system[20, 21]. On the other hand, glycosyl radical intermediates have different reactivity pat-67 
terns compared to oxocarbenium ions[22-24]. Exploration of the glycosyl radical-mediated reactivity could 68 
unlock new avenues for constructing glycosidic bonds (Figure 1b). Unsurprisingly, the innate reactivity 69 
of glycosyl radicals has long been leveraged to make C-glycosides by reacting with strong radicalphiles 70 
such as electron-deficient alkenes or heteroarenes[25-30]. More recent studies showed that the reactivity of 71 
glycosyl radicals could be further modulated by metal catalysts such as nickel and iron complexes to make 72 
C-glycosides in a more controlled manner[31-34]. However, the corresponding reactions of glycosyl radicals 73 
with N- or O-based reagents for accessing canonical N- or O-glycosides remain largely elusive[35, 36]. 74 

Copper has a unique ability to catalyze the coupling of heteroatoms such as N and O with carbon-75 
based partners[37, 38]. Over the past decade, radical-mediated copper-catalyzed C-N coupling chemistry 76 
has provided a powerful platform to connect alkyl C-partners with various nitrogen motifs. Notably, the 77 
photoinduced Cu-catalyzed strategy pioneered by Fu, Peters, and others allows N-alkylation reactions to 78 
proceed efficiently even in an enantioselective manner under mild conditions[39-46]. Inspired by this ad-79 
vancement, we questioned whether the Cu-catalyzed C-N coupling of glycosyl radical and N-nucleophiles 80 
could enable a new manifold for N-glycosylation (Figure 1c). Herein, we report the development of the 81 
first glycosyl radical-mediated N-glycosylation reaction using readily accessible, bench-stable glycosyl 82 
sulfone donors and unmodified N-nucleophiles under mild copper-catalyzed photoredox-promoted con-83 
ditions (Figure 1d). Notably, the new desulfonylative cross-coupling protocol enables facile access to 84 
complex N-glycosides and nucleosides with unique chemoselectivity profiles. 85 

Reaction discovery: The previous studies have laid out the basic blueprint for photoinduced Cu-86 
catalyzed N-alkylation of nitrogen (R1R2NH) nucleophiles with alkyl halides[43]. The common reaction 87 
manifold for this class of transformations involves the SET activation of an alkyl electrophile by the 88 
photoexcited amido-Cu(I) species Cu(I)-N, forming an alkyl radical and a Cu(II)-N intermediate. Subse-89 
quently, the alkyl radical reacts with Cu(II)-N to give the N-alkylation product and reconstitute Cu(I)[37]. 90 
In principle, this manifold could be applied to the reaction of glycosyl halide donors as a specialized set 91 
of secondary alkyl halides [47]. In this scenario, a glycosyl radical could be generated from a halide donor 92 
and then react with Cu(II)-N to form a Cu(III) intermediate, which affords the N-glycosylation product 93 
upon reductive elimination (Figure 1C). The glycosyl radical could also react with Cu(II) via an outer-94 
sphere mechanism[37] to give the N-glycosylation product. The potential problems with this reaction de-95 
sign include the high reduction potential of the most commonly used glycosyl donors and the relatively 96 
weak reducing ability of the Cu(I)-N complex[45, 48]. In addition, the SET reactivity of Cu(I)-N could be 97 
greatly influenced by the structure of the N-partners[43, 45]. To better facilitate the initial SET, more readily 98 
reducible glycosyl donors could be employed[25]. Additionally, an auxiliary electron shuttle could be 99 
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 100 
Figure 2. The model N-glycosylation reaction of 2 under Cu-catalyzed photoredox-promoted conditions. Standard con-101 
ditions: 6 (1.0 equiv), 2 (1.5 equiv), [Ir(dtbpy)ppy2]PF6 (1 mol%), Cu(MeCN)4PF6 (10 mol%), dtbbpy (15 mol%), BTMG (2.0 102 
equiv), DCM (0.033 M), N2, 30 oC, blue LED (465 nm, 48 W), 24 h. a Yields were determined by 1H NMR analysis of crude 103 
reaction mixtures, using 1,1,2,2-tetrachloroethane as an internal standard. b Isolated yield. c About 10% of 9 and 26% of 10 104 
were observed. d 390nm UV lamp (40 W) was used. e About 8% of 9 was observed and the reaction mixture was intractable. f 105 
The reaction mixture was intractable. g PC1 was replaced with other photocatalysts. h TEMPO-adduct product S-3a was isolated 106 
in 81% yield (See Supplementary Figure S8). i Reduction potentials were measured against SCE in CH3CN. ND: not detected.  107 
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 108 
introduced to promote the SET between Cu(I)-N and the glycosyl donor[37]. In principle, a photocatalyst 109 
(PC) with adequately strong reducing ability could accept an electron from Cu(I)-N and relay it onto the 110 
glycosyl donor, forming the putative glycosyl radical and Cu(II)-N[37]. Regrettably, our initial assessment 111 
of the reaction between glycosyl chloride donors such as D-ribofuranosyl chloride 1 (E1/2 = -1.85V versus 112 
(vs.) saturated calomel electrode (SCE) in CH3CN) and heteroaromatic N-nucleophile 3-chloro-1H-inda-113 
zole 2 only generated the desired N-glycoside 3 in trace amounts (<3%) under various photoinduced Cu-114 
catalyzed conditions (Figure 2). In order to promote the initial SET activation under mild conditions, we 115 
turned our attention to glycosyl sulfone donors. Sulfone donors are bench-stable under ambient conditions 116 
and can be readily prepared from the corresponding thioglycoside precursors by oxidation with magne-117 
sium monoperoxyphthalate [25, 49]. In a previous study, heteroaryl sulfone donors such as 2-pyridyl sulfone 118 
(see 4) and 2-benzothiazolyl sulfone (BthSO2, see 6) could be activated by SET via an electron-donor-119 
acceptor complex with Hantzsch ester under photoirradiation to generate glycosyl radicals, which were 120 
subsequently trapped by electron-deficient alkenes to give C-alkyl glycosides[25]. Such sulfone donors 121 
could also undergo desulfonylative cross-coupling, via glycosyl radical species, with different aryl part-122 
ners to give C-aryl glycosides through Fe or Ni catalysis [50]. As shown in Figure 2a, the model reaction 123 
of D-ribofuranosyl benzothiazolyl sulfone donor 6 (1.0 equiv) with 2 (1.5 equiv) afforded N-glycoside 3 124 
in moderate yield (49%) using 10 mol% of Cu(CH3CN)4PF6 as the catalyst, 15 mol% of 4,4′-di-tert-butyl-125 
2,2′-bipyridine (dtbbpy) as the ligand, and 2.0 equiv of 2-tert-butyl-1,1,3,3-tetramethylguanidine (BTMG) 126 
as the base under the irradiation of 48 W blue LED (465 nm) and N2 protection in dichloromethane (DCM) 127 
at room temperature (rt, approximately 30 oC) (entry 3). Notably, the reaction was relatively slow and 128 
poorly selective, giving rise to a mixture of products. About 34% of 2 remained unconsumed after 24 129 
hours; C-glycosylation side product 9 bearing a C1-benzothiazolyl (Bth) group and N-arylation side prod-130 
uct 10 were formed in 10% and 26% yield, respectively. C-C dimerized[30] side product 11 was also 131 
formed in trace amounts (5%). The same reaction under UV irritation (390 nm, 40 W) gave 3 in slightly 132 
higher yield but similarly low selectivity (62%, entry 5). Gratifyingly, the yield of 3 could be greatly 133 
improved to 88% (b isomer only) when 1 mol% of photocatalyst [Ir(dtbbpy)ppy2]PF6 (PC1) was added 134 
(entry 1, standard conditions). Formation of side products 9 (~2%) and 10 (~4%) was mostly suppressed. 135 
A 62% yield of 3 was obtained in just 20 min compared to <3% yield under standalone Cu-catalyzed 136 
conditions (entries 2 vs. 4 and Figure 2c). Overall, the reaction under the cooperative catalysis of Ir PC 137 
and Cu was much faster and more chemoselective than that without the PC under photoinduced Cu catal-138 
ysis. 139 

Control experiments showed that the choice of sulfone donor, the reducing ability of the photo-140 
catalyst, Cu(I) catalyst, BTMG base, and photoirradiation were critical to achieving high efficiency for 141 
the N-glycosylation. Reduction potential measurements vs. SCE in CH3CN indicated that the BthSO2 142 
donor 6 (E1/2red = -1.48V) is considerably more reducible than 2-pyridyl sulfone 4 (E1/2red = -1.82V) and 143 
phenyl sulfone 5 (E1/2red = -1.70V). Neither 4 nor 5 can react with 2 to give 3 under our standard conditions. 144 
The reduction potential of PC1 ((E1/2red[IrIII/IrII] = -1.51 V) [51] matches well with sulfone donor 6. PC2 145 
fac-Ir(ppy)3 (E1/2red[IrIII/IrII] = -2.19 V)[52] is slightly less effective but also worked well (entry 12). The 146 
addition of photocatalysts like [Ir(dtbbpy)(dFppy)2]PF6 (PC3), [Ir(dF(CF3)ppy)2 dtbbpy]PF6 (PC4), 147 
Ru(bpy)3Cl2 (PC5), or eosin Y (PC6) gave lower yields of 3 than the standalone Cu catalysis (entries 13-148 
16 vs. 3). The combination of PC2 and chloride donor 1 did not furnish any product 3 under various 149 
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conditions, indicating the importance of a delicate interplay between the Cu-mediated and photocatalyst-150 
mediated pathways. No conversion of 6 took place in the absence of LED irradiation (entry 7). Irradiation 151 
with green LED gave a slightly lower yield of 3 than blue LED (entry 20). A sufficiently strong base was 152 
necessary for high efficiency. Both BTMG (pKa = 23.6 in MeCN)[53] and 1,8-diazabicyclo(5.4.0)undec-153 
7-ene (DBU, pKa = 24.3 in MeCN)[53] could promote this reaction, but DBU exhibited lower reactivity 154 
(entry 17). Product 3 was formed in <5% yield when Et3N or K2CO3 was used as the base (entries 18, 19). 155 
Other Cu catalysts could also work but were not as effective as Cu(MeCN)4PF6 (See Supplementary Table 156 
S4). The use of dtbbpy ligand boosted the yield but was not essential (entries 10 vs. 1 and Supplementary 157 
Table S6). The reaction worked best in halogenated hydrocarbon solvents. CH3CN and THF provided 158 
little amounts of the desired product (entry 21 and Supplementary Table S2 & S5). The performance of 159 
the reaction diminished under air atmosphere (entry 23). Interestingly, water was well-tolerated, and the 160 
reaction in the biphasic medium of DCM and H2O (v/v = 1:1) gave similar results (~83% yield of 3, entry 161 
22). Trace amounts of side product 8 were formed under most of the conditions tested. 162 

The addition of 2.0 equiv of 2,2,6,6-tetramethylpiperidinooxy (TEMPO) to the reaction of 2 and 163 
6 under the same optimized conditions inhibited the formation of 3 and delivered the O-glycosylation 164 
product S-3a bearing an O-linked TEMPO moiety in high yield (See Supplementary Figure S8)[31]. This 165 
observation suggests that a glycosyl radical intermediate is likely generated under the reaction conditions, 166 
and the coupling of glycosyl radical with TEMPO is faster than the Cu-catalyzed C-N coupling. Control 167 
experiments further showed that sulfone donor 6 alone was stable under LED irradiation, but underwent 168 
homolytic C-S bond cleavage in the reaction mixture to generate both glycosyl radical and benzothizolyl 169 
radical Bth• in the absence of the photocatalyst and Cu catalyst (entry 8). We suspected that a photoin-170 
duced energy transfer (ET) between 6 and the conjugate base of 2 could promote the homolytic C-S 171 
cleavage of 6, leading to the formation of significant amounts of side products 9, 10, and 11 under the 172 
regular photoinduced Cu-catalyzed N-glycosylation conditions (Figure 1d). Stern-Volmer quenching ex-173 
periments showed that Cu(MeCN)4PF6, glycosyl sulfone 6, 3-chloroindazole 2 alone or the mixture of 174 
Cu(MeCN)4PF6 and 2 did not quench the fluorescence of Ir PC1. Notably, the mixture of Cu(MeCN)4PF6, 175 
2, and BTMG base quenched the luminescence of PC1 in the excited state, suggesting that the amido 176 
complex of Cu(I) and 2 interact with the photocatalyst under photoirradiation (See Supplementary Figure 177 
S11-S16 for details). 178 

Based on the above evidence and previous reports, the following reaction pathways were proposed 179 
for this photoredox/Cu-catalyzed N-glycosylation of indazole (R1R2NH) with benzothiazolyl sulfone do-180 
nor II (Figure 1d): (1) Cu(I) complex alone can catalyze the radical-mediated C-N coupling under LED 181 
irradiation, providing a regular reaction pathway for the N-glycosylation (shown in green arrows). 182 
R1R2NH first forms an amido-Cu(I) complex I with the assistance of BTMG base. The SET between 183 
photoexcited Cu(I)-N I and sulfone donor II gives glycosyl radical intermediate IV and Cu(II)-N complex 184 
III. The resulting BthSO2- can fragment to 7 and SO2 upon protonation. IV can react with III to give N-185 
glycosylation product VI via either Cu(III) intermediate V or an outer-sphere mechanism and reconstitute 186 
Cu(I) [37]. This pathway is viable but proceeds with low efficiency and product selectivity. The weak SET-187 
reducing ability of I under photoirradiation is probably the main cause of the observed low reactivity. On 188 
the other hand, sulfone II could also slowly undergo homolytic C-S cleavage to give IV, Bth• and SO2 189 
through photoinduced ET[54, 55]. Such competitive homolytic C-S cleavage could induce undesired side 190 
reactions. (2) Photocatalysts such as Ir(III) PC1 under LED irradiation can alter the electron flow between 191 
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Cu(I)-N I and sulfone donor II, providing a faster and more chemoselective pathway for the N-glycosyl-192 
ation (shown in blue arrows). The photoexcited Ir(III) can readily accept an electron from Cu(I)-N to 193 
generate Ir(II) and Cu(II)-N III. Ir(II) with a high reduction potential can donate an electron to sulfone 194 
donor II to return to its original Ir(III) state, furnishing glycosyl radical IV. IV and III then react to give 195 
VI and reconstitute Cu(I). The observed stereochemical outcome of VI could be rationalized by the sta-196 
bilizing orbital interaction between the ring oxygen and the newly formed C1-Cu bond in the transition 197 
state[56]. The resulting V is possibly also stabilized by the metallo-anomeric effect[56] (donation of electron 198 
density from the ring oxygen into the C1-Cu σ* antibonding orbital). Inner-sphere stereoretentive reduc-199 
tive elimination then furnishes VI in high stereoselectivity. Overall, the photocatalyst serves as an electron 200 
shuttle between Cu(I)-N and the sulfone donor, providing a more efficient track for the Cu-catalyzed N-201 
glycosylation reaction[41]. Due to the rate acceleration of the desired N-glycosylation, the impact of ET-202 
induced homolytic C-S cleavage is alleviated. 203 

Substrate scope: The optimized N-glycosylation reaction conditions were then applied to the 204 
cross-coupling of a range of N-nucleophiles with D-ribofuranosyl donor 6 (Figure 3). As demonstrated 205 
in the previous disclosures of photoinduced Cu-catalyzed N-alkylation[40, 42, 43], N-nucleophiles in which 206 
nitrogen was either part of an aromatic ring or attached to an arene generally worked well in this system. 207 
N-heteroarenes with relatively acidic NH groups[57, 58] (pKa < 20) typically showed high reactivity and 208 
proceeded with high β stereoselectivity. Acidic NH groups presumably allowed the facile formation of 209 
the requisite amido-Cu(I) complex. For example, 1H-indazoles bearing various substituents including 210 
chloride (3), bromide (16), iodide (13), fluoride (18), ester (15), ether (17), and aldehyde (14) afforded 211 
the desired N-glycosides in good to high yields and with exclusive β selectivity. Triazole (19, 20), azain-212 
dole (21, 22), and pyrrole (25) also served as effective substrates. The reactions of carbazole and 1,2,3-213 
benzotriazole gave the corresponding N-glycosides 36 and 20 in good yields and with slightly eroded 214 
stereoselectivity (β/α = 7.5:1, >10:1). Interestingly, the reaction of methyl 1H-1,2,4-triazole-3-carboxylate, 215 
a precursor of antiviral drug ribavirin, with 6 furnished N2-glycosylated product 19 in excellent yield, 216 
whereas its N-glycosylation via the typical ionic pathway selectively occurred at the N1 position. We 217 
speculated that the ester group might act as a directing group to facilitate the N2-selective Cu(I)-N com-218 
plexation and the subsequent C-N coupling. Cross-coupling with indoles with less acidic NH groups (pKa 219 
= 21) also proceeded with high yield but lower stereoselectivity. For example, N-glycosylation of the 220 
indole side chain of N-Boc tryptophan methyl ester generated product 24 as a mixture of anomers (β/α = 221 
1.8:1) in excellent yield. Notably, various purine derivatives underwent reactions to secure the corre-222 
sponding N-nucleoside analogs in moderate to good yields (46%-84%) and with exclusive β selectivity. 223 
Glycosylation with plain purine gave product 26 as a mixture of N9/N7 (1.3:1) regioisomers, whereas the 224 
reaction of C6-substituted purine (e.g. 27) proceeded with significantly enhanced N9 site selectivity. N6-225 
bis(tert-butoxycarbonyl) adenine, N6-benzyladenine, and N2-isobutyryl guanine (28-30) selectively re-226 
acted at the N9 position. Cross-coupling of O6-benzyl protected guanine bearing an unprotected heteroaryl 227 
C2-NH2 group afforded the N9-glycosylated product 31 in high regio- and stereoselectivity. The O-pro-228 
tecting group of purines not only influenced the N7/N9 regioselectivity but also improved the solubility 229 
(31). In contrast to purines, the reactions of pyrimidine nucleoside bases in various protected forms did 230 
not give the desired N-glycosylation products (e.g. 32) in useful yields (<5%) under the optimized condi-231 
tions. We reasoned that the neighboring carbonyl group of N1H might hamper the Cu(I)-N complexation 232 
and/or the subsequent C-N coupling step. 233 
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 234 

Figure 3. Scope of N-nucleophiles in the Cu-catalyzed N-glycosylation reactions with sulfone donor 6. Standard condi-235 
tions: 6 (1.0 equiv), N-acceptor (1.5 equiv), PC1 (1 mol%), Cu cat (10 mol%), ligand (15 mol%), base (2.0 equiv), DCM 236 
(0.033 M), N2, 30 oC, blue LED (465 nm, 48 W), 24 h. Isolated yield at a 0.1 mmol scale. The ratio of α/β isomers was 237 
determined by 1H NMR or chromatographic analysis of the reaction mixture. a Conducted in a mixed solvent mixture of 238 
DCM/H2O (v/v = 2:1). 239 

The N-glycosylation of arylamines, such as 2-pyridiylamine (35) and adenosine (37, through C6-240 
NH2), typically proceeded with good yields but with low to moderate stereoselectivity. The NH2 group of 241 
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sulfonamides, a common pharmacophore, could also be glycosylated in excellent yield but with low ste-242 
reoselectivity (see 38, β/α = 1.3:1). In contrast, the NH groups of alkylamines and carboxamides were 243 
considerably less acidic and did not undergo the desired N-glycosylation under our optimized conditions 244 
(see 33). The underlying reason for the diminished stereoselectivity detected for certain N-nucleophiles 245 
is unclear at this stage. We surmised that different mechanisms (inner-sphere or outer-sphere pathways[37]) 246 
might be operative during the C-N bond-forming step for different N-nucleophiles, which leads to varying 247 
stereochemical outcomes. 248 

As shown in Figure 3, N-glycosylation with sulfone donor 6 can be applied to the late-stage N-249 
glycosylation of complex molecules. Imiquimod (a TLR7 agonist for treating carcinoma, 39) was selec-250 
tively glycosylated through its pyridylamine group in 79% yield. Indole N-glycosylation of the sleep hor-251 
mone melatonin in the presence of an N-acetamide group afforded 40 in 87% yield with moderate stere-252 
oselectivity (β/α = 3.6:1). Celecoxib, a selective Cox-2 inhibitor, was glycosylated on the sulfonamide 253 
group to give 41 in 82% yield. The indazole moiety of the antitumor drug Axitinib was selectively glyco-254 
sylated to give product 42 with good yield and excellent β selectivity. The reaction of tripeptide Boc-Gly-255 
Leu-Trp-OMe furnished the corresponding N-glycopeptide (43) in good yield. Notably, the reactions of 256 
40, 41, and 43 in the biphasic medium of DCM and H2O (v/v = 2:1) gave similar results to the reactions 257 
performed in anhydrous DCM. 258 

As shown in Figure 4, the desulfonylative N-glycosylation method can be applied to the reactions 259 
of a variety of benzothioazolyl sulfone glycosyl donors with different N-nucleophiles. Both furanosyl and 260 
pyranosyl sulfone donors reacted with 3-chloro-1H-indazole 2 to give the corresponding N-glycosides in 261 
good to excellent yields. Overall, sulfone donors derived from ribose (44), 5-deoxy-ribose (45), manno-262 
furanose (51), arabinofuranose (49), rhamnose (54), galactose (56), and mannose (57) exhibited excellent 263 
stereoselectivity, while the reactions of glucose (52) and xylose (55) donors were less stereoselective. The 264 
structure of mannofuranose 51 was confirmed by X-ray diffraction, whereas the structures of the other N-265 
glycoside products were analyzed by NMR spectra (See Supplementary Figure S22 and NMR spectra for 266 
more details). Efforts to improve the reaction’s stereochemical outcome by using a neighboring group 267 
participation strategy were unsuccessful in our hands. C2-OAc-protected glycosyl sulfone donors were 268 
relatively unstable under our standard reaction conditions. For instance, glycosyl sulfone donor 53 readily 269 
underwent elimination to give a C1-sulfonyl glycal product. As highlighted by compounds 46-48, 50, and 270 
58, various purine-based products were obtained in moderate to good yields as single stereoisomers. Pro-271 
tected N-Man-Trp 59 was isolated in 64% yield with elusive α stereoselectivity. 272 

Contrary to the high reactivity of hydroxyl groups in oxocarbenium-mediated glycosylation reac-273 
tions, alkyl OH groups did not participate in O-glycosylation under our Cu-catalyzed reaction conditions. 274 
The low acidity and poor binding affinity of hydroxyl units with Cu might have precluded the formation 275 
of Cu-O(alkyl) species. Similarly, water did not interfere with the Cu-catalyzed radical-mediated pathway. 276 
It is worth mentioning that phenolic hydroxyl groups possess sufficient acidity and redox reactivity and 277 
can thereby react with glycosyl sulfone donors to give the corresponding phenolic O-glycosides in mod-278 
erate yields under our standard conditions (See Supplementary Figure S21). Taking advantage of the in-279 
ertness of aliphatic OH groups under our reaction conditions, we employed the catalytic regime to selec-280 
tively glycosylate the reactive NH sites of complex substrates bearing unprotected alcohols. For example, 281 
carvedilol, a hypertension drug, was exclusively N-glycosylated on the carbazole nitrogen in moderate 282 
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yield without affecting the secondary alkyl amine and alkyl hydroxyl group (60). C-glycosyl benzothia-283 
zole 9 and glycosyl dimer 11 were also detected as byproducts. The nucleoside core of antivirus drug 284 
remdesivir and adenosine reacted with mannosyl or arabinosyl sulfone donors to give the corresponding 285 
N-glycosides 61 and 62, respectively in moderate yields and excellent chemoselectivity. 286 

 287 

Figure 4. Substrate scope of the Cu-catalyzed desulfonylative N-glycosylation reaction. Isolated yield at a 0.1 mmol scale. 288 
The ratios of α/β isomers were determined by 1H NMR or chromatographic analysis of the reaction mixture. a Conducted in a 289 
mixed solvent mixture of DCM/H2O (v/v = 2:1). b 1.0 equiv of N-acceptor and 1.5 equiv of glycosyl sulfone were used.  290 

In summary, we have developed an unprecedented glycosyl radical-mediated N-glycosylation re-291 
action under copper/photoredox dual catalysis. The identification of readily reducible benzothiazolyl sul-292 
fones as glycosyl donors was the key to achieving radical N-glycosylation reactivity with N-nucleophiles 293 
under regular photoinduced Cu-catalyzed conditions. The addition of an appropriate photocatalyst pro-294 
vided an electron shuttle to facilitate more efficient SET activation of the sulfone donor, which signifi-295 
cantly accelerated the N-glycosylation process. The catalytic method was successfully applied to prepare 296 
a variety of complex N-glycosides such as nucleosides and their analogs from easily accessible precursors. 297 
Of particular note, this radical N-glycosylation protocol exhibits high chemoselectivity and water toler-298 
ance, effectively overcoming the inherent problems associated with traditional cationic glycosylations. 299 
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We expect this work to further encourage the development of glycosyl radical-mediated cross-coupling 300 
reactions with other heteroatomic reagents to assemble a broader array of medicinally valuable carbohy-301 
drates that are otherwise difficult to access by other means. 302 

 303 
Methods: 304 

A typical procedure for copper/photoredox catalysed desulfonylative radical N-glycosylation: An 8 305 
mL vial equipped with a magnetic stir bar was charged with glycosyl sulfone 6 (41.3 mg, 0.1 mmol, 1.0 306 
equiv), 2 (22.8 mg, 0.15 mmol, 1.5 equiv), [Ir(dtbbpy)ppy2]PF6 (0.9 mg, 0.001 mmol, 1 mol%), 307 
Cu(MeCN)4PF6 (3.7 mg, 0.01 mmol, 10 mol%), dtbbpy (4.0 mg, 0.015 mmol, 15 mol%), anhydrous DCM 308 
(3.0 mL), and BTMG (34.2 mg, 0.2 mmol, 2.0 equiv). The reaction vial was then purged with N2 and 309 
sealed with a PTFE cap. The reaction mixture was allowed to stir vigorously under blue LED irradiation 310 
at approximately 30 °C for 24 h before being concentrated under reduced pressure. The resulting residue 311 
was purified by silica gel column chromatography to give product 3 as a colorless oil in 85% yield (Rf = 312 
0.6, Hexane:EtOAc = 5:1).  313 
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