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ABSTRACT: Glycoproteins account for numerous biological
processes including those associated with diseases and infections.
The advancement of glycopeptides has emerged as a promising
strategy for unraveling biological pathways and discovering novel

medicines. In this arena, a key challenge arises from the absence of Mono-, di-, and

efficient synthetic strategies to access glycopeptides and glyco-
proteins. Here, we present a highly concise approach to bridging
saccharides with amino acids and peptides through an amide
linkage. Our amide-linked C-glycosyl amino acids and peptides are
synthesized through cooperative Ni-catalyzed and photoredox
processes. The catalytic process generates a glycosyl radical and
an amide carbonyl radical, which subsequently combine to yield the C-glycosyl products. The saccharide reaction partners
encompass mono-, di-, and trisaccharides. All 20 natural amino acids, peptides, and their derivatives can efficiently undergo
glycosylations with yields ranging from acceptable to high, demonstrating excellent stereoselectivities. As a substantial expansion of
applications, we have shown that simple C-glycosyl amino acids can function as versatile building units for constructing C-

glycopeptides with intricate spatial complexities.

B INTRODUCTION

Protein glycosylation, occurring in approximately 50% of
human proteins,' significantly influences protein properties
and functions, including intercellular communication, as well as
alterations in protein thermal stability and folding.”™* In
molecular biology and medicine, the increasing demand for
glycopeptides and glycoproteins has spurred efforts to develop
efficient methods for linking sugar units and peptides.”®
Naturally occurring glycopeptides and glycoproteins possess
labile O- or N-glycosidic bonds, presenting a significant
challenge in research.””' One solution involves replacing
these unstable bonds with robust C—C bonds, creating C-
glycoside analogs that remain functional under biological
conditions. This strategic substitution has led to the develop-
ment of numerous drug-related C-glycopeptides (Figure
1A).1114

Current methods for synthesizing C-glycopeptides involve
the implementation of Giese-type reactions,>™"” where sugar
radicals are trapped by electron-deficient alkenes, forming C-
glycopeptides with saturated sp® carbon linkages. The Yu
group disclosed Ni-catalyzed reductive hydroglycosylation to
prepare vinyl C-glycosyl amino acids and peptides.”” The Koh
group pioneered a multicomponent synthesis of C-glycopep-
tides with keto-glycosidic bonds using a nickel catalyst.”" As a
continued endeavor, they subsequently reported the direct
cross-coupling of sugar halide with amino acid-derived redox-
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active electrophiles to assemble glycopeptides with alkyl
glycosidic linkages.”> In 2021, the Goddard-Borger group
reported the C-mannosylation of tryptophan through Ni-
catalyzed photoreductive cross-coupling of glycosyl and aryl
bromides.” Noteworthy, tryptophan C-mannosylation repre-
sents the recognized natural form of protein C-glycosylation. In
many of these cases, functional groups with reactivity need to
be installed onto amino acids and peptides in advance to
provide reaction sites for the formation of C—C bonds. As a
result, the resulting glycopeptides often contain unnecessary
specific linker residues (e.g., repeated sp® carbon atoms and
aryl, alkenyl, or ketone groups, as shown in Figure 1B, right).
These contrived events could potentially create further
complications in the assessment of the activity and applications
of C-glycopeptides.

Given the essential role of amide bonds in peptides and
proteins, we propose that the direct linkage of amino acids or
peptides with carbohydrates through amide bonds, to create C-
glycopeptides, presents an attractive yet challenging under-
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(A) Glycoproteins, glycopeptides, and selected examples of C-glycopeptides in biology and drug development
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Figure 1. Significance of C-glycopeptides, challenges in their synthesis, and our protocol.

taking (Figure 1B, left). The traditional approach primarily Bl RESULTS AND DISCUSSION

relies on the direct condensation of sugar acids and amino acid Reaction Development. Our study began by utilizing
fragments. However, the synthesis of sugar acids is not tetraacetyl-protected a-mannosyl bromide 1a and amino acid-
straightforward, involving the use of toxic reagents, challenging derived redox-active dihydropyridine 2a as model substrates to
stereoselectivity control, and relatively low efficiency in establish a method for the direct synthesis of amide-linked C-

glycosyl amino acids and peptides (Table 1). After extensive
optimization, we determined that the coupling between 1a and
2a proceeded smoothly under blue light irradiation (40 W, 467
nm), with 1,2,3,5-tetrakis(carbazol-9-yl)-4,6-dicyanobenzene

multistep synthesis (Figure 1C).">**7* Recent studies have
demonstrated the efficiency of metallaphotoredox catalysis in
promoting the cross-coupling of glycosyl donors with various

electrophiles.””*>*' ™" Here, we disclosed that photoredox/ (4CzIPN) serving as the photocatalyst, nickel(II) bis-
nickel dual catalysis enables the direct linkage of amino acids (acetylacetonate) (Ni(acac),) as the metalcatalyst, (S,5)-2,2-
and peptides with glycosyl bromide donors via amide bonds, bis(4-phenyl-2-oxazolin-2-yl)propane (L7) as the ligand,
thereby accessing a diverse array of C-glycosyl amino acids and Na,CO; as the base, and 1,4-dioxane as the solvent. Under

optimal conditions, the reaction produced the desired C-
glycosyl amino acids 3 in 81% yield with excellent stereo-
selectivity (a@-anomer, see Supporting Information for struc-
tural assignment) (entry 1). When the experiments were

peptides in a stereoselective manner. Technically, this method
involves the native NH, functional group in amino acids
reacting with dihydropyridine (DHP) acid to generate redox-

. 38
active substrates (e.g, compound 2a).”" We have presented an conducted in tetrahydrofuran (THF) (entry 2), the cross-
effective strategy for C-glycosylation modifications of amino coupling product 3 was obtained in a slightly lower yield
acids, peptides, and potentially proteins. compared to the use of 1,4-dioxane. The use of acetonitrile

5503 https://doi.org/10.1021/jacs.3¢c13456

J. Am. Chem. Soc. 2024, 146, 5502—5510


https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13456/suppl_file/ja3c13456_si_001.pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig1&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

Table 1. Reaction Optimization

4CzIPN (1.5 mol%)

A0 oAc CO,Et
5 HNT
AcO - + H
AeO x N._CO,Me

Br EtO,C O Me

Na,CO3 (2.5 equiv)

OAc
Ni(acac), (5 mol%), L7 (10 mol%) AcO -O
AcO COzMe

40 W blue LED (467 nm)

1a 2a 1,4-dioxane, r.t.,, 20 h 3, aonly 4CzIPN
a iati i i 0/ \b
entry’ deviation from standard conditions yield (%) ) R L1:R=OMe | N
1 none 81 AYe XL Bu <0J N ‘\OZ
2 THF as solvent 76 =N N L3:R=H SN o N
Ph (R, R) Ph
3 MeCN as solvent 17 Me Me Me Mo
4 L1 instead of L7 52 <:,)K( \2 S(j)K( \7 L6: R ='Bu
5 L2 instead of L7 33 % LTR=PR
6 L3 instead of L7 35 <Rf R> (9
7 L4 instead of L7 20 yield (%)
8 L5 instead of L7 24 100
9 L6 instead of L7 15 80 (]
10 NiBr, DME instead of Ni(acac), 72 60
11 Ni(cod), instead of Ni(acac), 60 40
12 without Na,CO, 13 20 I | -
13 without 4CzIPN or in the darkness N.D. @ Jul
14 addition of TEMPO N.D. 0

L2 L3 L4 L5 L6 L7

“Standard reaction conditions: 1a (0.1 mmol, 1.0 equiv), 2a (0.15 mmol, 1.5 equiv), 4CzIPN (1 S mol %), Ni source (S mol %), ligand (10 mol
%), base (0.25 mmol, 2.5 equiv), solvent (2.0 mL, 0.05 M) and irradiated with a 40 W blue LED (467 nm) at room temperature for 20 h.
*Determined by '"H NMR using 4-chlorobenzaldehyde as an internal standard. See Supplementary Section 3 for more details of optimization

studies and control experiments.

(MeCN) dramatically decreased the efficiency (entry 3).
Ligand screening revealed that (S,S)-2,2-bis(4-phenyl-2-
oxazolin-2-yl)propane (L7) was optimal for promoting this
photoredox/Ni-catalyzed cross-coupling. Notably, the use of
ligand LS, the enantiomer of L7, resulted in a significantly
lower yield, possibly due to the chirality mismatch between the
nickel complex and substrates (entry 8).”” Among all of the
metal catalysts tested, Ni(acac), outperformed the others.
Attempts to replace it with NiBr,-DME or Ni(cod), resulted in
lower yields (entries 10 and 11). In the absence of the
inorganic base Na,CO;, the yield significantly decreased (entry
12; for more details see Supporting Information). Control
experiments demonstrated that both the photocatalyst and
light irradiation were indispensable for the reaction (entry 13).
It is worth noting that the addition of TEMPO as a radical
scavenger completely inhibited the reaction (entry 14).

Reaction Scope. With the established optimal reaction
conditions, we proceeded to explore the generality of this
cross-coupling reaction. The scope of DHP-tagged amino acids
and peptides 2 was initially explored using a-mannosyl
bromide 1a as a model substrate (Figure 2). Remarkably, all
20 common L-amino acids were compatible with the reaction,
with 17 of them exclusively yielding the desired C-glycosyl
amino acids in the a-anomer form in moderate to high yields,
despite their varying side chain electronic and steric properties
(3-23).

It is noteworthy that sulfur-containing amino acids exhibited
significantly reduced yields (e.g,, 20 and 21), likely due to the
deactivating effect of the sulfur atom on the nickel catalyst
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through a coordination process.*” The use of DHP-tagged L-
histidine as a substrate produced the desired C-glycosyl amino
acid in low yield (22). Possible unproductive pathways involve
the Minisci-type reactions’' and Ni-catalyzed C—H activation
transformations*” at the imidazole side chain of histidine.
Noteworthy, the absolute configuration of the chiral center of
the amino acid and the protecting group of the carboxylic acid
has a slight effect on the reaction. Specifically, DHP-tagged p-
alanine smoothly underwent the reaction albeit in slightly
lower yield compared to L-alanine (3 vs 24). Switching the
protecting group of carboxylic acids to tert-butyl (‘Bu) resulted
in C-glycosyl amino acids 25 and 26. These two products were
further utilized as building blocks for the synthesis of more
intricate C-glycopeptides (vide infra). Furthermore, a series of
DHP-tagged peptides have been proven to be effective
substrates, yielding the desired C-glycopeptides in moderate
yields (27—33). Remarkably, the captivating disaccharide 34
could be efficiently constructed, utilizing amide bonds as
distinctive glycosidic linkages.

The practicality of this mild and straightforward approach is
further demonstrated in the late-stage glycosylation modifica-
tion of commercially available amino acids and peptide drug
molecules, showcasing its advantages and potential in
constructing glycoconjugate drugs (Figure 3A). For instance,
y-amino acid drug molecules such as pregabalin, gabapentin,
and baclofen, utilized as antiepileptic agents*”** and muscle
relaxants,* respectively, were employed. Their corresponding
DHP derivatives were found to be compatible with the
reaction conditions, yielding the target glycosylated molecules

https://doi.org/10.1021/jacs.3c13456
J. Am. Chem. Soc. 2024, 146, 5502—5510
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Figure 2. Substrate scope of amino acids and peptides. Isolated yields are reported. All products observed and isolated occur as a single anomer.

(35—37) in good yields. The diastereomeric ratio of
compound 37 was determined from racemic baclofen as the
starting material. Other drug-related non-natural amino acids,
including selenocysteine,46 levodopa,47 and indoximod,*® also
proved to be suitable substrates. Under our optimal reaction
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conditions, they smoothly coupled with glycosyl bromide
donors, yielding the desired products in useful yields (38—40).
Bestatin, a dipeptide employed as a competitive and reversible
protease inhibitor,”” was efficiently glycosylated to yield
compound 41 in 55% yield. Spinorphin is an endogenous,

https://doi.org/10.1021/jacs.3c13456
J. Am. Chem. Soc. 2024, 146, 5502—5510
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(A) C-glycosylation modification of commercially available amino acids and peptide drugs
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(from splnorphln)

Figure 3. Substrate scope of drug-related amino acids and peptides. Isolated yields are reported. All products observed and isolated occur as a single
anomer. Diastereomeric ratios (dr) of compound 37 were determined by NMR analysis of the crude reaction mixture.

nonclassical opioid peptide belonging to the hemorphin
family.”® Despite its relatively complex structure, effective
late-stage glycosylation modification of this compound was
achievable under our standard reaction conditions, albeit in a
slightly lower yield. In addressing the lower efficiency faced by
our developed photoredox/nickel dual catalysis in the C-
glycosylation modification of more complex peptides, we have
devised an alternative modular strategy (Figure 3B).
Specifically, our method involves utilizing the synthesized
uncomplicated glycosyl amino acids as foundational motifs. By
employing a modular process that includes peptide depro-
tection, peptide coupling, and sugar deprotection, we are able
to construct the desired intricate C-glycopeptide mimetics. A
gram-scale preparation of C-glycosyl amino acids 25 was first
conducted with a 63% yield. The feasibility of this strategy has
been validated through the successful synthesis of C-
glycopeptides 58 and 59. Undoubtedly, this method provides
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exceptional flexibility and precision, allowing for significant
expansion of the synthesized C-glycopeptide library.

Finally, we explored the generality with respect to glycosyl
donors (Figure 4). Glycosyl bromide donors with various
hydroxyl protecting groups, such as Bz, Piv, and TBDPS, were
compatible with the reaction conditions, affording the desired
products in good yields (e.g., 43—45). In addition, rhamnose
was demonstrated as a suitable substrate for glycosylation
modifications of amino acids (e.g., 46). Encouragingly, various
disaccharides, and even trisaccharides, underwent smooth
cross-couplings enabled by photoredox/nickel dual catalysis,
yielding the desired C-glycopeptides in acceptable yields (e.g.,
47-52). Beyond pyranoses, we subjected an array of furanoses
to our C-glycosylation coupling via an amide bond to afford
various C-glycosyl amino acids. All of these reactions proceed
smoothly, affording the corresponding products in moderate to
good yields with a single anomer (e.g., $3—56, see Supporting
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Figure 4. Substrate scope of saccharides. Isolated yields are reported.

(from lyxose) (from arabinofuranose)
55:74%, a 56: 60%, a

All products observed and isolated occur as a single anomer.

Information for structural assignment). The distinct anomeric
selectivity observed in the product of ribose derivatives (54)
can be attributed to the steric hindrance at the a-face of ribose
created by the C2 and C3 substituents.”"

On the basis of the known research®®**** and our radical
trapping experiments (see Supporting Information), we
proposed a plausible mechanism (Figure S). Photoexcitation
of the organic photocatalyst 4CzIPN (E,,,(4CzIPN*/
4CzIPN®*") = +1.43 V vs SCE in CH,CN)>* enables the
single-electron oxidation of dihydropyridine substrates 2. After
the reaction undergoes deprotonation and the removal of
aromatized pyridine byproducts, the carbamoyl radical II is
generated. Simultaneously, the Ni’ complex undergoes radical
oxidative addition with 1-bromo sugar 1, %eneratmg the hybrid
1-glycosyl-Ni-Br complexes III and IV.>” The high stereo-
selectivity in our C-glycosylation could be attributed to the
predominant “C; conformation of the mannosyl radical III,
which is effectively stabilized through the anomeric interaction
involving the singly occupied molecular orbital (SOMO),
0% _o orbital of the C2—02 bond, and the lone pair electron
Nlo of the endocyclic-O.>>™> Bonding with glycosyl radical

intermediate III in an axial orientation (leading to the
generation of a-products) ensures that the stabilizing factors
related to orbital overlap are minimally affected. The
carbamoyl radical II was subsequently captured by inter-
mediate IV to form intermediate V, which, after reductive
elimination, affords the desired glycopeptide product. Finally,
the resulting intermediate VI undergoes SET reduction by the
reduced photoredox catalyst, thereby completing the catalytic
cycle.

Bl CONCLUSIONS

In summary, we have disclosed a dual Ni/photoredox-
catalyzed radical cross-coupling between easily available
glycosyl bromides and amino acid/peptide-derived redox-
active substrates. Our approach first leverages the intrinsic
structural unit of the amide bond within peptides as the
glycosidic linkage. By overcoming the obstacle of direct C—C
bond formation between sugars, amino acids, and peptides, this
method significantly expands the structural diversity of
synthesized C-glycosyl amide acids and peptides. The
practicality of this connection protocol has been repeatedly
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Figure S. Proposed mechanism for cooperative Ni-catalyzed and photoredox processes.

evidenced in the synthesis of a wide variety of C-glycoamino
acids and complex glycopeptides and the late-stage glyco-
sylation modification of drug-related molecules. The reaction
proceeds under mild conditions and is readily scaled up. From
a practical perspective, our method will play a crucial role in
various research fields related to synthetic glycopeptide
mimetics, such as molecular biology and medicinal research.

Bl ASSOCIATED CONTENT

@ Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/jacs.3¢c13456.

Full experimental details for the preparation of all new
compounds and their spectroscopic and chromato-

graphic data (PDF)

B AUTHOR INFORMATION

Corresponding Authors

Shichao Ren — National Key Laboratory of Green Pesticide,
Key Laboratory of Green Pesticide and Agricultural
Bioengineering, Ministry of Education, Guizhou University,
Guiyang 550025, China; ® orcid.org/0000-0003-4248-
6021; Email: scren@gzu.edu.cn

Yonggui Robin Chi — School of Chemistry, Chemical
Engineering, and Biotechnology, Nanyang Technological
University, Singapore 637371, Singapore; National Key
Laboratory of Green Pesticide, Key Laboratory of Green
Pesticide and Agricultural Bioengineering, Ministry of
Education, Guizhou University, Guiyang 550025, China;

orcid.org/0000-0003-0573-257X; Email: robinchi@

ntu.edu.sg

Authors
Xiang-Yu Ye — School of Chemistry, Chemical Engineering,
and Biotechnology, Nanyang Technological University,
Singapore 637371, Singapore

5508

Guanjie Wang — School of Chemistry, Chemical Engineering,
and Biotechnology, Nanyang Technological University,
Singapore 637371, Singapore; ® orcid.org/0000-0001-
5072-5374

Zhichao Jin — National Key Laboratory of Green Pesticide,
Key Laboratory of Green Pesticide and Agricultural
Bioengineering, Ministry of Education, Guizhou University,
Guiyang 550025, China

Bin Yu — International Joint Research Center for Molecular
Science, College of Chemistry and Environmental Engineering
& College of Physics and Optoelectronic Engineering,
Shenzhen University, Shenzhen 518060, China;

orcid.org/0000-0002-8698-0155

Junmin Zhang — International Joint Research Center for
Molecular Science, College of Chemistry and Environmental
Engineering & College of Physics and Optoelectronic
Engineering, Shenzhen University, Shenzhen $18060, China;

orcid.org/0000-0003-4061-8350

Complete contact information is available at:
https://pubs.acs.org/10.1021/jacs.3¢13456

Author Contributions
X.-Y.Y. and G.W. contributed equally.

Notes
The authors declare no competing financial interest.

B ACKNOWLEDGMENTS

We acknowledge funding support from Singapore National
Research Foundation under its Competitive Research Program
(NREF-CRP22-2019-0002); Ministry of Education, Singapore,
under its MOE AcRF Tier 1 Award (RG7/20, RG5/19), MOE
AcRF Tier 2 (MOE2019-T2-2-117), Nanyang Technological
University; National Natural Science Foundation of China
(21772029, 21801051, 21807019, 21961006, 22071036,
22061007); Frontiers Science Center for Asymmetric Syn-
thesis and Medicinal Molecules, Department of Education,
Guizhou Province [Qianjiaohe KY number (2020)004]; The

https://doi.org/10.1021/jacs.3c13456
J. Am. Chem. Soc. 2024, 146, 5502—5510


https://pubs.acs.org/doi/10.1021/jacs.3c13456?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/jacs.3c13456/suppl_file/ja3c13456_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Shichao+Ren"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4248-6021
https://orcid.org/0000-0003-4248-6021
mailto:scren@gzu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Yonggui+Robin+Chi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-0573-257X
https://orcid.org/0000-0003-0573-257X
mailto:robinchi@ntu.edu.sg
mailto:robinchi@ntu.edu.sg
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Xiang-Yu+Ye"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Guanjie+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0001-5072-5374
https://orcid.org/0000-0001-5072-5374
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhichao+Jin"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Bin+Yu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-8698-0155
https://orcid.org/0000-0002-8698-0155
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Junmin+Zhang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-4061-8350
https://orcid.org/0000-0003-4061-8350
https://pubs.acs.org/doi/10.1021/jacs.3c13456?ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/jacs.3c13456?fig=fig5&ref=pdf
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

10 Talent Plan (Shicengci) of Guizhou Province ([2016]
5649); Science and Technology Department of Guizhou
Province ([2018]2802, [2019]1020); Program of Introducing
Talents of Discipline to Universities of China (111 Program,
D20023) at Guizhou University; and Guizhou University.
J.M.Z. acknowledges the financial support from the Natural
Science Foundation of China (22171187), the Shenzhen
Science and Technology Program (JCYJ20220818095808019
and GJHZ20210705141800003), and the Principal Founda-
tion of Shenzhen University (No. 8570700000307). We
gratefully acknowledge the support from the Instrumental
Analysis Centre of Shenzhen University.

B REFERENCES

(1) Apweiler, R.; Hermjakob, J.; Sharon, N. On the frequency of
protein glycosylation, as deduced from analysis of the SWISS-PROT
database. BBA-Gen Subj. 1999, 1473, 4—8.

(2) Wong, C.-H. Protein glycosylation: new challenges and
opportunities. J. Org. Chem. 2008, 70, 4219—4225.

(3) Fernandez-Tejada, A.; Brailsford, J.; Zhang, Q.; Shieh, J-H,;
Moore, M. A. S.; Danishefsky, S. J. Total synthesis of glycosylated
proteins. Top. Curr. Chem. 2014, 362, 1-26.

(4) Dammen-Brower, K; Epler, P.; Zhu, S.; Bernstein, Z. J.; Stabach,
P. R; Braddock, D. T.; Spangler, J. B.; Yarema, K. J. Strategies for
glycoengineering therapeutic proteins. Front. Chem. 2022, 10,
No. 863118.

(5) Herzner, H,; Reipen, T.; Schultz, M.; Kunz, H. Synthesis of
glycopeptides containing carbohydrate and peptide recognition
motifs. Chem. Rev. 2000, 100, 4495—4537.

(6) Schmaltz, R. M.; Hanson, S. R; Wong, C.-H. Enzymes in the
synthesis of glycoconjugates. Chem. Rev. 2011, 111, 4259—4307.

(7) Kurogochi, M; Matsushita, T.; Nishimura, S.-I. Post-transla-
tional modifications on proteins: facile and efficient procedure for the
identification of O-glycosylation sites by MALDI-LIFT-TOF/TOF
mass spectrometry. Angew. Chem., Int. Ed. 2004, 43, 4071—4075.

(8) Han, Z.; Pinkner, J. S.; Ford, B.; Chorell, E,; Crowley, J. M,;
Cusumano, C. K; Campbell, S.; Henderson, J. P.; Hultgren, S. J;
Janetka, J. W. Lead optimization studies on FimH antagonists:
discovery of potent and orally bioavailable ortho-substituted biphenyl
mannosides. J. Med. Chem. 2012, 55, 3945—3959.

(9) Mononen, L; Ivanov, G.; Stoineva, 1. B.; Noronkoski, T.; Petkov,
D. D. Enzymatic synthesis of the N-glycosidic bond by f-aspartylation
of glycosylamines. Biochem. Biophys. Res. Commun. 1996, 218, 510—
513.

(10) Das, R. S.; Samaraweera, M.; Morton, M.; Gascon, J. A.; Basu,
A. K. Stability of N-glycosidic bond of (5’S)-8,5'-cyclo-2'-
deoxyguanosine. Chem. Res. Towxicol. 2012, 25, 2451—2461.

(11) Tedebark, U,; Meldal, M.; Panza, L; Bock, K. C-Linked
glycosyl azido acid in novel solid-phase C-glycopeptide synthesis.
Tetrahedron Lett. 1998, 39, 1815—1818.

(12) Negri, L.; Lattanzi, R; Tabacco, F.; Orrt, L.; Severini, C,;
Scolaro, B.; Rocchi, R. Dermorphin and deltorphin glycosylated
analogues: synthesis and antinociceptive activity after systemic
administration. J. Med. Chem. 1999, 42, 400—404.

(13) Tsai, C.-Y.; Huang, X.; Wong, C.-H. Design and synthesis of
cyclic sialyl Lewis X mimetics: a remarkable enhancement of
inhibition by pre-organizing all essential functional groups. Tetrahe-
dron Lett. 2000, 41, 9499—9503.

(14) Lohof, E.; Planker, E.; Mang, C.; Burkhart, F.; Dechantsreiter,
M. A,; Haubner, R.; Wester, H.-J.,; Schwaiger, M.; Hélzemann, G,;
Goodman, S. L.; Kessler, H. Carbohydrate derivatives for use in drug
design: cyclic a,-selective RGD peptides. Angew. Chem., Int. Ed. 2000,
39, 2761-2764.

(15) Readman, S. K; Marsden, S. P.; Hodgson, A. Nickel-catalysed
synthesis of C-glycosides and deoxysugars from glycosyl bromides.
Synlett 2000, 11, 1628—1630.

(16) Shang, W.; Su, S.-N.; Shi, R.; Mou, Z.-D.; Yu, G.-Q.; Zhang, X;
Niu, D. Generation of glycosyl radicals from glycosyl sulfoxides and its

5509

use in the synthesis of C-linked glycoconjugates. Angew. Chem., Int.
Ed. 2021, 60, 385—390.

(17) Jiang, Y.; Wang, Q.; Zhang, X;; Koh, M. J. Synthesis of C-
glycosides by Ti-catalyzed stereoselective glycosyl radical functional-
ization. Chem. 2021, 7, 3377—3392.

(18) Poletti, L.; Massi, A.; Ragno, D.; Droghetti, F.; Natali, M.; Risi,
C. D,; Bortolini, O.; Carmine, G. D. Modulable photocatalyzed
strategies for the synthesis of a-C-glycosyl alanine analogues via the
Giese reaction with dehydroalanine derivates. Org. Lett. 2023, 2§,
4862—4867.

(19) Zeng, H; Li, Y.; Wu, R; Liu, D.; Zhang, Y.; Xu, S.; Niu, D.
Carbohydrate—DNA conjugation enabled by glycosyl radicals
generated from glycosyl sulfinates. Org. Lett. 2023, DOI: 10.1021/
acs.orglett.3c00833.

(20) Liu, Y.-H.; Xia, Y.-N.; Gulzar, T.; Wei, B.; Li, H,; Zhu, D.; Huy,
Z.; Xu, P.; Yu, B. Facile access to C-glycosyl amino acids and peptides
via Ni-catalyzed reductive hydroglycosylation of alkynes. Nat.Com-
mun. 2021, 12, 4924.

(21) Jiang, Y.; Yang, K.; Wei, Y.; Wang, Q.; Li, S.-J.; Lan, Y.; Koh, M.
J. Catalytic multicomponent synthesis of C-acyl glycosides by
consecutive cross-electrophile couplings. Angew. Chem., Int. Ed.
2022, 61, No. €202211043.

(22) Wei, Y.; Wang, Q.; Koh, M. J. A photoinduced, nickel-catalyzed
reaction for the stereoselective assembly of C-linked glycosides and
glycopeptides. Angew. Chem., Int. Ed. 2023, 62, No. €202214247.

(23) Mao, R; Xi, S.; Shah, S.; Roy, M. J.; John, A; Lingford, J. P.;
Gide, G.; Scott, N. E.; Goddard-Borger, E. D. Synthesis of C-
mannosylated glycopeptides enabled by Ni-catalyzed photoreductive
cross-coupling reactions. J. Am. Chem. Soc. 2021, 143, 12699—12707.

(24) von Roedern, E. G.; Kessler, H. A sugar amino acid as a novel
peptidomimetic. Angew. Chem., Int. Ed. Engl. 1994, 33, 687—689.

(25) Frey, O.; Hoffmann, M.; Kessler, H. Stereoselective syntheses
of retro-isomers of N-glucoasparagine. Angew. Chem., Int. Ed. Engl.
1995, 34, 2026—2028.

(26) Hoffmann, M.; Burkhart, F.; Hessler, G.; Kessler, H. C-
Glycoside analogues of N*-(2-acetamido-2-deoxy-f3-D-glucopyrano-
syl)-L-asparagine: synthesis and conformational analysis of a cyclic C-
glycopeptide. Helv. Chim. Acta 1996, 79, 1519—1532.

(27) Burkhart, F.; Hessler, G.; Kessler, H. Synthesis and conforma-
tional analysis of C- and N-glycopeptides. In Peptides Frontiers of
Peptide Science; Tam, J. P., Kaumaya, P. T. P., Eds.; Springer: Berlin,
2002; Vol. S, pp 449—450.

(28) Crifrak, K.; Szildgyi, P.; Somsék, L. Anomeric a-azido acid (2-
azido-2-deoxy-hept-2-ulopyranosonic acid) derivatives en route to
peptides incorporating sugar amino acids. Tetrahedron: Asymmetry
2005, 16, 127—141.

(29) Bernardes, G. J. L.; Linderoth, L.; Doores, K. J.; Boutureira, O.;
Davis, B. G. Site-selective traceless Staudinger ligation for
glycoprotein synthesis reveals scope and limitations. ChemBioChem.
2011, 12, 1383—1386.

(30) Zou, L.-J,; Pan, Q; Li, C.-Y.; Zhang, Z.-T.; Zhang, X.-W.; Hu,
X.-G. Cyanide-free synthesis of glycosyl carboxylic acids and
application for the synthesis of scleropentaside A. Org. Lett. 2020,
22, 8302—8306.

(31) Dumoulin, A.; Matsui, J. K.; Gutierrez-Bonet, A.; Molander, G.
A. Synthesis of non-classical arylated C-saccharides through nickel/
photoredox dual catalysis. Angew. Chem., Int. Ed. 2018, 57, 6614—
6618.

(32) Ma, Y,; Liu, S.; Xi, Y.; Li, H,; Yang, K; Cheng, Z.; Wang, W.;
Zhang, Y. Highly stereoselective synthesis of aryl/heteroaryl-C-
nucleosides via the merger of photoredox and nickel catalysis.
Chem. Commun. 2019, 55, 14657—14660.

(33) Li, M; Qiu, Y.-F; Wang, C.-T.; Li, X.-S.; Wei, W.-X.; Wang, Y.-
Z.; Bao, Q.-F; Ding, Y.-N,; Shi, W.-Y,; Liang, Y.-M. Visible light-
induced Pd-catalyzed radical strategy for constructing C-vinyl
glycosides. Org. Lett. 2020, 22, 6288—6293.

(34) Cong, F; Lv, X.-Y,; Day, C. S; Martin, R. Dual catalytic
strategy for forging sp’—sp® and sp>—sp> architectures via f-scission of

https://doi.org/10.1021/jacs.3c13456
J. Am. Chem. Soc. 2024, 146, 5502—5510


https://doi.org/10.1016/S0304-4165(99)00165-8
https://doi.org/10.1016/S0304-4165(99)00165-8
https://doi.org/10.1016/S0304-4165(99)00165-8
https://doi.org/10.1021/jo050278f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo050278f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1007/128_2014_622
https://doi.org/10.1007/128_2014_622
https://doi.org/10.3389/fchem.2022.863118
https://doi.org/10.3389/fchem.2022.863118
https://doi.org/10.1021/cr990308c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr990308c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr990308c?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200113w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr200113w?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.200460020
https://doi.org/10.1002/anie.200460020
https://doi.org/10.1002/anie.200460020
https://doi.org/10.1002/anie.200460020
https://doi.org/10.1021/jm300165m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm300165m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm300165m?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1006/bbrc.1996.0091
https://doi.org/10.1006/bbrc.1996.0091
https://doi.org/10.1021/tx300302a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/tx300302a?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(98)00095-1
https://doi.org/10.1016/S0040-4039(98)00095-1
https://doi.org/10.1021/jm9810699?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9810699?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jm9810699?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S0040-4039(00)01653-1
https://doi.org/10.1016/S0040-4039(00)01653-1
https://doi.org/10.1016/S0040-4039(00)01653-1
https://doi.org/10.1002/1521-3773(20000804)39:15<2761::AID-ANIE2761>3.0.CO;2-9
https://doi.org/10.1002/1521-3773(20000804)39:15<2761::AID-ANIE2761>3.0.CO;2-9
https://doi.org/10.1002/anie.202009828
https://doi.org/10.1002/anie.202009828
https://doi.org/10.1016/j.chempr.2021.09.008
https://doi.org/10.1016/j.chempr.2021.09.008
https://doi.org/10.1016/j.chempr.2021.09.008
https://doi.org/10.1021/acs.orglett.3c01660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c01660?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.3c00833?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41467-021-25127-z
https://doi.org/10.1038/s41467-021-25127-z
https://doi.org/10.1002/anie.202211043
https://doi.org/10.1002/anie.202211043
https://doi.org/10.1002/anie.202214247
https://doi.org/10.1002/anie.202214247
https://doi.org/10.1002/anie.202214247
https://doi.org/10.1021/jacs.1c05567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c05567?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.199406871
https://doi.org/10.1002/anie.199406871
https://doi.org/10.1002/anie.199520261
https://doi.org/10.1002/anie.199520261
https://doi.org/10.1002/hlca.19960790602
https://doi.org/10.1002/hlca.19960790602
https://doi.org/10.1002/hlca.19960790602
https://doi.org/10.1002/hlca.19960790602
https://doi.org/10.1016/j.tetasy.2004.11.064
https://doi.org/10.1016/j.tetasy.2004.11.064
https://doi.org/10.1016/j.tetasy.2004.11.064
https://doi.org/10.1002/cbic.201100125
https://doi.org/10.1002/cbic.201100125
https://doi.org/10.1021/acs.orglett.0c02949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02949?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.201802282
https://doi.org/10.1002/anie.201802282
https://doi.org/10.1039/C9CC07184A
https://doi.org/10.1039/C9CC07184A
https://doi.org/10.1021/acs.orglett.0c02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.orglett.0c02053?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.0c11172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Journal of the American Chemical Society

pubs.acs.org/JACS

aliphatic alcohol derivatives. J. Am. Chem. Soc. 2020, 142, 20594—
20599.

(35) Wei, Y.; Ben-Zvi, B.; Diao, T. Diastereoselective synthesis of
aryl C-glycosides from glycosyl esters via C-O bond homolysis. Angew.
Chem., Int. Ed. 2021, 60, 9433—9438.

(36) Yao, W.; Zhao, G.; Wu, Y.; Zhou, L.; Mukherjee, U.; Liu, P,;
Ngai, M.-Y. Excited state palladium-catalyzed radical migratory
Mizoroki—Heck reaction enables C2-alkenylation of carbohydrates.
J. Am. Chem. Soc. 2022, 144, 3353—3359.

(37) Zhang, C; Xu, S.-Y.; Zuo, H.; Zhang, X,; Dang, Q.-D.; Niu, D.
Direct synthesis of unprotected aryl C-glycosides by photoredox Ni-
catalysed cross-coupling. Nat. Synth. 2023, 2, 251—-260.

(38) Alandini, N.; Buzzetti, L.; Favi, F.; Schulte, T.; Candish, L.;
Collins, K. D.; Melchiorre, P. Amide synthesis by nickel/photoredox-
catalyzed direct carbamoylation of (hetero)aryl bromides. Angew.
Chem., Int. Ed. 2020, 59, 5248—5253.

(39) Doyle, M. P,; Davies, S. B,; May, E. ]J. High selectivity from
configurational match/mismatch in carbon—hydrogen insertion
reactions of steroidal diazoacetates catalyzed by chiral dirhodium
(I) carboxamidates. J. Org. Chem. 2001, 66, 8112—8119.

(40) Hashemnejad, S. M.; Parvari, M. Deactivation and regeneration
of nickel-based catalysts for steam-methane reforming. Chin. J. Catal.
2011, 32, 273-279.

(41) Chen, X; Ye, F.; Luo, X,; Liu, X;; Zhao, J.; Wang, S.; Zhou, Q;;
Chen, G.; Wang, P. Histidine-specific peptide modification via visible-
light-promoted C-H alkylation. J. Am. Chem. Soc. 2019, 141, 18230—
18237.

(42) Muto, K; Hatakeyama, T.; Yamaguchi, J.; Itami, K. C—H
arylation and alkenylation of imidazoles by nickel catalysis: solvent-
accelerated imidazole C—H activation. Chem. Sci. 2015, 6, 6792—
6798.

(43) Dworkin, R. H,; Kirkpatrick, P. Pregabalin. Nat. Rev. Drug
Discovery 2005, 4, 455—456.

(44) Rose, M. A;; Kam, P. C. Gabapentin: pharmacology and its use
in pain management. Anaesthesia 2002, 57, 451—462.

(4S) Fromm, G. H. Baclofen as an adjuvant analgesic. J. Pain
Symptom Manage 1994, 9, S00—509.

(46) Schrauzer, G. N. Selenomethionine: a review of its nutritional
significance, metabolism, and toxicity. J. Nutr. 2000, 130, 1653—1656.

(47) Hornykiewicz, O. A brief history of levodopa. J. Neurol. 2010,
257, 249-252.

(48) Fox, E; Oliver, T.; Rowe, M.; Thomas, S.; Zakharia, Y.;
Gilman, P. B; Muller, A. J; Prendergast, G. C. Indoximod: an
immunometabolic adjuvant that empowers T cell activity in cancer.
Front. Oncol. 2018, 8, 370.

(49) Mathe, G. Bestatin, an aminopeptidase inhibitor with a multi-
pharmacological function. Biomed. Pharmacother. 1991, 45, 49—54.

(50) Yamamoto, Y.; Ono, H.; Ueda, A.; Shimamura, M.; Nishimura,
K.; Hazato, T. Spinorphin as an endogenous inhibitor of enkephalin-
degrading enzymes: roles in pain and inflammation. Curr. Protein Pept.
Sci. 2002, 3, 587—599.

(51) Li, Y.; Wang, Z; Li, L; Tian, X;; Shao, F; Li, C.
Chemoselective and diastereoselective synthesis of C-aryl nucleoside
analogues by nickel-catalyzed cross-coupling of furanosyl acetates with
aryl iodides. Angew. Chem., Int. Ed. 2022, 61, No. €¢202110391.

(52) Zhao, G.; Yao, W.; Kevlishvili, I.; Mauro, J. N.; Liu, P.; Ngai,
M.-Y. Nickel-catalyzed radical migratory coupling enables C-2
arylation of carbohydrates. J. Am. Chem. Soc. 2021, 143, 8590—8596.

(53) Wang, G.; Ho, C. C; Zhou, Z.; Hao, Y.-J.; Ly, J; Jin, J; Jin, Z.;
Chi, Y. R. Site-selective C—O bond editing of unprotected
saccharides. J. Am. Chem. Soc. 2024, 146, 824—832.

(54) Speckmeier, E.; Fischer, T. G.; Zeitler, K. A toolbox approach
to construct broadly applicable metal-free catalysts for photoredox
chemistry: deliberate tuning of redox potentials and importance of
halogens in donor—acceptor cyanoarenes. J. Am. Chem. Soc. 2018,
140, 15353—15368.

(55) Dupuis, J.; Giese, B.; Riiegge, D.; Fischer, H; Korth, H.-G.;
Sustmann, R. Conformation of glycosyl radicals: radical stabilization

by B-CO bonds. Angew. Chem., Int. Ed. Engl. 1984, 23, 896—898.

5510

(56) Giese, B. The stereoselectivity of intermolecular free radical
reactions. Angew. Chem., Int. Ed. 1989, 28, 969—980.

(57) Togo, H.; Wei, H.; Waki, Y.; Yokoyama, M. C-Glycosidation
technology with free radical reactions. Synlett 1998, 1998, 700—717.
(58) Abe, H; Shuto, S.; Matsuda, A. Highly a- and f-selective
radical C-glycosylation reactions using a controlling anomeric effect
based on the conformational restriction strategy. A study on the
conformation—anomeric effect—stereoselectivity relationship in
anomeric radical reactions. J. Am. Chem. Soc. 2001, 123, 11870—
11882.

https://doi.org/10.1021/jacs.3c13456
J. Am. Chem. Soc. 2024, 146, 5502—5510


https://doi.org/10.1021/jacs.0c11172?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.202014991
https://doi.org/10.1002/anie.202014991
https://doi.org/10.1021/jacs.1c13299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c13299?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s44160-022-00214-1
https://doi.org/10.1038/s44160-022-00214-1
https://doi.org/10.1002/anie.202000224
https://doi.org/10.1002/anie.202000224
https://doi.org/10.1021/jo015932f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo015932f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo015932f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jo015932f?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/S1872-2067(10)60175-1
https://doi.org/10.1016/S1872-2067(10)60175-1
https://doi.org/10.1021/jacs.9b09127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b09127?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C5SC02942B
https://doi.org/10.1039/C5SC02942B
https://doi.org/10.1039/C5SC02942B
https://doi.org/10.1038/nrd1756
https://doi.org/10.1046/j.0003-2409.2001.02399.x
https://doi.org/10.1046/j.0003-2409.2001.02399.x
https://doi.org/10.1016/0885-3924(94)90111-2
https://doi.org/10.1093/jn/130.7.1653
https://doi.org/10.1093/jn/130.7.1653
https://doi.org/10.1007/s00415-010-5741-y
https://doi.org/10.3389/fonc.2018.00370
https://doi.org/10.3389/fonc.2018.00370
https://doi.org/10.1016/0753-3322(91)90122-A
https://doi.org/10.1016/0753-3322(91)90122-A
https://doi.org/10.2174/1389203023380404
https://doi.org/10.2174/1389203023380404
https://doi.org/10.1002/anie.202110391
https://doi.org/10.1002/anie.202110391
https://doi.org/10.1002/anie.202110391
https://doi.org/10.1021/jacs.1c03563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.1c03563?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c10963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.3c10963?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.8b08933?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/anie.198408961
https://doi.org/10.1002/anie.198408961
https://doi.org/10.1002/anie.198909693
https://doi.org/10.1002/anie.198909693
https://doi.org/10.1055/s-1998-1753
https://doi.org/10.1055/s-1998-1753
https://doi.org/10.1021/ja011321t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011321t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011321t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011321t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/ja011321t?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
pubs.acs.org/JACS?ref=pdf
https://doi.org/10.1021/jacs.3c13456?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

