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Chemical ligation is an essential tool for constructing complex biomolecular architectures. To accelerate reaction discovery,
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a one-pot multi-substrate screening (OPMSS) platform was developed, combining peptide nucleic acid (PNA) tagging with

direct MALDI analysis. This approach enables the simultaneous evaluation of multiple substrate pairs in a single pot without

the need for chromatographic separation. Short PNA tags promote a uniform combinatorial pairing of substrates while the

neutral polyamide backbone facilitates MALDI analysis to allow direct readout of ligated products as predominantly singly

charged ions. Using this system, we readily detected established ligations, including Huisgen cycloaddition and amide bond

formation, validating the platform in pilot screens pairing 8 x 8 substrates (64 possible combinations). Applying the method

to discovery-mode screening of 13 x 11 substrates under visible-light photocatalytic conditions identified a previously

unexplored ligation between alkyl azides and alkenes, consistent with pathways involving aminyl radicals or aminium radical

cations. This work demonstrates the potential of OPMSS with PNA tagging as a practical and discovery-oriented approach

for identifying new ligation reactions directly from complex mixtures.

Introduction

Chemical ligation has proven to be a powerful tool in medicinal
chemistry, chemical biology, and the synthesis of
macromolecules.l' 23 The discovery of new ligation chemistries,
however, often relies on serendipity or the execution of a large
number of experimental trials. To accelerate reaction discovery,
two modern approaches—high-throughput experimentation
(HTE) and one-pot multi-substrate screening (OPMSS)—have
been developed, supported by advanced analytical
technologies. These platforms allow a large number of reactions
to be performed and analysed within a short time compared
with traditional one-to-one methods.

HTE, which typically employs multi-well plates, significantly
increases experimental throughput, although it requires the
individual preparation and analysis of each reaction mixture.*10
This approach often requires automated equipment to handle
the repetitive manipulations involved. In contrast, OPMSS
allows many combinations of substrates to be examined within
a single solution, thereby greatly accelerating reaction
discovery by generating a diverse dataset.!’* A major
advantage of OPMSS is its minimal number of manipulations
compared with HTE. However, this approach suffers from a
bottleneck—a simultaneous analysis of hundreds to thousands
of reactions.

In small-molecule reactions, most reaction components
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(substrates, reagents, products, and side products) possess
similar molecular weights (MWs) around 500 (Fig. 1A).
Consequently, unexpected products generated in OPMSS
cannot be directly identified by conventional
spectrometry by falling within a narrow m/z window (~500 Da).
This analytical challenge can be overcome through the
introduction of suitable tagging strategies (Fig. 1B). For
instance, a deuterium tag provides twin peaks in ion mobility
mass-spectrometry (IM-MS) analysis, serving as clear landmarks
to assist product identification (Fig. 1a).!* Such tagging
approaches have also been applied to evaluate deuteriation
reactions in other OPMSS systems.?®> A fluoride tag combined
with F-NMR spectroscopy and a chiral NMR shift reagent
enables simultaneous determination of reaction yields and
enantiomeric excesses of 21 asymmetric aminations.®
Historically, OPMSS has been widely used to optimise
asymmetric catalytic reactions across a broad substrate scope.
In contrast, OPMSS for discovering novel ligation reactions of
two different substrates remains limited due to the three
inherent challenges to reaction discovery:

1) Substrates must selectively react with their pairs without
undesired cross reactivity.

2) Competitive reactions must be minimized to avoid false
positives; and

3) Ligated products must be efficiently identified even when
their structure is unanticipated.

To meet these requirements, several tag-free OPMSS systems
have been reported. One example employed two substrate
pools, each containing four or five substrates, followed by GC-
MS or ESI-MS readout to identify new reactions.'” The workflow
includes second and third round screening steps. Although
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Fig. 1 Methods for reaction discovery. (A) Classical methods versus OPMSS, (B) Tagging strategies for OPMSS: (a), (b) Previous reports, (c) This work.

successful in discovering three novel reactions, this approach
relies on careful substrate and reagent design, accurate product
prediction, and a limited substrate number per pool to avoid
analytical complexity.

DNA tagging offered a more powerful OPMSS platform,
combining DNA-templated reactions with fluorescence-based
microarray readouts!® 1° or next-generation DNA sequencing?®
(Fig. 1b). DNA-templated systems inherently minimize
unproductive interactions while maximizing productive
encounters between complementary substrates,?" 22 thereby
satisfying the three aforementioned criteria. While DNA tagging
is powerful, it often necessitates a costly, multistep workflow
involving linker cleavage and amplification prior to readout.
Furthermore, long DNA strands augment the risk of
interference in the reaction and hybridization buffers for
substrates restrict the reaction conditions that can be
practically screened.

Given these limitations, we envisioned that a simpler and more
accessible approach would greatly enhance the general
applicability of OPMSS. Fundamentally, reaction mixtures
containing highly functionalized DNA tags are difficult to
analyse directly by MALDI due to multiple ionization modes
arising from the negatively charged phosphates. In contrast,
uncharged peptide nucleic acid (PNA) tags, which exhibit a
uniform ionization behaviour, should facilitate direct MALDI
analysis (Fig. 1B_b). We therefore hypothesised that PNA
tagging could enable the direct and simultaneous analysis of

2| J. Name., 2012, 00, 1-3

multi-substrate ligations in a single pot. In principle, MALDI-TOF
MS provides a straightforward spectral separation between
reagents (MW < 1000), substrates (MW = 1800) and products
(MW = 3600), as the mass gap between substrate and product
regions (Am/z > 1000) prevents overlap. This allows reaction
chromatographic separation, greatly
shortening analysis time.2> Moreover, PNA tags retain the
templating advantage of DNA while offering reliable pseudo-
intramolecular reaction environments between substrates X
and Y.2* Such a templated system allows proximity-enabled
reactions, which has been widely utilized in chemical biology
and covalent drug development?® in addition to normal
chemical reactions. MALDI analysis, compared with GC-MS or
LC-MS, further offers time efficiency and scalability benefit.8
Herein, we report a novel OPMSS based on PNA tagging
combined with direct MALDI analysis of multi-substrate
reactions. Here, MALDI-TOF MS was used for rapid molecular
weight—based identification of ligated products, rather than for
definitive structural elucidation.

Organic azides are ubiquitous and biocompatible functional
groups widely employed in Huisgen cycloadditions, Staudinger-
Bertozzi ligations, and as amine precursors.2® Aryl azides, in
particular, have been extensively studied as photo-triggered
tools in biological experiments.?” Upon ultraviolet (UV)
irradiation, aryl azides form highly reactive singlet nitrenes that

monitoring without
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Scheme 1 (a) Liu’s report and (b) Our initial attempt

undergo X-H insertion (X = C, N, O) or rearrange into other
reactive intermediates such as benzazirines and ketenimines
(Fig. 2a).28 Visible-light photocatalysis can also transform aryl
azides into aminyl radicals and nitrenes.1% 272931 These reactive
intermediates give a scaffold for photolytic or photocatalytic

This journal is © The Royal Society of Chemistry 20xx
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proximity protein labelling. In contrast, alkyl azides have.beep
less explored for photo-triggered applicBH6A8- 18Withp X Their
lower extinction coefficients,3? lower reactivity,3® and tendency
to decompose to imines (Fig. 2b).34-37

To utilize the highly reactive nitrogen-centred radicals (NCRs),
intramolecular trapping3® or metal trapping3® are required. In
other words, biocompatible photocatalytic intermolecular bond
formation involving alkyl azides remains particularly
challenging. To date, one example of biocompatible
photocatalytic intermolecular bond formation of alkyl azides
has been reported.?® In that DNA-templated system, Liu and co-
workers demonstrated that aminyl radicals generated from
alkyl azides could react with norbornene. However, their final
experiment using small molecules demonstrated only the
photocatalytic reduction of alkyl azides, suggesting that NCRs
might not participate in bond formations with alkenes under
those conditions. To evaluate this chemistry, we initially applied
similar reaction conditions to azide 3 (Scheme. 1b) using
catalytic Ru(bpy)sCl,, iProNEt, and Hantzsch ester under
compact fluorescence lamp (CFL) irradiation. The reaction
afforded amine 4 in less than 22% yield, and an intramolecular
trapping attempt with azide 5 failed to produce the expected
cyclized product 6.° These unsatisfactory results motivated us
to explore photoredox-catalyzed bond formation of alkyl azides
as a potential new ligation reaction.

Our objectives in this study were therefore: (i) to establish a
new OPMSS platform capable of identifying novel ligation
reactions, and (ii) to discover a previously unknown visible-light-
triggered chemical ligation of alkyl azides. We focused
particularly on photocatalytic conditions employing visible light,
given their compatibility with biomolecules and their ability to
selectively activate alkyl azides. Alkyl azides are chemically
more stable than aryl azides, while NCRs from alkyl azides are
expected to display higher reactivity than their aryl
counterparts—making them interesting, even if challenging
candidates for photo-triggered ligations.

Results and discussion

The rate of templated reactions can depend on the length of
the PNA sequences. For example, a 4-mer may not provide
sufficient pairing lifetime for the reactants, resulting in an
overall reaction rate far below the maximum (vmax). In contrast,
increasing the PNA length from 5-mer to 7-mer led to an
increase in the apparent reaction rate.*" 42 Based on these
findings, we designed 6-mer PNA sequences (PNA-X: GCGGCG,
PNA-Y: CGCCGC) as substrates for OPMSS. While these
sequences are palindromic sequences, the preferred anti-
parallel alignment should predominate in the hybridization
equilibria since hybridization of these short sequences remains
dynamic.?3 These palindromic sequences benefit from requiring
only two PNA monomers. During synthesis, linkers composed of
fewer than five Gly were used for PNA-Y, because longer linkers
were found to reduce PNA solubility. DAP and Lys linker were
selected for PNA-X as representing different amine basicity and
reactivity. We prepared 17 PNA-X and 19 PNA-Y bearing
different linkers and 25 distinct functional groups (e.g. alkyl
azides, carboxylic acids, and amino acids) (SI, Table S2_1, S2_2).

J. Name., 2013, 00, 1-3 | 3
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Each functional group and linker were attached to the C-
terminal end of PNA-X or N-terminal end of PNA-Y. Using these
substrates, PNA pools were constructed for subsequent OPMSS.
An inherent challenge of multi-pair screening is that the yield of
any individual ligation is low relative to a given substrate since
only a subset of the pairings undergo a product reaction.
Despite this limitation, the products are clearly identifiable.
While not explore in the current study, limiting the
spectrometric analysis to ions in the range of ligated molecular
weight (excluding ions from unligated substrate) would likely
improve sensitivity and potentially expand the size of substrate
set using in the screening.

1.1.  Control experiments

As a proof of concept for OPMSS using PNA tags, Huisgen
cycloaddition and condensation reaction were examined as
reliable model reactions. First, Huisgen cycloaddition was
evaluated using 64 combinations of PNA pairs containing one
alkyne-PNA-X and five azide-PNA-Ys (Fig. 3).4* As expected, five
distinct ligated products were detected after 2 h of incubation.
Although background peaks corresponding to [2M+H]* species
of the substrates were observed due to strong laser intensity
used for detection, these signals do not affect the detection of
a ligation product. This result showed that more than 50 PNA
pairs can be screened in a single microtube, and that MALDI-
based readout is suitable for small-scale (pmol-level) OPMSS
screening.

Next, a condensation reaction was evaluated using 143 PNA
pairs comprising 13 PNA-X and 11 PNA-Y species. Among them,
four PNA-X (X13—X16) carried a carboxylic acid at C-terminus,
while two PNA-Y (Y10, Y12) carried an amine at N-terminus. As
expected, eight ligated products were detected with signal
intensities higher than background peaks (Fig. 4). These results
confirmed that more than 64 PNA pairs can be screened in a
single microtube by OPMSS. An inherent challenge of multi-pair
screening is that the yield of any individual ligation is low
relative to a given substrate since only a subset of the pairings
undergo a product reaction. Despite this limitation, the
products are clearly identifiable in linear and reflector mode
(Figure S3-2-2).

1.2. Reaction discovery using OPMSS

Encouraged by these positive results, we sought to discover new
reactions involving active species derived from azides. The workflow
was as follows: (1) screening of reaction conditions to form active
species, NCRs, from azides by using several PNA-Ys; (2) applying the
optimized conditions to 72 PNA pairs, comprising PNA-Xs
functionalized with complementary reactive groups and PNA-Ys
bearing various azide-containing functional groups; (3) testing multi-
to-multi PNA reactions to validate possible hits; and (4) performing
multi-to-one reactions and the following one-to-one reactions to
confirm findings outside of OPMSS format. In the initial screening,
two photoredox conditions were found to reduce azides (Y1, Y3, and
Y4) to amines, presumably via NCRs (SI 3.3.3.1). Both conditions used
[Ir(dtbbpy)(ppy)2]PFs as a photoredox catalyst and triethanol amine
(TEOA) or tetramethylethylenediamine (TMEDA) as reducing agents
under 455 nm irradiation. Using these two conditions, two sets of

4| J. Name., 2012, 00, 1-3

photoredox reactions comprising 72 PNA pairs (8 PNA;X and 9 PNA-
Y) were examined in one pot (Sl 3.3.3.2). Alttiwugh1 MALDIST O/ BAS
enables rapid molecular weight readout, reliable mass identification
becomes challenging under highly pooled conditions when ligation
efficiency is low and background signals dominate. In the initial
Round 1 screening, this limitation prevented unambiguous mass
assignment of ligated products (Figure S3-5-2). Given the vast array
of chemistries possible with different NCRs, results were validated
with smaller pools (Fig. 5A, B). PNA X12 uniquely afforded some
ligated products and recapitulated the results obtained from the
larger screen (round 2). Notably, PNA X11, which shares an
acrylamide moiety with X12, produced no ligated products,
suggesting that linker length affects ligation efficiency, as
exemplified in reductive amination.*> In the reaction of PNA X12 with
nine PNA-Ys, four clearly discernible ligated products were observed,
with intensities stronger than background peaks (Fig. 5B and Fig. S3-
7-12). These peaks corresponded to five ligated products between
X12 and Y3, Y4, Y5, Y8, or Y9. Round 2 enabled confident mass
identification of these targets, whereas Round 1 did not. This
outcome is likely attributable to the intrinsically low yield of the
newly identified ligation under OPMSS conditions, in contrast to the
higher efficiencies observed for Huisgen cycloaddition and
condensation. Subsequent one-to-one reaction confirmed that each
observed product from OPMSS was indeed the product of unique
substrate pairs (Fig. S3-8). Given the reaction conditions, we
hypothesized that NCRs generated from azides reacted with
acrylamide X12. To test this, we replaced Y3 with its reduced analog
Y10 and examined the same reaction (Fig. 5C). No ligated product
was observed, ruling out an aza-Michael addition mechanism,
suggesting a radical-mediated process.

1.3. Photo-triggered reaction of azides with

diphenylethylene

1,1-

Finally, the newly discovered reaction was validated using small-
molecule analogues. Similar to the PNA-templated reaction between
Y3 and X12, a photo-triggered reaction between azides and
acrylamides was examined. Initially, an excess amount of photoredox
catalyst (3.3 equiv.) and high dilution (75-300 uM), as used during
the screen, was required to establish suitable conditions for small-
molecule reactions. However, under these conditions, only trace
amounts of the ligated product were obtained, with amines from
azides as the main products (Scheme S2). This outcome indicated
that changing from PNA-templated reactions to non-templated
reaction caused the loss of proximity effect and the optimized
microenvironment. To identify better partners for the activated
azides, we rescreened several alkenes and found that 1,1-
diphenylethylene reacted effectively with azide 3 under optimized
photoredox conditions (Scheme S3, Table 1). We also examined
various reducing agents, as water solubility (important for PNA
reactions) was unnecessary in this context. Among those tested, N-
methyl morpholine (NMM) gave the highest yield (61%) of ligated
product 8 in MeCN (entry 8). In contrast, i-PrNEt;, EtsN, and TMEDA
primarily produced reduced product 4 (entries 2-4), while
quinuclidine led to incomplete conversion (entry 1). TEOA and
BnNMe; afforded moderate yields (36% and 41%; entries 6, 7).
Adding water slightly decreased the yield with NMM (48%; entry 8),
but TEOA gave the best yield (80%; entry 9). The optimized
conditions exhibit several advantages: applicability to alkyl azides,
short reaction time, and tolerance to dilution. The main limitation is
the need for excess 1,1-diphenylethylene. Considering the

This journal is © The Royal Society of Chemistry 20xx
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Fig. 3 gA) Combinations of substrate pairs screened. Gray lines indicates examined pairs; red lines, hit pairs. Green boxes indicate PNA sequence “GCGGCG”; Blue
boxes, “CGCCGC”. (B) Huisgen cycloaddition reaction among 64 substrate pairs catalysed by Cu (Il). (a) MALDI spectra of reaction mixtures. (b) Expanded spectra. Upper:
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Reaction conditions: eight PNA-Xs (5.0 BM x 8), eight PNA-Ys (5.0 uM x 82, CuSOs (0.43 mM, 85 quiv./PNA alkyne), THPTA (4.3 mM), Na ascorbate (2.1 mM), 1 x DPBS
buffer.; Reaction scale: 100 pmol/each PNA; 0.10 nmol of PNA was used for one analysis.
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Fig. 4 (A) Combinations of substrate pairs screened. Gray lines indicates examined pairs; red lines, hit pairs. Green boxes indicate PNA sequence “GCGGCG”; Blue
boxes, “CGCCGC”. (B) EDCl-mediated condensation among 143 substrate pairs. (a) MALDI spectra of reaction mixtures. (b) Expanded spectra. Upper: without EDCI.
Lower: with EDCI. Pink lines indicates ligated products. Spectra were scaled relative to the base peak.

Reaction conditions: thirteen PNA-Xs (5.0 uM x 13), eleven PNA-Ys (5.0 uM x 11), EDCI (0.20 M, 1.3 x 10* equiv./PNA-CO,H), 1xMES buffer : DMF = (2 : 1). ; Reaction
scale: 100 pmol/each PNA; Scale for analysis: 0.10 nmol of PNA was used for one analysis.
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Fig. 5 (A) Combinations of substrate pairs screened in (a) Round 2, and (b) Round 3. Green boxes indicate PNA sequence “GCGGCG”; Blue boxes, “CGCCGC”. Gray lines indicates
examined pairs; red lines, hit pairs. (B) OPMSS of Photoredox reaction. (c) Observed MALDI spectra from X12 and nine PNA-Y (Y1-Y9): Round 2. (b) Zoomed MALDI spectra. upper
spectra: 455 nm irradiation (). Lower spectra: 455 nm irradiation (+). Pink lines: observed ligated products. C) Comparison of photoredox reaction of X12 and Y10 or Y3. Spectra
were scaled relative to the base peak.

Reaction conditions in Round 2: one PNA-X (75 uM), nine PNA-Ys (7.5 uM x 9), [Ir(dtbbpy)(ppy)2]PFs (1.0 mM, 15 equiv./PNA-Ns), 1 M triethanol amine aq. (50 mM, 7.4x10?
equiv./PNA-Ns), 1.0 M Tris buffer : DMSO = 1 : 1, 455 nm irradiation; Reaction scale: 150 pmol/each PNA; Scale for analysis: , 1.5 nmol of each PNA was used for one analysis.
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Table 1. Screening of reducing agents

Ph

0 }\ph (10 eq) o H T
PMB . H k/'\'a [Ir(dtbbpy)(ppy)s]PF (1 moles) PMB. HJ\/ N\/]\Ph

amine (5 eq)
3 MeCN, blue LED, 3 h 8
entry reducing agents pKen Yield* of 8 (%)
1 quinuclidine 11.3 6
2 i-ProNEt 10.9 31
3 TMEDA 9.2 16
4 EtsN 9.0 22
5 DABCO 8.7 15
6 TEOA 7.7 44
7 BnNMe, 7.6 36
8 NMO 7.4 61
9 1 M TEOA aq. 7.7 80
10 1 M NMO ag. 7.4 48
*HPLC yields.
(a) (b)
. | AE = 0.66 - 0.68 = - 0.02
RNTNEN i NRy : NRy
; \_
e
Ny | e, +He M) eIy Ir(Iv)
- Path A Path B
R—NH
i -e = * NRy
+H*
i NRy
R—NH, Ir(Inys* AE=1.21-068
- Ir=Ir(dtbbpy)(ppy); | =+0.53

Proton source O HAT donor

+ __Ph
R—H:\l/ ; (c)

—-HY, +H’ |) @
Mo Mo H—‘N/\VPh
/\(Ph /g h

Ph

TEOA™ i

Fig. 6 Proposed reaction mechanism. (a) Formation of product 8 from 3. (b) Redox
cycle by the Ir catalyst and reducing agents. (c) Possible proton sources and HAT
donors; Redox potentials of Ir(dtbbpy)(ppy).PFs and i-PrNEt are shown as
follows.2% 47; Eox (Ir"*/1r") = + 0.66 V vs. SCE, Eox (Ir'V/Ir'") = + 1.21 V vs. SCE, Eox (i-
PrNEt>* /i-PrNEt) = + 0.68 V vs. SCE.

effectiveness of TEOA, we compared the pKgy values of the amine
reductants. TEOA and NMM, both having relatively low pKgy (< 8),
correlated with higher yields of ligated product.

Based on these findings, a plausible mechanism is proposed
(Fig. 6). (i) Azide 3 accepts one electron and one proton,
releasing N, to form the aminyl radical i. (ii) Protonation of i
affords an aminium radical cation (ARC) ii, which reacts with 1,1-
diphenylethylene to generate radical intermediate iii. (iii)
Hydrogen atom transfer (HAT) and protonation of iii then yield
product 8. In this mechanism, Ir(ll) or Ir(lll)* can serve as the
electron donor (Fig. 6b). In Path A, photo-excited Ir(ll)* is
reduced by TEOA to Ir(ll), which then transfers an electron to
the substrate or intermediates. In Path B, Ir(lll)* directly

8| J. Name., 2012, 00, 1-3
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reduces the substrate, and the resulting Ir(IV) is subsequently

reduced by TEOA. Redox potential analysis*® 4° indicated that
Path A is an endergonic process (AE < 0), whereas Path B is
exergonic process (AE > 0), making Path B more plausible,
although it is unclear whether alkyl azides can be reduced by
Ir(ll1)*. Since TEOA proved to be the most effective reductant,
we propose that both of its radical cation (TEOA*) and
intermediate iii serve as the proton source and H-atom donor.
The a-hydrogen of tertiary amine radical cations (e.g., EtsN**) is
relatively acidic (estimated pKa = 14.7).°% 5! This mechanism
also rationalizes why TEOA was crucial for obtaining 8 (Table 1):
abundant proton sources from TEOA*™ promote the formation
of highly reactive ARC species toward alkenes, rather than less
reactive aminyl radicals.>? It is noted that the reaction of PNAs
proceed via aminyl radicals, because the reaction partner was
acrylamide X12 as an electrophilic radical acceptor and PNA
hybridization form pseudo intramolecular systems.

Conclusion

This study demonstrates that PNA tagging combined with
direct MALDI readout offers a simple yet powerful platform for
the discovery of new chemical ligations through OPMSS. The
rapid data acquisition using MALDI (>10 reactions h') offers a
rapid design-test cycle time. By systematically exploring 64
combinations of PNA pairs in Huisgen cycloaddition and 143
combinations in EDCl-mediated condensation, we identified
five and eight ligated products, respectively, highlighting the
capability of this approach to discover ligation reactions.
Moreover, screening of 128 PNA pairs led to the discovery of a
novel ligation initiated by NCR formation from alkyl azides.
Although the reactions were divided into 16 subsets to facilitate
analysis, this modular screening strategy effectively revealed a
visible-light-induced ligation between small-molecule alkyl
azides and alkenes. The optimized reaction conditions employ
catalytic amounts of [Ir(dtbbpy)ppy2]PFs and TEOA. These
findings not only expand the utility of OPMSS for reaction
discovery but also provide a framework for investigating light-
driven radical processes in complex molecular systems.

Data availability

The experimental procedures and additional data can be found
in the ESI.

Acknowledgements

This investigation was supported in parts by the fellowship of
Astellas Foundation for Research on Metabolic Disorders, The
Mochida Memorial Foundation for Medical and Pharmaceutical
Research, and Tohoku Development Memorial Foundation
(A.K.).

Notes and references

This journal is © The Royal Society of Chemistry 20xx

Page 8 of 10


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08732e

Page 9 of 10

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 1:48:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

Chemical Science

V. Agouridas, O. El Mahdi, V. Diemer, M. Cargoet, J. M.
Monbaliu and O. Melnyk, Chem. Rev., 2019, 119, 7328-
7443.

C. Bednarek, I. Wehl, N. Jung, U. Schepers and S. Brase,
Chem. Rev., 2020, 120, 4301-4354.

R. M. de Figueiredo, J. S. Suppo and J. M. Campagne, Chem.
Rev., 2016, 116, 12029-12122.

K. Burgess, H. J. Lim, A. M. Porte and G. A. Sulikowski,
Angew. Chem. Int. Ed., 1996, 35, 220-222.

A. McNally, C. K. Prier and D. W. MacMillan, Science, 2011,
334, 1114-1117.

H. Kim, G. Gerosa, J. Aronow, P. Kasaplar, J. Ouyang, J. B.
Lingnau, P. Guerry, C. Fares and B. List, Nat. Commun.,
2019, 10, 770.

D. Pham, C. J. Deter, M. C. Reinard, G. A. Gibson, K.
Kiselyov, W. Yu, V. C. Sandulache, C. M. St Croix and K.
Koide, ACS Cent. Sci., 2020, 6, 1772-1788.

J. R. Cabrera-Pardo, D. I. Chai, S. Liu, M. Mrksich and S. A.
Kozmin, Nat. Chem., 2013, 5, 423-427.

A. J. Brouwer, H. J. van Der Linden and R. M. Liskamp, J.
Org. Chem., 2000, 65, 1750-1757.

M. T. Reetz, M. H. Becker, M. Liebl and A. Flrstner, Angew.
Chem. Int. Ed., 2000, 39, 1236-1239.

M. S. Fogel and K. Koide, Org. Process Res. Dev., 2023, 27,
1235-1247.

T. Satyanarayana and H. B. Kagan, Adv. Synth. Catal., 2005,
347,737-748.

C. C. Wagen, S. E. McMinn, E. E. Kwan and E. N. Jacobsen,
Nature, 2022, 610, 680-686.

C. Yan, J. W. Schmidberger, F. Parmeggiani, S. A. Hussain,
N. J. Turner, S. L. Flitsch and P. Barran, Analyst, 2016, 141,
2351-2355.

M. van Gemmeren and J. Dey, Synlett, 2024, 35, 2191-
2200.

D. Kim, G. Choi and H. Kim, J. Am. Chem. Soc., 2025, 147,
19770-19776.

D. W. Robbins and J. F. Hartwig, Science, 2011, 333, 1423-
1427.

M. W. Kanan, M. M. Rozenman, K. Sakurai, T. M. Snyder
and D. R. Liu, Nature, 2004, 431, 545-549.

Y. Chen, A. S. Kamlet, J. B. Steinman and D. R. Liu, Nat.
Chem., 2011, 3, 146-153.

C. Cox, E. Pimentel, B. Miller, D. Nesbitt, J. LeMonds, E.
Hartman, T. Hancock, R. Kennedy, J. Coon, M. Sigman and
J. Martell, 2025, DOI: 10.26434/chemrxiv-2025-Im981.

E. B. Pimentel, T. M. Peters-Clarke, J. J. Coon and J. D.
Martell, J. Am. Chem. Soc., 2021, 143, 21402-21409.

M. M. Rozenman and D. R. Liu, Chembiochem, 2006, 7, 253-
256.

E. Nordhoff, C. Luebbert, G. Thiele, V. Heiser and H.
Lehrach, Nucleic Acids Res., 2000, 28, E86.

K. Gorska and N. Winssinger, Angew. Chem. Int. Ed., 2013,
52, 6820-6843.

|. Hamachi, T. Tamura and H. Nonaka, Acc. Chem. Res.,
2025, DOI: 10.1021/acs.accounts.5c00646.

S. Brase, C. Gil, K. Knepper and V. Zimmermann, Angew.
Chem. Int. Ed., 2005, 44, 5188-5240.

Y. Zhang, J. Tan and Y. Chen, Chem. Commun., 2023, 59,
2413-2420.

N. P. Gritsan and M. S. Platz, Kinetics, Chem. Rev., 2006,
106, 3844-3867.

This journal is © The Royal Society of Chemistry 20xx

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.
50.

51.

52.

B. F. Buksh, S. D. Knutson, J. V. Oakley, N. B, Bissonnette,
D. G. Oblinsky, M. P. Schwoerer, C.[ROSeatt) b B15Gerig F3
Rodriguez-Rivera, D. L. Parker, G. D. Scholes, A. Ploss and
D. W. C. MacMiillan, J. Am. Chem. Soc., 2022, 144, 6154-
6162.

N. E. S. Tay, K. A. Ryu, J. L. Weber, A. K. Olow, D. C.
Cabanero, D. R. Reichman, R. C. Oslund, O. O. Fadeyiand T.
Rovis, Nat. Chem., 2023, 15, 101-109.

H. Wang, Y. Zhang, K. Zeng, J. Qiang, Y. Cao, Y. Li, Y. Fang,
Y. Zhang and Y. Chen, JACS Au, 2021, 1, 1066-1075.

G. Gimpl and K. Gehrig-Burger, Steroids, 2011, 76, 216-231.
T. Hosoya, T. Hiramatsu, T. lkemoto, M. Nakanishi, H.
Aoyama, A. Hosoya, T. lwata, K. Maruyama, M. Endo and
M. Suzuki, Org. Biomol. Chem., 2004, 2, 637-641.

W. H. Saunders and E. A. Caress, J. Am. Chem. Soc., 1964,
86, 861-864.

E. P. Kyba and R. A. Abramovitch, J. Am. Chem. Soc., 1970,
102, 735-740.

P.Korn, C. Schwieger, K. Gruhle, V. M. Garamus, A. Meister,
C. Ihling and S. Drescher, Biochim. Biophys. Acta,
Biomembr., 2022, 1864, 184004.

G. Abbenante, G. T. Le and D. P. Fairlie, Chem. Commun.,
2007, 4501-4503.

S. Liang, K. Wei, Y. Lin, T. Liu, D. Wei, B. Han and W. Yu, Org.
Lett., 2021, 23, 4527-4531.

Y. Wu, K. Chen, X. Ge, P. Ma, Z. Xu, H. Lu and G. Li, Org.
Lett., 2020, 22, 6143-6149.

L. Benati, G. Bencivenni, R. Leardini, M. Minozzi, D. Nanni,
R. Scialpi, P. Spagnolo, G. Zanardi and C. Rizzoli, Org. Lett.,
2004, 6, 417-420.

D. Chang, E. Lindberg and N. Winssinger, J. Am. Chem. Soc.,
2017, 139, 1444-1447.

B. R. Vummidi, L. Farrera-Soler, J. P. Daguer, M. Dockerill,
S. Barluenga and N. Winssinger, Nat. Chem., 2022, 14, 141-
152.

M. Shibata, H. Sugimoto, M. Hibino, O. Shoji and Y. Aiba,
RSC. Chem. Biol., 2025, 6, 1566-1575.

X. Peng, H. Li and M. Seidman, Eur. J. Org. Chem., 2010,
2010, 4194-4197.

C. T. Calderone, J. W. Puckett, Z. J. Gartner and D. R. Liu,
Angew. Chem. Int. Ed., 2002, 41, 4104-4108.

M. S. Lowry, J. I. Goldsmith, J. D. Slinker, R. A. Pascal, G. G.
Malliaras and S. Bernhard, Chem. Mater., 2005, 35, 1466-
1466.

U. Pischel, X. Zhang, B. Hellrung, E. Haselbach, P.-A. Muller
and W. M. Nau, , J. Am. Chem. Soc., 2000, 122, 2027-2034.
D. Nicewicz, H. Roth and N. Romero, Synlett, 2016, 27, 714-
723.

D. Rehm and A. Weller, Isr. J. Chem., 1970, 8, 259-271.

J. W. Beatty and C. R. Stephenson, Acc. Chem. Res., 2015,
48, 1474-1484.

A. M. d. P. Nicholas and D. R. Arnold, Can. J. Chem., 1982,
60, 2165-2179.

B. D. Wagner, G. Ruel and J. Lusztyk, J. Am. Chem. Soc.,
1996, 118, 13-19.

J. Name., 2013, 00, 1-3 | 9


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08732e

Open Access Article. Published on 20 February 2026. Downloaded on 2/25/2026 1:48:58 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(ec)

Chemical Science Page 10 of 10

View Article Online
o DOI: 10.1039/D5SC08732E
Data availability

The experimental procedures and additional data supporting this study are available in the Electronic

Supplementary Information (ESI).


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc08732e

