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Chemical reactions compatible with multiple functionalities are essential for rapid, programmable, and
automatable synthesis of functional molecules. However, achieving such reactivity poses significant
challenges. Here, we developed a novel multi-orthogonal C(sp?)—-Se bond formation reaction between
benzoselenazolones and boronic acids via Ag(l)-catalyzed selective selenium(i)—nitrogen exchange. This
chemistry is compatible with diverse functionalities, enabling sequential and programmable synthesis.
Moreover, it features modular, high-yielding (485 examples, with yields or conversions exceeding 70% in
95% of cases), and switchable reaction systems under mild conditions. Its practical utility was exemplified
through late-stage functionalization of natural products, peptide modification and ligation, diversified
synthesis, sequential click chemistry, protecting group-free syntheses of sequence-defined oligo
selenides (nonamers), on-plate nanomole-scale parallel synthesis (200 nmol, 412 selenides), and DNA-
encoded library (DEL) synthesis (10 nmol, 92 examples). Notably, a target-based screening identified SA-
16 as a potent CAXIl inhibitor with an ICsg value of 72 nM. Furthermore, a machine learning-based

Received 23rd July 2025 . . . . L o . .
Accepted 2nd Novernber 2025 model (SeNEx-ML) was established for reaction yield prediction, achieving 80% accuracy in binary
classification and 70% balanced accuracy in ternary classification. These results demonstrated that this
DOI: 10.1039/d5sc05512a . . . . . . .
chemistry serves as a powerful tool to bridge the selenium chemical space with the existing chemical

rsc.li/chemical-science world, offering transformative potential across multidisciplinary fields.

Introduction

Selenium (Se) is an essential and unique trace element for
human health.* Nature produces selenocysteine (Sec) in living
organisms with 25 selenoproteins utilizing Sec as an integral
component to participate in a wide range of physiological
processes.> In addition to selenoproteins, incorporation of Se
into small molecules has also been reported to enhance bioac-
tivities in vitro and in vivo, including antioxidant,*® anti-tumor,**
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and anti-multidrug resistance activities,*” just to name a few®®
(Fig. 1a). As a result, the design and synthesis of organic Se (Org-
Se) compounds to prevent and treat diseases has attracted
considerable interest in recent years.'** In the field of drug
discovery, natural products (NPs) play a pivotal role as invalu-
able resources for identifying hit or lead compounds. However,
nature's biosynthetic pathways primarily prioritize the incor-
poration of selenium into protein and nucleic acid biopoly-
mers* rather than seleno-small molecules, making it
exceedingly challenging to obtain seleno-lead compounds from
natural sources." Besides, the synthetic toolbox for Org-Se is
significantly less developed compared to their sulfur counter-
parts.*>* These limitations have led to the fact that research on
Org-Se therapeutic agents is still in its nascent stage.
Programmable synthesis is an emerging synthesis pattern
that has attracted significant attention due to its great potential
in the alterable and tunable synthesis of advanced functional
small molecules, oligomers, and polymers.”” As depicted in
Fig. 1b, it primarily contains two patterns. The first pattern
involves the successive functionalization of the multiple func-
tionalities decorated on the starting substrates by leveraging
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Fig. 1 Representative organo-Se compounds and highly selective SeNEx chemistry between benzoselenazolones and boronic acids. (A)
Representative bioactive organic Se compounds. (B) Patterns of sequential or programmable synthesis. (C) Previous work: boronic acid based
C(sp®)-Se bond formation chemistry. (D) This work: Ag(l) catalyzed highly selective and Al predictable SeNEx chemistry between BSEA and

boronic acid.

their distinct reactivity,"* while the second pattern entails
iterative building block (BB) connecting reactions, wherein the
requisite functionalities for the subsequent connecting reaction
are introduced in preceding steps.?*-** Both patterns heavily rely
on multi-orthogonal reactions with the ability to selectively
functionalize one handle while preserving the others, which is
quite challenging. Therefore, only a limited number of such
syntheses have been reported to date. To meet the ever-growing
demands for constructing advanced Org-Se compound libraries
with expanded chemical space, there is an urgent need for
a synthetic toolbox that enables rapid, modular, and potentially

226 | Chem. Sci., 2026, 17, 225-239

automatable access to structurally diverse Org-Se compounds.
In this context, despite the challenges, the development of
highly selective and predictable selenylation chemistry capable
of programmable functionalization of building blocks (BBs)
bearing multiple transformable handles without the require-
ment for mandatory protection/deprotection becomes an
important and appealing task. This will not only enrich the
synthetic toolbox of multi-orthogonal selenylation chemistry
but also hold great significance for seleno-medicinal chemistry
and chemical biology.**>¢

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Inspired by the biochemical reaction between ebselen and
cysteine (Cys) residues,”?® our group has designed
benzoselenazolone (BSEA, the core structure of ebselen) as
a novel bifunctional Se source for efficient selenylation reaction
development. Based on the robust performance of these reac-
tions, we have put forward the concept of Se(u)-N exchange
(SeNEx) chemistry, which encompasses substitution events at
an electrophilic Se(u) center to break Se-N bonds, enabling the
rapid and flexible formation of Se-X bonds, especially Se-C
bonds around the Se(u) center.?** Especially, by leveraging the
SeNEx strategy, we have developed several C(sp*)-Se bond
formation reactions by employing in situ formed C(sp*)-Rh(m)
species®® and free indole as nucleophiles,*?* respectively.
However, flaws such as elevated temperature requirements®*
and relatively narrow substrate scope (limited to indole and
electron-rich aromatic rings)**** have restricted their applica-
tion in large-scale library construction while hindering the
exploration of broader seleno-chemical space. To overcome
these obstacles, we hypothesized that boronic acid would serve
as an ideal coupling partner due to its ability to undergo a trans-
metalation under mild conditions,’ generating nucleophilic
carbon-metal species that are less reliant on the electric prop-
erties of aromatic rings (Fig. 1d). Notably, although selenylation
reactions between aryl boronic acids and some Se electrophiles
(e.g., selenyl chloride,* diselenide,* and selenocyanate®®) have
been reported, these methods typically suffer from some
intrinsic drawbacks, such as poor atom economy, harsh
conditions (up to 100 °C), toxic byproduct (CN~) and poor
functional group tolerance, which hindered their practical
application in large-scale library construction such as on-plate
parallel synthesis (Fig. 1c). Therefore, a mild, general and multi-
orthogonal C(sp*)-Se bond formation chemistry is still highly
desirable and can be devised from commercially available
boronic acids and readily available BSEAs*® via a SeNEX strategy.

However, three significant challenges need to be addressed:

(i) Achieving multi-orthogonality and high chemo-selectivity
on Se-N over a wide range of competitive electrophiles,
including ester, ketone, -CHO, -SO,F, S-N, -NO,, -N; and -CN;

(ii) Potential protodeboronation issue in the presence of H,O
and certain groups with active hydrogen such as -COOH, -OH, -
NH,, amide, and unprotected heterocycles;

(iii) Coordination interference caused by the Se atom and
adjacent amide group in the product leading to reduced catalyst
reactivity.

We proposed that these formidable intractable obstacles can
be overcome through fine-tuning the catalytic systems. Herein,
we present an unprecedented multi-orthogonal SeNEx chem-
istry between BSEAs and boronic acids via Ag(1) catalysis, which
features modular, predictable, robust, high-yielding, mild and
switchable reaction conditions and is operationally simple and
orthogonal to a broad scope of reactive handles, such as
carboxylic acids, free amines, azides, sulfonyl fluorides, silanes,
aromatic (pseudo)halogens, and others, thus allowing this
chemistry to be orthogonal to copper-catalyzed azide-alkyne
cycloaddition (CuAAC),* sulfur-fluoride exchange (SuFEx),**
and nearly all top 20 reactions in medicinal chemistry (e.g.,
amide bond formation and cross-coupling),”> enabling the

© 2026 The Author(s). Published by the Royal Society of Chemistry
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sequential and programmable synthesis of advanced org-Se
compounds efficiently when combined with other established
reactions. The practical application was successfully demon-
strated through natural product and peptide modification,
multi-orthogonal and programmable synthesis, on-plate nano-
mole-scale parallel synthesis, and DEL synthesis (Fig. 1d).

Results and discussion

Reaction profile of SeNEx chemistry between BSEAs and
boronic acids

To initiate our proof-of-concept studies, we chose N-ethyl
benzoselenazolone (A1) and electron-deficient 4-fluoro-
phenylboronic acid (B1) as template substrates for reaction
condition optimization. As illustrated in Fig. 2 (entries 1-6) and
SI (Table S1), a screening of catalysts, bases, and ligands showed
that Pd(OAc),, [Rh(COE),Cl], and Cu(OAc), are inferior catalysts
for this reaction (30-55%), while AgNO; and Cul are more
favorable, affording the desired product (1) rapidly at room
temperature in 95% and 92% yields, respectively (entries 1-6,
Table S1). For the AgNO; catalytic system, the base is a key
additive for this reaction. Both inorganic (K,CO; and KF) and
organic (DIPEA and Et;N) bases can promote this reaction
efficiently (92-98%, Table S1, entries 2 and 6-14). To our
delight, the reaction solvents are quite switchable; both polar
protic (EtOH and iPrOH), aprotic (EA, DCE, and DMA) and even
aqueous solvents (EA:H,O0 = 2:1, double-distilled H,O and
borate buffer (pH 9.4)) are workable (90-95%, Table S1, entries
15-19 and 39-40). Importantly, this reaction could also give
good conversions when conducted at 10 times dilution (10 mM,
Table S1, entry 20) or in miniaturization (200 nmol, 4 mM, Table
S1, entry 21), indicating its potential in nanomole-scale in situ
drug screening library synthesis. For the Cul catalytic system,
the ligand is a critical factor in promoting the transformation.
5,5'-Dimethyl-2,2’-bipyridine (L3) was the best ligand in the
reaction (95%, Table S1, entries 22-28). Likewise, both polar
protic (EtOH and i{PrOH) and aprotic (EA, DMF, DMSO, and
MeCN) solvents are feasible for this reaction (92-95%), while
a mixed solvent system (96%, EA: DCM = 1:1) is the optimum
(Table S1, entries 29-38).

With the established reaction conditions in hand, we next
explored the substrate scope and generality (Fig. 2 and SI,
Fig. S3). For BSEAs, N-substituents, including alkyl (1-7, 23-26,
17-18, and 69), aryl (8-12 and 27), heterocycles (13-16, 19-22,
27,28, 71, and 72), were all well tolerated, affording the desired
selenides in 66-99% yields. Besides, the electronic effect of
substituents on the phenyl moiety of BSEAs is not obvious, and
both electron-withdrawing groups (EWGs, 23-24 and 27-28)
and electron-donating groups (EDGs, 25-26) are compatible,
delivering the desired selenides in high to excellent yields (85-
95%). Notably, the N-unsubstituted BSEA A58 is an inferior
coupling partner in this reaction, affording the desired product
73 in a low yield (25%) under standard conditions. When con-
ducted at 60 °C, the yield of 73 can be increased to 55%, and
compound 74 was obtained in a satisfactory 95% yield when 2-
naphthaleneboronic acid B80 was employed. For arylboronic
acids, a broad scope of substituents regardless of their location

Chem. Sci., 2026, 17, 225-239 | 227
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(0, m, and p) and electronic properties are all proved to be
compatible coupling partners, delivering the corresponding
selenides in good to excellent yields (29-52 and 70, 73-98%).
To our delight, both heteroarylboronic acids (53-59) and
alkenylboronic acids (60-62) underwent this SeNEx reaction
favorably to furnish the corresponding products in 75-93%
yields. The structure of 52 was unambiguously determined by
X-ray crystal analysis. Notably, substrate A28 orthogonally
underwent this SeNEx click chemistry to afford the selenyla-
tion product 28 in 88% yield. At the same time, the benzo[d]
isothiazolone (BITA) moiety in 28 is completely unaffected,
albeit the potential electrophilicity of the S-N moiety. This
excellent selectivity may originate from the larger size of Se
than S, which results in a reduced orbital overlap, longer bond
length, and weaker bond strength of Se-N than the S-N bond.
The weaker bond strength indicates that the o* orbital of the
Se-N bond is lower in energy than that of the S-N bond,
making BSEA Se more reactive than its S analog." Signifi-
cantly, this SeNEx reaction is also suitable for late-stage
modification (LSF) of complex molecules, as exemplified by
the efficient LSF of (—)-arctigenin (63, 88%) and dehydro-
abietic acid (64, 92%), the famous ligand (R,R)-TsDPEN (65,
83%), S-methyl cysteine (75), tryptophan (76), lysine (77),
tyrosine (78), dipeptide Val-Tyr (66, 93%), Gly-Leu (79), Phe-
Trp (80), Val-Trp (81), Tyr-Phe (82), Tyr-Lys (83), Tyr-Trp (84),
Tyr-Ala (85), Tyr-Arg (86) and tripeptide Tyr-Glu-Trp (67,
85%) and Tyr-Asp-Ala (87, 88%). Impressively, two dipeptides
bearing BSEA (Val-Trp) and boronic acid (Tyr-Ala) respectively
can also undergo SeNEx smoothly to give the desired ligation
product 68 in 81% yield, indicating its potential application in
peptide ligation. Significantly, a broad scope of transformative
functionalities and/or pharmacophores including terminal
alkenyl (3), adamantyl (7), primary alcohol (5 and 17), phenol
(12 and 39), carboxyl (6 and 38), free amine (18 and 40), pyri-
dine (13-16, 22, and 55), pyrimidine (56), free pyrazole (19),
2/,3',5'-tri-O-acetyl-p-adenosine (20), free indazole (21), azide
(41), free indole (53), quinoline (28 and 54), carbazole (57),
furan (58), thiophene (59), nitro (24, 36, 46, and 52), ester (27,
37,63-64, and 73), amide (all cases), ketone (44), cyano (47 and
63-65), silyl (49), sulfonamide (65) and halo (11, 14, 27, 31-33,
35, 42, and 43) are all satisfactorily compatible, highlighting
the excellent substrate scope of this SeNEx chemistry. It is
noteworthy that many synthetic transformations suffer from
a predicament in that polar and highly functionalized
compounds fail to afford desired products, leading to the
enrichment of hydrophobic compound sets, which are less
likely to become successful drug candidates.*® In contrast, the
good tolerance of polar functionalities (e.g., hydroxy, phenol,
amine, carboxyl, pyridine, and pyrimidine) as well as complex
natural products indicated that this SeNEx chemistry may
cross this predicament. Moreover, the compatibility with
terminal alkenyl, hydroxy, phenol, halogens (Cl, Br, and I),
nitro, ester, ketone, silyl, free pyrazole, free indazole, free
indole, -CHO, -OH, -NH,, -N; and -COOH offers flexible and
diverse handles for programmable synthesis.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Multi-orthogonal and programable synthesis of advanced Org-
Se compounds

The synthetic practicality of this Ag() catalyzed SeNEx chemistry
was further demonstrated by gram-scale (5 mmol) synthesis of
33, 38, 40, and 53 to afford them in 93%, 88%, 68%, and 70%
yields, respectively (Fig. 3a). 33 underwent the intramolecular
Ullmann coupling smoothly to deliver 3a in 58% yield, which
contains a new heterocycle scaffold dibenzo[bf][1,4]selenaze-
pine. Notably, considering that dibenzo[bf][1,4]thiazepine is
known as the core structure of the antipsychotic drug Clotia-
pine, its bioisostere dibenzo[b,f][1,4]selenazepine may also have
the potential to be applied in the research and development of
central nervous system (CNS) drugs. Besides, the compatibility
with carboxyl and amino groups indicates that this SeNEx
reaction is orthogonal to the basic and powerful ester and
amide condensation and N-capping reactions (top 3 reactions in
medicinal chemistry),*” enabling controlled and programmable
synthesis. For instance, 38 can be readily transformed to 3b
(esterification), 3¢ (secondary amide), and 3d (tertiary amide) in
78%, 55% and 83% yields, respectively. Likewise, the amino in
40 can be elaborated favorably to afford 3f (sulfonamide), 3g
(amide), and 3h (urea) in 89-96% yields. Moreover, this SeNEx
reaction is also orthogonal to other known click chemistry and
could be coupled with them efficiently, as exemplified by direct
synthesis of azide substituted selenide (3i), dual SeNEx (3e),
SeNEx-SuFEx-RUAAC (3j) and SeNEx-SuFEx-CuAAC (3Kk).
Impressively, the fluorosulfate-modified BSEA (A34-OFs) reac-
ted smoothly with azide-bearing boronic acid (B76) to afford 31
in 86% yield, which further underwent accelerated SuFEx (3m,
73%) and CuAAC (3n, 85%) efficiently (Fig. 3b), demonstrating
the good orthogonality of this SeNEx click chemistry to SuFEx
and CuAAC. Moreover, a purification-free and one-pot three
consecutive click sequence of SeNEx-SuFEx-SuFEx was con-
ducted to exclusively produce the “multi-clicked” product 30 in
an excellent 90% HPLC purity and 85% yield over three steps
(Fig. 3c). These programmable click sequences highlighted the
potential of this SeNEx chemistry in in situ synthesis of Se-
containing compounds with multi-dimensional diversity. Ulti-
mately, a streamlined synthesis of Se-axitinib (3q)° (Fig. 3d),
a seleno-analog of the FDA-approved second-generation tyro-
sine kinase inhibitor (TKI) for the treatment of renal cell
carcinoma (RCC), has also been smoothly prepared by simple
coupling of BSEA A51 with the advanced boronic acid inter-
mediate B77 via this SeNEx chemistry and a following depro-
tection. Taken together, these preliminary rehearsals highlight
the great potential of this SeNEx chemistry in the controlled and
programmable synthesis of advanced Org-Se compounds with
drug-like properties.

Reliable strategies for the controlled synthesis of sequence-
defined oligomers and polymers, which have promising appli-
cations in materials chemistry and biological research, are
uncommon but highly desirable.”® Inspired by the good
orthogonal reactivity of this Ag(1) catalyzed SeNEx chemistry to
SuFEx, we next reason that SeNEx and SuFEx are ideal coupling
reactions for building sequence-defined oligomers in a protect-
ing group free and iterative-growth pattern. As illustrated in

Chem. Sci., 2026, 17, 225-239 | 229
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A. The orthogonal reactivity of SeNEx to Arl, COOH, NH,, indole & N; based elaboration
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C. A purificaiton-free consecutive click chemistry sequence of SeNEx-SuFEx-SuFEx
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D. Streamlined synthesis of Se-axitinib using SeNEx chemistry as the key connection
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Fig. 3 Diversified synthetic application of this SeNEx chemistry. (A) The orthogonal reactivity of SeNEx to Arl, COOH, NH,, indole and N3-based
elaboration. (B) The orthogonal reactivity of SeNEx with SuFEx and CuAAC catalysis. (C) A purification-free click chemistry sequence of SeNEx—
SUFEx—SuUFEx. (D) Streamlined synthesis of seleno-axitinib by using SeNEx chemistry as the key connection.
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Fig. 4

Iterative SeNEx and SuFEx chemistries for the synthesis of sequence-defined oligo selenides. (i) SeNEx condition (a): BSEA (1.0 equiv.),

boronic acid (1.2 equiv.), DIPEA (1.5 equiv.), ANO= (5 mol%), EA, and rt. (ii): reactants (1.0 equiv.), 1,8-diazabicyclo-(5.4.0)undec-7-ene (DBU, 0.25

equiv.), MeCN, and 80 °C.

Fig. 4, we chose compound A47 (a tryptophan derived BSEA), —
OTBS containing phenylboronic acids (B81 and B82) and
fluorosulfate-modified BSEAs (A49 and A51) as coupling
monomers for the programmable nonamer synthesis. Trimer
4b (A-B-C) was first prepared in 71% yield over two steps from

© 2026 The Author(s). Published by the Royal Society of Chemistry

SeNEx between A47 and B81 and then SuFEx with A49. Next,
a second round of the SeNEx-SuFEx reaction sequence
involving 4b, B82, and A51 afforded the desired pentamer 4d (A-
B-C-D-E) in 60.7% yield over two steps. Starting from 4d and
repeating this SeNEx-SuFEx-SeNEx-SuFEx reaction sequence
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ultimately delivered the desired oligo-selenide 4h (nonamer, A-
B-C-D-E-B-C-D-E) in 14% yield over four steps, containing
a BSEA group for potential further chain growth. Overall, the
successful generation of the nonamer once again confirms the
good orthogonality between SeNEx and SuFEx, and it also
confirms the good feasibility of combining SeNEx with SuFEx to
build sequence-defined oligomers in a protecting group free
fashion. In addition, the investigation of combining SeNEx with
SuFEx to prepare sequence-defined polymers will be a focus of
our future research.”
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Nanomole-scale synthesis—parallel synthesis and DNA-
encoded library synthesis

Miniaturization of organic reactions to a nanoscale is becoming
more and more important for accelerating the discovery of hit
or lead compounds,** because in situ nanomole-scale combi-
natorial compound libraries possess significant advantages
over traditional compound libraries, including less material
consumption to generate more products and more reaction
data, less waste production, and the ability to be used for direct

Nano-scale SeNEx reaction
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Fig. 5 On-microplate nanomole-scale parallel synthesis enables efficient identification of novel CA Xll inhibitors. (a) 16 x 24 nanomole-scale
parallel synthesis on 96-well microplates. (b) 14 x 2 nanomole-scale parallel synthesis on 96-well microplates. (c) Inhibitory rates of 28
compounds against CA Xl at 1 pM and 100 nM. (d) ICsq determination of SA-16 and SA-18; each experiment was run three times independently (n
= 3). Standard condition of parallel synthesis: BSEAs (200 nmol), boronic acids (200 nmol), DIPEA (300 nmol), and AgNOs (5 mol%) in EA (50 pl),
50 °C, and 6 h (without air exclusion). Conversions are determined by LC-MS analysis. LC-MS, liquid chromatography-mass spectrometry.
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biological screening without purification of the crude prod-
ucts.” Meanwhile, their construction requires reactions with
high yield, good predictability, mild reaction conditions, and
reliable performance at the nanomole scale in microliter-scale
reaction droplets.*>*® However, most of the synthetic “toolbox”
cannot be readily miniaturized. Consequently, the development
of new reactions suitable for nanomole-scale parallel synthesis
is of great significance.

Encouraged by the robust performance and high yields of
this SeNEx chemistry as well as our previous experience in on-
plate parallel synthesis,>***** we subsequently performed
a nanomole-scale parallel synthesis on 96-well microplates via
the combination of 16 BSEAs and 24 boronic acids (16 x 24, 200
nmol, 4 mM, Fig. 5 and SI, Fig. S4 and S5). From the perspective
of molecular diversity, the selected 16 BSEAs contain alkyl (Se-
A-Se-G), aryl (Se-H-Se-K), heteroaryl (Se-L-Se-N), and amino
acid (Se-O and Se-P) side chains. Meanwhile, the selected 24
boronic acids contain ortho- (BA-2-BA-4), meta- (BA-5-BA-9),
para-substituted (BA-10-BA-19), electron-neutral (BA-1), EWGs
(BA-2, BA-3, BA-7-BA-9, and BA-12-BA-19), EDGs (BA-4-BA-6,
BA-10, and BA-11), electron-rich heterocycles (BA-21-BA-23),
electron-deficient heterocycles (BA-20), and alkenyl (BA-24),
respectively. The conversions were analyzed by liquid chroma-
tography-mass spectrometry (LC-MS). Among the 384 selenides,
272 (70.8%) attained >90% conversion and 368 (95.8%) ach-
ieved >70% conversion—a generally accepted threshold for in
situ biological screening*”*® (Fig. 5a). Notably, all of the 384
selenides are new structures; therefore, they could further
enrich the Org-Se chemical space. In addition, it is reported that
carbonic anhydrase XII (CA XII), a tumor-associated membrane
protein applicable for hypoxic tumor therapy and imaging, can
be recognized by aromatic sulfonamides.*** Given the good
tolerance of this SeNEx reaction towards the sulfonamide group
and to explore its potential in the discovery of bioactive mole-
cules, we further conducted a parallel synthesis (14 x 2, 14
BSEAs and 2 sulfonamide-boronic acids, Fig. 5b) to search for
novel CA XII inhibitors via in situ target-based screening. To our
delight, 22 out of the prepared 24 compounds exhibited over
80% inhibition at 1 uM, and 3 out of the tested 24 compounds
exhibited over 48% inhibition at 100 nM (Fig. 5c). Further
resynthesis and IC;, determination indicated both SA-16 and
SA-18 are potent CAXII inhibitors, with IC5, values of 72 nM and
90 nM, respectively (Fig. 5d). Overall, these positive results
highlight the great potential of SeNEx chemistry in in situ
nanomole-scale high-throughput medicinal chemistry. With
the experimentally measured dataset comprising 447 reaction
yields, we further developed a machine learning (ML)-driven
reaction yield predicting model, termed SeNEx-ML, to forecast
the yields of these reactions. As illustrated in Fig. 6a, the
research workflow comprises four main stages: (1) structural
digitization, where BSEAs, boronic acids, and selenylation
products are converted to SMILES strings; (2) chemical finger-
print encoding (Fig. 6¢), in which molecular structures are
represented using molecular additive fingerprints (MAFS) to
capture global molecular features and differential MAF (Di-
ffMAF) fingerprints to emphasize the electronic environment
around the Se(n) center;* (3) model development and

© 2026 The Author(s). Published by the Royal Society of Chemistry
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evaluation, where machine learning models are trained on
these fingerprints to predict absolute yields and perform cate-
gorical classification of the selenylation reactions. The dataset
is divided into a training set and a test set in an 8: 2 ratio; (4)
interpretation, where principal component analysis (PCA) is
performed to visualize data clusters and identify structural
features associated with high or low yields.>*®

To address the interpretability challenge in machine
learning, we use PCA and visualization to analyze the model's
learned abstract features in SeNEx reaction prediction. As
shown in Fig. 6b, PCA reveals pronounced multi-cluster distri-
butions that extend beyond simple steric considerations. High-
yield reactions are clustered in the upper-left and lower regions,
whereas low-yield reactions predominantly aggregate in the
upper-right quadrant. Further inspection of representative
reactants in high- and low-yield clusters highlights key struc-
tural trends: high-yield reactions are favored by N-substituents
on BSEAs with low steric hindrance or aromatic moieties, and
boronic acids are generally well tolerated (except for BA-6 and
BA-20). Conversely, BSEAs bearing bulky substituents (such as
Se-O and Se-P) exhibited diminished reactivity. To address these
data characteristics, we propose a modular modeling frame-
work: regression tasks are constructed to predict absolute yield
values, while classification tasks grade reaction outcomes using
threshold-based categories. Specifically, binary classification
partitions the dataset into high and low yields at a 90% yield
threshold, whereas ternary classification introduces an inter-
mediate category, with thresholds set at 80% and 90%. Model
assessment (Fig. 6d) demonstrates that the support vector
machine (SVM) combined with MAF encoding attains 80%
accuracy in binary classification, while NeuralNetTorch
combined with DIiffMAF encoding achieves 70% balanced
accuracy in ternary classification. For regression, support vector
regression (SVR) combined with DiffMAF encoding delivers
experimental-to-predicted yield correlations with a root mean
square error (RMSE) of only 6.2%, fulfilling the requirements
for rapid reaction outcome prediction in practical scenarios.
Representative prediction distributions across the three tasks
are displayed in Fig. 6e.

In addition, the DNA-encoded library (DEL), conceptualized
by Lerner and Brenner in 1992,%” has emerged as a prevalent
technology in current drug discovery due to its merits of huge
capacity, easy storage, and efficient screening.’***** Typically,
DELs are constructed via 3 to 4 cycles of interactive enzymatic
DNA encoding and on-DNA combinatorial synthesis.®** As
aresult, the development of DNA-compatible reactions is one of
the key tasks in DELs.***® Although a set of DNA compatible
reactions such as diarylether synthesis,” cross-coupling
reaction,”®”® C-H activation and functionalization,”®”” photo-
promoted reaction,”®” cycloaddition reaction,® and the on-
DNA synthesis of privileged heterocycles®*** have been devel-
oped in the past few years, only a few good reactions have been
used in DEL synthesis,* due to the highly functionalized and
sensitive DNA barcodes, low reaction scale and highly diluted
conditions.”#%® Nevertheless, the mild and robust conditions
and the excellent functional group tolerance of this Ag(i)

Chem. Sci., 2026, 17, 225-239 | 233
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Fig. 6

(A) Workflow of the SeNEx-ML machine learning approach for selenylation reaction yield prediction. (B) Data visualization and distribution.

Left: potential chemical space visualized by principal component analysis (PCA); right: data yield profiles and summary of ML tasks. (C) Schematic
representation of MAF and DiffMAF fingerprint encoding. (D) Summary heatmap of various machine learning tasks, methods, and fingerprint
encodings evaluated on the test set. Left: classification tasks (accuracy); right: regression task (RMSE). (E) Prediction results of the optimal models

on the test set.

234 | Chem. Sci,, 2026, 17, 225-239

© 2026 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d5sc05512a

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 03 2025. Downloaded on 14/03/2026 17:23:00.

(cc)

Edge Article

o]

R ‘—E:(OH)2

View Article Online

Chemical Science

81.52% 75;290%

. 13.04% 12;80% - 90%

M’—N | g —_— > N . 2.17% 2;70%-80%
SeTN\F AgNOj3, DIPEA H H . 1.09% 1;50% - 70%
. Solvent . 217% 2;<50%
HPi cCHOR D1-D90 :
Boronic Acids Total =52 -
R’ yield R2  yield R® yield
D1 H 96% D10 NO, 86% D19 F 99%
D2 OCH; 99% D11 Cl  99% D20 CI  93%
JK/\ ; D3 NO, 96% D12 CFy 97% D21 Br  99%
R D4 Ac  99% “ R? D13 SO,CH; 99% » D22 OCH; 97%
D5 SO,CH; 97% O/ D14 CH;  92% 6 D23 NO; 99%
D6 CHO 99% D15 CN  99% . D24 CN  99%
DDA p7 E o 99% D12-D20 D16 Br  92% D21-D28 D25 OCF; 99%
D8 Cl  99% D17 OCF; 88% D26 | 99%
D9 OPr 99% D18 OPr 46% D27 COOH 99%
D28 CF3; 99%
5 b o
o e D D TS e +
@ Q N N N = R¢
H \s Br Br
RS
D29,90% D30, 94% D31, 85% D32, 75% D33, 80% D34, 77% D35, 90% D36, 52%
R* RS yield
R* R® yield D37 F  Br 95%
D40 OCH; Cl 99% ) D38 F F 98%
R4 RS yield
D41 Cl  OCF; 99% o OCH OCT D39 CHO F 99%
o e D42 OCH; Br 96% s i 930/"
Cr D43 CHy iCHs: 99% D50 CH cn3 98"; : 4 RS yield
4 D44 F NO, 99% s o o R® R Ve
R D51 CF; CF; 96% D54 CF; F  99%
D5 CHy 'CL 99% D52 Cl  Cl  95% D55 CF; Cl  99%
ol L D53 F  C 950/o R pse No3 CH 48"/0
D47 F Cl 99% ° RS 2 3 e
BESAs
6 6 6
A ey Ny i g
Se RS yield R® yield HN o se R® _yield
D57 NO, 89% D61 NO, 99% i D65 NO, 95%
D58 CN 87% D62 CN  96% H D66 CN  99%
D59 CF; 93% D63 CF3 80% D67 CF3 92%
D57-D60 D60 OCH; 92% D61-D64 D64 OCH; 91% D65-D68 O D68 OCH; 99%
: _R® R®
6 Se
e o O
Se,
Ré  yield R®  yield NH R yield
D69 NO, 99% D73 NO, 99% NH, NH D77 NO, 99%
D70 CN  99% D74 CN  92% o o D78 CN  82%
D71 CF; 99% D75 CF; 97% D79 CF; 85%
D69-D72 D72 OCH; 99% D73.D76 D76 OCHz 92% D77-D80 D80 OCH; 99%
6
NH S€ NH NH S¢
R®  yield R®  yield o) R®  vyield
D81 NO, 90% D85 NO, 91% D89 NO, 99%
D82 CN  92% R® D86 CN  95% D9 CN  96%
D81-D84 D83 CF; 88% D85-D88 D87 CF; 88% D89-D92 D91 CF; 97%
D84 OCH; 92% D88 OCH; 94% D92 OCH; 99%
on-DNA SeNEx-Suzuki seq
| R | § OI
2y " K me
o |
SN o) 1H0)ZB—©—| j’\/\ 0 s¢ 0 s¢ 3 -
HN N Y7 L HN N R7=B(OH), HN N : -§-<\:/> D94, 73%
Se. SeNEx Suzuki coupling H R’ = N
: —§-@ D95, 63%
HPi1 D26
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catalyzed SeNEx chemistry indicate its potential for an ideal
DNA-compatible reaction development.

To our delight, by using 20 equivalents of AgNOj;, 1000
equivalents of DIPEA, 1000 equivalents of boronic acid, and
MeCN-ddH,O (6:1) as solvents (SI, Table S2, entry 1), the on-
DNA SeNEx reaction proceeded smoothly at room temperature,
affording the desired DNA-conjugated selenide D1 in 99%
conversion (10 nmol scale), which was confirmed by the co-
injection experiment (SI, Fig. S9). As delineated in Fig. 7, most
of the tested boronic acids (multiple substitution types) reacted
smoothly with DNA-conjugated BSEA Hpil to produce the cor-
responding DNA-conjugated selenides in good to excellent
conversions (D1-D56), except for DNA-conjugated selenides
D18 (46%), D36 (52%), and D56 (48%). Impressively, sterically
hindered boronic acids (e.g., 2-acetyl phenylboronic acid) are
known to be inferior coupling partners in on-DNA Suzuki
coupling.” However, in this on-DNA SeNEx reaction, a series of
ortho-substituted boronic acids (D2-D9), including sterically
hindered nitro (D3), acetyl (D4), methylsulfonyl (D5), iso-
propoxyl (D9) and even 2,6-dimethyl substituted (D35) boronic
acid, are all well tolerated (90-99%). Notably, apart from halo,
alkyl, and alkyloxy groups, functional groups (FGs) including
aldehyde (D6, D39), ketone (D4), nitro (D3, D10, D23, D44, D56),
cyano (D15, D24), carboxy (D27), thiophene (D29), furan (D30),
free indole (D31), quinoline (D32), carbazole (D33) and pyridine
(D34) are all well compatible. Besides, the on-DNA parallel
synthesis between 9 DNA-conjugated BSEAs and 4 representa-
tive boronic acids (NO,, CN, CF;, and OCH3) also proceeded
well, delivering the target selenides (D57-D92) in 80-99%
conversions. Among the 92 tested on-DNA SeNEx reactions, 75
(82%) attained greater than 90% conversion, and 87 (95%)
reached greater than 80% conversion. Moreover, a mock DEL
construction was performed by using 3 cycles of chemistry
including amidation, SeNEx, and Suzuki coupling. The desired
conjugates D93-D96 were obtained in 63-85% conversions over
3 steps on-DNA synthesis. More importantly, the gel electro-
phoresis analysis of the enzymatic ligation of D1 with a 50-
basepair primer showed complete ligation (SI, Fig. S10), and the
gPCR results revealed that a DEL library has ca. 86% remaining
amplifiable material under this DNA compatible SeNEx reac-
tion, which is much higher than the threshold (30%) for prac-
tical DEL synthesis® (SI, Fig. S11). In addition, we further
conducted two sets of 1 x 2 x 2 (Fig. S12) and one setof 1 x 2 X
3 (Fig. S21) mock library synthesis,” both using 3 cycles of
chemistry including amidation, amidation and SeNEx chem-
istry. UPLC-MS data verified the structures of all corresponding
members. Overall, this SeNEx click chemistry is a paradigm of
both reaction-centric and product-centric on-DNA synthesis
that features broad substrate scope and satisfactory DNA
compatibility. Thus, it will have great application prospects in
the synthesis of SeDEL for probing ultra-large Org-Se chemical
world.

Conclusion

In summary, we have successfully designed and developed an
unprecedented highly selective, and multi-orthogonal SeNEx
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chemistry (Se-N to Se-C(sp?)) between BSEAs and boronic acids.
This chemistry features modular, predictable, robust, high-
yielding characteristics (>70% yield or conversion in 95% of 485
examples), proceeds under mild and switchable reaction
conditions, and is operationally simple (tolerant to air and
water). Impressively, this reaction demonstrates exceptional
chemo-selectivity for Se-N over a wide range of competitive
electrophiles, including -CHO, ketone, -SO,F, S-N, -NO,, -N3, -
CN, and ester. Furthermore, it tolerates a broad scope of
transformable handles such as -COOH, -OH, -NH,, amides,
sulfonamides, and N-unprotected heterocycles. The excellent
functional group compatibility enables this chemistry to be
orthogonal to nearly the top 20 reactions in medicinal chem-
istry, as well as SuFEx, RUAAC, and CuAAC click chemistries,
facilitating sequential and programmable synthesis of
advanced Org-Se compounds. Due to these remarkable merits,
this chemistry has been successfully applied in the late-stage
modification of natural products, peptide modification/liga-
tion, synthesis of Se-analogs of the marketed drug axitinib,
sequential click chemistry (coupled with clickable C3-H sele-
nylation of indole, SUFEX, RUAAC, and CuAAC), and protecting
group-free syntheses of sequence-defined oligo selenides (non-
amers). Additionally, this SeNEx chemistry demonstrates
outstanding performance in on-plate nanomole-scale parallel
synthesis (16 x 24) to afford a library of 384 selenides, with
>70% conversion achieved in 368 cases (95.8%), indicating its
suitability for in situ biological screening. Moreover, it performs
effectively in DNA-encoded library synthesis (92 examples).
Notably, a target-based screening identified SA-16 as a potent
CA XII inhibitor, with an ICs, value of 72 nM. Furthermore,
a machine learning-based model (SeNEx-ML) was established
for reaction yield prediction, achieving 80% accuracy in binary
classification and 70% balanced accuracy in ternary classifica-
tion. These results demonstrated that this chemistry serves as
a powerful tool to bridge the selenium chemical space with the
existing chemical world, offering transformative potential in
multidisciplinary fields, such as synthetic chemistry, material
science, chemical biology, and medical chemistry.
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