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cleoside analogues: opportunities
for innovation at the interface of synthetic
chemistry and biocatalysis

Admir Salihovic, ab Andrea Taladriz-Sender ab and Glenn A. Burley *ab

Nucleoside analogues are used throughout nature. They comprise the key building blocks in nucleic acids

and in second messenger small molecules. Additionally, modifications to the sugar and nucleobase

moieties have been a pervasive feature in the development of nucleoside therapeutics. Despite their

ubiquity across all facets of medicinal chemistry and biology, methods to prepare nucleoside analogues

are challenging. Recent innovations in the chemical and biocatalytic syntheses of nucleosides offer new

opportunities for the step-efficient and environmentally sustainable preparation of these high value

analogues. This perspective outlines the key innovations between 2020–2025 and presents

opportunities for further integration of these strategies to prepare nucleoside analogues not possible

using each of these approaches in isolation.
Introduction

Nucleoside analogues (NAs) are a class of molecules which
feature prominently across the biotechnology and pharmaceu-
tical sectors.1 NAs retain the basic structure of naturally occur-
ring nucleosides, but contain strategically important
modications to the sugar moiety as well as the nucleobase
(Fig. 1).2 These modications are essential to enhance efficacy
as an antiviral or anti-cancer agent,3,4 or to reduce immunoge-
nicity when these analogues are incorporated into RNA
vaccines.5,6

The demand for step efficient synthetic approaches which
incorporate modications to the sugar moiety in a stereo-
selective fashion or to prepare NAs comprising non-canonical
heterocycles as the nucleobase surrogate has rapidly increased
over the last 5 years.11–13 This has been spurred on by the recent
outbreak of SARS-Cov-2,14 resulting in an increase in research
activity to prepare antiviral NAs and mRNA vaccines.15,16

Combined with the ever-present need for novel modications
for the development of therapeutic oligonucleotides,17 there has
been a resurgence in both synthetic and biocatalytic method-
ologies to access novel nucleoside chemical space.13,18,19 The
purpose of this perspective article is to highlight the key
synthetic advances in both of these areas over the last ve years,
and suggest future opportunities for researchers to explore
integrating these approaches for the scalable development of
next-generation NA scaffolds.
Fig. 1 Representative NAs AL-611,7 GS-621763,8 CL-197,9 and NUC-
1031,10 which have involved new synthetic developments for their
preparation over the last 5 years.
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General synthetic strategies for
nucleoside analogue synthesis

Traditional approaches used to prepare N-nucleoside analogues
have predominantly relied on the formation of the glycosidic
linkage using sugar analogues bearing a leaving group (LG) at
the C10 and a corresponding nucleobase analogue acting as the
corresponding nucleophile (Fig. 2A).18,20,21 From a biocatalytic
perspective, ‘base swapping’ approaches provide efficient
access to N-nucleoside analogues (2) where natural nucleosides
(e.g., 1) act as electrophilic ‘sugar donors’ which undergo
nucleophilic attack by a corresponding nucleobase analogue. A
cognate chemical synthesis approach is the Vorbrüggen glyco-
sylation route22,23 where C10-halosugars (e.g., 4) are precursors
for the in situ formation of an oxocarbenium species 3, which
are subsequently N-glycosylated by silylated nucleobases (e.g., 5
and 6) to form the desired b-nucleoside product 2.

In contrast to the variety of preparative methods explored for
N-nucleoside synthesis, general preparative routes to access C-
nucleosides have beenmore challenging to establish.21,24 Recent
innovation in biocatalytic routes, such as the isomerisation of
uridine 7 catalysed by pseudouridine synthase (PUS),25 or the
Fig. 2 Overview of some of the prominent synthetic approaches to acc

© 2025 The Author(s). Published by the Royal Society of Chemistry
use of c-monophosphate glycosidase (c-MG)26 to form pseu-
douridine 8 via the glycosylation of hemiacetal substrates (9)
using nucleobase 10 offer intriguing potential to further
develop engineered enzymes to access C-nucleoside
analogues.27,28 Chemical synthesis methods have predomi-
nantly focused on nucleophilic attack of an organometallic
species (e.g., 12) with electrophilic lactones (e.g., 11), radical-
based cross-couplings,29 or Pd-catalysed cross-coupling strate-
gies,30 with a representative example being the reaction between
glycal 13 and a corresponding halonucleobase, such as 14.31

One of the most enduring challenges in NA synthesis is
stereoselective control of these reactions to afford the more
desirable b-anomer (e.g., 2).12,13,32 Although the use of protecting
groups and the need for multi-step synthetic transformations
are required, industry has developed scalable strategies for
specic nucleoside targets. Whereas biocatalytic efforts have
the potential to reduce the synthetic step count, this does
require extensive enzyme engineering to broaden the substrate
scope in the sugar moieties that can be accessed on scale.33,34

Therefore, there exists tremendous opportunity for the devel-
opment of integrated strategies to harness the advantages of
biocatalysis and chemical synthesis, and consequently establish
synthetic platforms to access these high value substrates.18,35–37
ess (A) N-, and (B) C-nucleosides.

Chem. Sci., 2025, 16, 11700–11710 | 11701
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Exemplar synthetic strategies to access
nucleoside analogues incorporating
sugar modifications
C10-modied nucleoside analogues

Modications to the sugar C10 position has emerged as a major
site for the development of NAs possessing antiviral and anti-
bacterial activity.14 This is due to the evolutionary divergence of
viral polymerases (e.g., RNA-dependent RNA polymerases)
compared to mammalian polymerases.38 The installation of
small modications at this position has been a highly effective
medicinal chemistry strategy for the development of remdesivir
(22), which possess broad spectrum anti-viral activity against
Fig. 3 (A) Chemical synthetic routes to prepare remdesivir (22) using a co
used to form angustmycin A (28) and C (27).

11702 | Chem. Sci., 2025, 16, 11700–11710
hepatitis C virus (HCV), yellow fever virus (YFV), dengue-2 virus
(DENV-2), inuenza A (INVA), Ebola virus (EBOV) and severe
acute respiratory syndrome coronavirus (SARS-CoV-2).39–41 With
regards to 22 the installation of the C10 is essential for its
antiviral activity, which involves a delayed chain termination
event.42–44

As a consequence of its broad ranging biological activity,
a variety of synthetic efforts have been explored for the scalable
preparation of 22 (Fig. 3A).45 One prominent example is the
synthesis of 22 developed by co-workers at Gilead.46 First,
a scalable batch-based method of C-glycosylation was estab-
lished using lactone 15 as the sugar donor species. Lithiation of
16 followed by addition to 15 afforded an anomeric mixture of
the C-nucleoside 17. A critical development was a ow-based
mbination of batch and flow-based processes. (B) Biosynthetic routes

© 2025 The Author(s). Published by the Royal Society of Chemistry
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cyanation method, affording the desired b-anomer (96 : 4 b : a)
18 in 84% yield.

A marked improvement in the antiviral activity of the
remdesivir nucleoside core was observed when the NA was
administered as a protide. However, there was a disparity in
biological activities of the R versus S diastereomers of these
protide phosphoramidates,39,47 with the S diastereomer being
far more potent. An organocatalytic approach has recently been
developed which formed the desired S-diastereomer of 22 in
70% yield and 99.3/0.7 d.r.48 Both of these methods showcase
the scalability of these chemical synthetic steps to produce
a target C10-modied NA.

Two recent studies have reported the utility of biocatalytic
pathways of two NA natural products bearing a C10-hydrox-
ymethyl group.49,50 Angustmycin A and C are biosynthesised by
Streptomyces angustmyceticus JCM 4053, and exhibit broad range
antibacterial and antitumour properties.51,52 Yu et al. revealed
that both of these NA natural products are biosynthesised by
ve enzymes AgmB, C, E and F (Fig. 3B). First, a pyrophospho-
kinase (AgmC) catalyses the pyrophosphorylation at the C10

position of 23 to form 24. The diphosphate 24 at this C10 posi-
tion acts as a leaving group for N-glycosylation with adenine (25)
catalysed by AgmE to form the NA 26. Phosphatase AgmB
catalyses phosphoryl cleavage of 26 to afford the free NA 27
(Angustmycin C). Finally, dehydration of the 50-hydroxymethyl
group by a dehydratase (AgmF) afforded angustmycin A (28). At
present, there is no structural data on the key enzymes involved
in the key steps associated with N-glycosylation (AgmE) and
dehydration of 27 to form 28. As such, the potential of widening
the substrate scope of these enzymes by engineering
approaches is potentially an exciting next phase for the devel-
opment of biocatalytic approaches to prepare C10-modied NAs
(Fig. 3).
C20-modied nucleoside analogues

The C20 position of nucleosides is the most prominent deriva-
tised site on a nucleoside sugar scaffold.4,19 From a therapeutic
oligonucleotide perspective, modication of the C20 position
improves metabolic stability against nuclease cleavage as well
as being a strategic site to tune the pharmacokinetic/
pharmacodynamic properties of NAs.53,54 The C20 position also
interacts with key amino acid residues in viral polymerases,
rendering it a strategic site for antiviral development.14 Exten-
sive efforts have been made to expand the chemical space of C20

modications in NAs, with the most common synthetic
methods focused on either the construction of sugar precur-
sors, followed by installation of a nucleobase via a glycosylation
step, or via nucleophilic attack of a corresponding electrophilic
site on an in-tact nucleoside scaffold.4,41

The intersection between the development of new synthetic
methodology to prepare NAs with the exploration of their bio-
logical properties is therefore essential to streamline the
trajectory of lead compounds towards clinical applications. We
highlight the importance of reconciling both areas, with several
exemplars. Liang et al. have recently reported a doubly C20-
modied NA exhibits anti-SARS-CoV-2 activity against the
© 2025 The Author(s). Published by the Royal Society of Chemistry
20SF107 strain (EC50 = 0.96 ± 0.23 mM) and the Omicron BA.5
variant (EC50 = 0.96 ± 0.23 mM) with low cytotoxicity.55 The
preparation of the ribose donor precursor 29 required a lengthy
10 step synthesis to install the 20-a-uoro-20-b-C-(uoromethyl)
groups as well as the C10 bromo substituent for subsequent N-
glycosylation with 30 to form 31 (Fig. 4A). Three additional
synthetic steps are required to prepare the phosphoramidite
prodrug 32. Whilst the synthetic effort to prepare analogues
such as 32 is extensive, this provides inspiration for synthetic
chemists to develop new synthetic methodology that accesses
these scaffolds in a more step-efficient and environmentally
sustainable fashion.

Facile Ni-catalysed cross coupling methodology has recently
been reported byWang et al. to prepare C20-arylated nucleosides
(Fig. 4B).56 Using readily accessible C20-brominated nucleoside
precursors such as 33 affords the C20-arylated product 34 using
iodobenzene as the coupling partner. Key to this development is
the use of electrochemistry to tune the redox potential within
the reaction cell, affording a series of C20-arylated nucleoside
products in a single preparative step. The step efficiency of this
approach was demonstrated by the preparation of phosphor-
amidite 35 in a total of ve preparative steps in an overall yield
of 41%. Incorporation of the 35 into a representative oligonu-
cleotide scaffold by solid phase synthesis exhibited resistance to
exonuclease I cleavage, thus providing potential for the further
investigation of incorporating these building blocks at strategic
sites within a therapeutic oligonucleotide scaffold.

A scalable process to prepare a doubly C20-modied nucle-
oside 39 has been reported.57 Critical to the synthesis of inter-
mediate 39, Chung et al. optimised protection conditions to
prepare C30/C50 pivaloyl-protected 37 from uridine (36). Oxida-
tion of the C20-hydroxyl afforded 38 in 83% yield, followed by
C20-methylation to prepare 39. The scalability of these synthetic
steps to 39 were conducted on kilogram scale, which stream-
lines routes towards the antiviral nucleoside analogue upri-
fosbuvir (40).58,59

Exploiting enzymes associated with nucleoside salvage
pathways have enabled the preparation of NAs either with iso-
lated enzymes60 or as part of enzymatic cascades.36 Willmott
et al. has recently described an elegant three enzyme reaction
cascade to prepare C20-modied NAs using acyclic precursors.61

Key to this development was the identication of engineered
variants of Escherichia coli deoxyribose-5-phosphate aldolase
(EcDERA) to accept a variety of donor aldehyde substrates (42),
which then catalyses the reaction with 41 to form 43 (Fig. 5A).
The double mutant EcDERA-L20A/F76A accepted a variety of
aldehydes (42), including C20-modications found within ther-
apeutic oligonucleotides, such as methoxy (–OMe), uoro and
methoxymethyl (MOE) groups. The enhanced substrate
promiscuity of EcDERA-L20A/F76A was then applied to prepare
a variety of therapeutically relevant building blocks via phos-
phorylation of the C10-OH by phosphopentomutase (PPM) to
form 44, followed by glycosylation catalysed by NP to form 45.
This three-enzyme cascade was then ameliorated to include
enzymatic synthesis of acyclic precursors 41 and 42. This
strategy enables access to sugar substrates not readily accessible
Chem. Sci., 2025, 16, 11700–11710 | 11703
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Fig. 4 (A) Synthesis of 20-a-fluoro-20-b-C-(fluoromethyl) nucleoside phosphoramidate (32) as a lead compound for the treatment of SARS-
CoV2 infections. (B) The use of electrochemical methods for the preparation of 20-arylated nucleoside phosphoramidite (35). (C) Practical
kilogram-scale preparation of 39, a key intermediate in the preparation of uprifosbuvir.
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directly from natural sugars or via other chemical synthetic
routes.

One drawback with the use of NPs is the formation of
nucleosides such as 45 is in equilibrium with precursor 44. The
equilibrium favours 44,12 with various methods explored to bias
the equilibrium towards the formation of the desired nucleo-
side product, 45.62–64 Nucleoside transglycosylases, such type II
nucleoside 20-deoxyribosyltransferase from Lactobacillus leich-
mannii (LlNDT-2), offer an alternative biocatalytic approach to
NPs (Fig. 5B).65,66 Transglycosylases such as LlNDT-2 catalyse N-
glycosylation via covalent catalysis,67,68 thereby avoiding unde-
sirable equilibrium reactions which occur with NPs. Our group
has explored the substrate scope and scalability of LlNDT-2 to
catalyse the formation of nucleoside analogues (e.g., 48–52)
from nucleoside precursors (e.g., 46–47, Fig. 5B).69,70 The wild-
type LlNDT-2 enzyme readily accepted a variety of modications
11704 | Chem. Sci., 2025, 16, 11700–11710
to the nucleobase as well as C20-modications, including
hydroxyl and uoro substituents in the ribo and arabino
conguration. An alternative enzymatic strategy to access 20-
ribonucleosides has been reported by Genz et al. Catalysed by
a pyrimidine nucleoside 20-hydroxylase (PDN20H), this approach
offers the potential to use 20-deoxyribonucleoside substrates as
feedstocks for stereospecic hydroxylation.71

C30-modied nucleoside analogues

Early iterations of C30-modied NAs focused on the replacement
of the C30-OH with chain terminating groups, with many
examples displaying antiviral and antitumour properties.72 A
recent iteration in the development of antitumour nucleosides
was the identication of 53 as an inhibitor of the ecto-50-
nucleotidase, CD73. CD73 is a receptor which catalyses the
degradation of ATP to adenosine.73 CD73 is overexpressed in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Preparation of ribonucleosides and 20-modified analogues using a (A) three enzyme reaction cascade and (B) enzymatic trans-
glycosylation catalysed by LlNDT-2.
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a variety of cancers and plays a crucial role in facilitating
tumour growth and metastasis, rendering this receptor as
a desirable target for chemotherapeutic intervention.73 Applying
a structure-guided approach, Li et al. identied that modica-
tions to the C30-position and isosteric groups to mimic the
phosphodiester groups were critical for potent inhibition of
CD73. Further structure-activity proling of the C50-position
identied lead compound 53, which exhibits potent inhibition
of human CD73 (IC50 = 0.17 nM). The authors proposed that
a favourable p-interaction between the C-30-b-alkynyl moiety
and the purine ring underpins this increase in potency.

C40-modied and bicyclic nucleoside analogues

Strategic installation of modications in the C40-position has
been desirable for the formation of locked nucleic acid building
blocks for therapeutic oligonucleotide applications,74,75 as well
as their ability to inuence sugar puckering.76 Whilst traditional
© 2025 The Author(s). Published by the Royal Society of Chemistry
routes have involved linear and oen bespoke synthetic routes
to rst prepare the ribose sugar donor followed by a nal
glycosylation step,77 a recent innovation by the Britton group
has developed a de novo synthesis of C40-modied NAs from
acyclic precursors. Much akin to the corresponding biocatalytic
cascade routes mentioned earlier (Fig. 5A),36,61 Meanwell et al.
developed a cognate synthetic approach involving rstly a L-
proline-catalysed a-uorination and aldol reaction (a-FAR)
between 54 and 55 to form 56 as an epimeric mixture (Fig. 6A).78

Organometallic addition to the ketone in 56 afforded 57, which
then underwent a Lewis-acid catalysed annulative uorine
displacement (AFD) reaction to afford C40-modied NAs such as
58. This chemical synthesis-based approach is unique amongst
the stable of other approaches as it provides in-built exibility
to access a variety of different modication types in a minimal
number of steps. For example, step-efficient access to 56 derived
from an a-FAR reaction enables installation of a variety of
modications in the C40-position. Grignard addition to 56 by
ethynylmagnesium bromide, afforded 59, which can then
undergo an AFD and subsequent cyclisation to form a bicyclic
analogue (60, Fig. 6B). Reduction of 56 to the corresponding
diol (57) followed by AFD enables step-efficient access to ribo-
nucleoside analogues (58), thus providing further opportunities
for scaffold diversication.79,80

Thionucleoside analogues

An extension to Britton's de novo nucleoside synthesis was
recently demonstrated for the preparation of thionucleosides.
Reduction of the acyclic precursor 61 and mesylation afforded
Chem. Sci., 2025, 16, 11700–11710 | 11705
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Fig. 6 De novo synthesis of nucleosides starting from acyclic precursors. (A) Preparation of 40-modified and (B) bicyclic nucleoside analogues.
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62 in situ, which was telescoped through to the formation of
thionucleoside 63 by the addition of NaSH and heated to 100 °C
(Fig. 7A).81 Acetal deprotection of 63 afforded free thionucleo-
side analogues (64).

An enzymatic ‘base-swapping’ approach using a central thi-
onucleoside precursor such as 65 as the thiosugar ‘donor’ has
Fig. 7 Preparation of thionucleosides by (A) de novo synthesis and (B) a

11706 | Chem. Sci., 2025, 16, 11700–11710
been reported by Westarp et al., providing a divergent synthetic
route to prepare thionucleosides outtted with a variety of
different nucleobases from a single thionucleoside precursor
(Fig. 7B).82 NPs were used as the biocatalyst, which in the
presence of both purine and pyrimidine nucleobases afforded
thionucleoside products 66–70.
biocatalytic base swapping approach.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 1 Summary of existing methods to modify nucleoside scaffolds, and future opportunities for the development of new synthetic
methodologies

Modication
Predominant method of
synthesis 2020–2025 Current limitations Opportunities

C-Nucleoside Chemical Lack of modular synthetic routes � Modular synthetic methods
� Explore biocatalytic alternatives

N-Nucleoside Biocatalytic Substrate scope of sugar analogues Enhance biocatalytic substrate scope
C10 Chemical Lack of modular synthetic routes Enhance substrate score of emerging

biocatalytic routes
C20 Biocatalytic & chemical � Step-efficient routes to expand

chemical space
Enhance substrate score of emerging
biocatalytic routes

� Biocatalytic substrate scope
C30 Chemical Lack of modular synthetic routes � Modular synthetic methods

� Explore biocatalytic alternatives
C40 Biocatalytic & chemical Substrate scope of sugar analogues Diversication of sugar scaffold
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Summary, outlook and future
opportunities

The realisation of the clinical potential of therapeutic
oligonucleotides83–85 in combination with the identication of
remdesivir and molnupiravir for the treatment of SARS-CoV2
infections86 and mRNA vaccines has reinvigorated the need to
develop methodologies for the preparation of NAs. Whilst
traditional synthetic routes have focused on either glycosylation
or building up nucleobase analogues with appropriately deri-
vatised sugar moieties,4,41 the last ve years has witnessed
innovative methods to build up sugar moieties from acyclic
precursors.79 Prominent in the eld is an increase in the
adoption of biocatalytic cascade methods for this purpose.18,61,82

These routes are especially pertinent for the incorporation of
NAs into mRNA vaccines or cyclic nucleotides which require
subsequent phosphorylation steps of the 50-OH for triphosphate
synthesis or monophosphorylation of capped substrates.87–89

Protein engineering in this respect provides untold opportuni-
ties to expand the substrate scope of a wide variety of enzymes
associated with various synthetic transformations, ranging
from sugar synthesis through to glycosylation.61

Table 1 summarises the current state-of-the-art in accessing
modications to the nucleoside scaffold using biocatalytic and
chemical synthesis methods, and highlights potential opportu-
nities ripe for exploration. Over the last 5 years, there has been an
impressive level of innovation in the application of biocatalytic
routes to prepare N-nucleoside analogues with dened modica-
tions on the C20 and C40 sugar scaffold.20,36,61,69,90,91 However, the
lack of equivalent development of biocatalytic routes to assist in
the preparation of NAs with modications at the C10 and C30

positions offers opportunities for further innovation. Similarly,
the preparation of C-nucleoside analogues have predominantly
focused on target-driven methodologies rather than establishing
a generalised synthetic platform. The development of generalised
biocatalytic28,92 as well as chemical synthetic routes24 to prepare
© 2025 The Author(s). Published by the Royal Society of Chemistry
a wider scope of C-nucleosides offers opportunities to develop NA
libraries with enhanced metabolic stabilities and bioactivities
relative to their N-nucleoside cognates.

Despite recent innovations in both chemical synthetic meth-
odology and in the eld of biocatalysis, there is ample room for
closer integration of these approaches. Limitations of substrate
scope with existing biocatalytic methods offers opportunities to
develop sustainable synthetic methods by, for example, preparing
key intermediates which feed into biocatalytic cascades.93 In
addition, diversifying chemical space of for example, the nucle-
obase,94 or novel sugar substrates provides inspiration for the
synthetic chemist to develop new methods. Flow-based
approaches are amenable to both chemical synthesis and bio-
catalysis,95,96 which when combined with data analytics and
machine learning platforms,97–99 offers an auxiliary level of inno-
vation for the synthesis of these high value products.
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F. Lévesque, Z. X. Wang, A. M. Whittaker, E. Sirota and
J. P. McMullen, Org. Process Res. Dev., 2021, 25, 395–404.

36 M. A. Huffman, A. Fryszkowska, O. Alvizo, M. Borra-Garske,
K. R. Campos, K. A. Canada, P. N. Devine, D. Duan,
J. H. Forstater, S. T. Grosser, H. M. Halsey, G. J. Hughes,
J. Jo, L. A. Joyce, J. N. Kolev, J. Liang, K. M. Maloney,
B. F. Mann, N. M. Marshall, M. McLaughlin, J. C. Moore,
G. S. Murphy, C. C. Nawrat, J. Nazor, S. Novick, N. R. Patel,
A. Rodriguez-Granillo, S. A. Robaire, E. C. Sherer,
M. D. Truppo, A. M. Whittaker, D. Verma, L. Xiao, Y. Xu
and H. Yang, Science, 2019, 366, 1255–1259.

37 S. Ren, M. A. Huffman, A. M. Whittaker, H. Yang,
C. C. Nawrat, D. J. Waterhouse, K. M. Maloney and
N. A. Strotman, Org. Process Res. Dev., 2021, 25, 516–521.

38 L. Menéndez-Arias and R. Andino, Virus Res., 2017, 234, 1–3.
39 D. Siegel, H. C. Hui, E. Doerffler, M. O. Clarke, K. Chun,

L. Zhang, S. Neville, E. Carra, W. Lew, B. Ross, Q. Wang,
L. Wolfe, R. Jordan, V. Soloveva, J. Knox, J. Perry,
M. Perron, K. M. Stray, O. Barauskas, J. Y. Feng, Y. Xu,
G. Lee, A. L. Rheingold, A. S. Ray, R. Bannister,
© 2025 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03026a


Perspective Chemical Science

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 4
:5

4:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
R. Strickley, S. Swaminathan, W. A. Lee, S. Bavari, T. Cihlar,
M. K. Lo, T. K. Warren and R. L. Mackman, J. Med. Chem.,
2017, 60, 1648–1661.

40 A. Cho, O. L. Saunders, T. Butler, L. Zhang, J. Xu, J. E. Vela,
J. Y. Feng, A. S. Ray and C. U. Kim, Bioorg. Med. Chem. Lett.,
2012, 22, 2705–2707.

41 M. K. Yates and K. L. Seley-Radtke, Antiviral Res., 2019, 162,
5–21.

42 G. Kokic, H. S. Hillen, D. Tegunov, C. Dienemann, F. Seitz,
J. Schmitzova, L. Farnung, A. Siewert, C. Höbartner and
P. Cramer, Nat. Commun., 2021, 12, 279.

43 E. P. Tchesnokov, J. Y. Feng, D. P. Porter and M. Götte,
Viruses, 2019, 11, 326.

44 W. Yin, C. Mao, X. Luan, D.-D. Shen, Q. Shen, H. Su,
X. Wang, F. Zhou, W. Zhao, M. Gao, S. Chang, Y.-C. Xie,
G. Tian, H.-W. Jiang, S.-C. Tao, J. Shen, Y. Jiang, H. Jiang,
Y. Xu, S. Zhang, Y. Zhang and H. E. Xu, Science, 2020, 368,
1499–1504.

45 D. F. Vargas, E. L. Larghi and T. S. Kaufman, ACS Omega,
2021, 6, 19356–19363.

46 T. Vieira, A. C. Stevens, A. Chtchemelinine, D. Gao,
P. Badalov and L. Heumann, Org. Process Res. Dev., 2020,
24, 2113–2121.

47 P. J. Thornton, H. Kadri, A. Miccoli and Y. Mehellou, J. Med.
Chem., 2016, 59, 10400–10410.

48 V. Gannedi, B. K. Villuri, S. N. Reddy, C.-C. Ku, C.-H. Wong
and S.-C. Hung, J. Org. Chem., 2021, 86, 4977–4985.

49 L. Yu, W. Zhou, Y. She, H. Ma, Y.-S. Cai, M. Jiang, Z. Deng,
N. P. J. Price and W. Chen, Nat. Commun., 2021, 12, 6633.

50 T. Shiraishi, J. Xia, T. Kato and T. Kuzuyama, J. Antibiot.,
2021, 74, 830–833.

51 T. Mitani, J. E. Heinze and E. Freese, Biochem. Biophys. Res.
Commun., 1977, 77, 1118–1125.

52 A. Bianchi-Smiraglia, J. A. Wawrzyniak, A. Bagati,
E. K. Marvin, J. Ackroyd, S. Moparthy, W. Bshara,
E. E. Fink, C. E. Foley, G. E. Morozevich, A. E. Berman,
D. S. Shewach and M. A. Nikiforov, Cell Death Differ., 2015,
22, 1858–1864.

53 C. I. E. Smith and R. Zain, Annu. Rev. Pharmacol. Toxicol.,
2019, 59, 605–630.

54 W. B. Wan and P. P. Seth, J. Med. Chem., 2016, 59, 9645–9667.
55 L. Liang, Y. Meng, X. Chang, E. Li, Y. Huang, L. Yan, Z. Lou,

Y. Peng, B. Zhu, W. Yu and J. Chang, J. Med. Chem., 2025, 68,
1994–2007.

56 J.-B. Wang, Y. Shen, Q.-L. Yan, W.-J. Kong, Y. Nian and
M. Shang, Angew. Chem., Int. Ed., 2025, 64, e202418806.

57 J. Y. L. Chung, A. M. Kassim, B. Simmons, T. A. Davis,
Z. J. Song, J. Limanto, S. M. Dalby, C. Q. He, R. Calabria,
T. J. Wright and L.-C. Campeau, Org. Process Res. Dev.,
2022, 26, 698–709.

58 A. Klapars, J. Y. L. Chung, J. Limanto, R. Calabria,
L.-C. Campeau, K. R. Campos, W. Chen, S. M. Dalby,
T. A. Davis, D. A. DiRocco, A. M. Hyde, A. M. Kassim,
M. U. Larsen, G. Liu, P. E. Maligres, A. Moment, F. Peng,
R. T. Ruck, M. Shevlin, B. L. Simmons, Z. J. Song, L. Tan,
T. J. Wright and S. L. Zultanski, Chem. Sci., 2021, 12, 9031–
9036.
© 2025 The Author(s). Published by the Royal Society of Chemistry
59 F.-R. Alexandre, E. Badaroux, J. P. Bilello, S. Bot, T. Bouisset,
G. Brandt, S. Cappelle, C. Chapron, D. Chaves, T. Convard,
C. Counor, D. Da Costa, D. Dukhan, M. Gay, G. Gosselin,
J.-F. Griffon, K. Gupta, B. Hernandez-Santiago, M. La Colla,
M.-P. Lioure, J. Milhau, J.-L. Paparin, J. Peyronnet,
C. Parsy, C. Pierra Rouvière, H. Rahali, R. Rahali,
A. Salanson, M. Seifer, I. Serra, D. Standring, D. Surleraux
and C. B. Dousson, Bioorg. Med. Chem. Lett., 2017, 27,
4323–4330.

60 W. R. Birmingham, C. A. Starbird, T. D. Panosian,
D. P. Nannemann, T. M. Iverson and B. O. Bachmann, Nat.
Chem. Biol., 2014, 10, 392–399.

61 M. Willmott, W. Finnigan, W. R. Birmingham,
S. R. Derrington, R. S. Heath, C. Schnepel, M. A. Hayes,
P. D. Smith, F. Falcioni and N. J. Turner, Nat. Synth., 2025,
4, 156–166.

62 J. Motter, C. M. M. Benckendorff, S. Westarp, P. Sunde-
Brown, P. Neubauer, A. Kurreck and G. J. Miller, Nat. Prod.
Rep., 2024, 41, 873–884.

63 F. Kaspar, R. T. Giessmann, P. Neubauer, A. Wagner and
M. Gimpel, Adv. Synth. Catal., 2020, 362, 867–876.

64 F. Kaspar, R. T. Giessmann, K. F. Hellendahl, P. Neubauer,
A. Wagner and M. Gimpel, ChemBioChem, 2020, 21, 1428–
1432.

65 J. Del Arco, J. Acosta and J. Fernández-Lucas, Biotechnol.
Adv., 2021, 51, 107701.

66 J. Fernández-Lucas, C. Acebal, J. V. Sinisterra, M. Arroyo and
I. d. l. Mata, Appl. Environ. Microbiol., 2010, 76, 1462–1470.

67 S. A. Short, S. R. Armstrong, S. E. Ealick and D. J. T. Porter, J.
Biol. Chem., 1996, 271, 4978–4987.

68 S. Armstrong, W. J. Cook, S. A. Short and S. E. Ealick,
Structure, 1996, 4, 97–107.

69 A. Salihovic, A. Ascham, P. S. Rosenqvist, A. Taladriz-Sender,
P. A. Hoskisson, D. R. W. Hodgson, G. Grogan and
G. A. Burley, Chem. Sci., 2025, 16, 1302–1307.

70 A. Salihovic, A. Ascham, A. Taladriz-Sender, S. Bryson,
J. M. Withers, I. J. W. McKean, P. A. Hoskisson, G. Grogan
and G. A. Burley, Chem. Sci., 2024, 15, 15399–15407.

71 F. Genz, F. Friedrich, C. Lönarz, O. Einsle, M. Jung,
M. Müller and N. D. Fessner, ACS Catal., 2025, 15, 3611–
3618.

72 L. Menéndez-Arias, Virus Res., 2008, 134, 124–146.
73 M. Roh, D. A. Wainwright, J. D. Wu, Y. Wan and B. Zhang,

Curr. Opin. Pharmacol., 2020, 53, 66–76.
74 W. Shen, C. L. De Hoyos, M. T. Migawa, T. A. Vickers, H. Sun,

A. Low, T. A. Bell, M. Rahdar, S. Mukhopadhyay, C. E. Hart,
M. Bell, S. Riney, S. F. Murray, S. Greenlee, R. M. Crooke,
X.-h. Liang, P. P. Seth and S. T. Crooke, Nat. Biotechnol.,
2019, 37, 640–650.

75 R. N. Veedu and J. and Wengel, RNA Biol., 2009, 6, 321–323.
76 E. Malek-Adamian, M. B. Patrascu, S. K. Jana, S. Mart́ınez-

Montero, N. Moitessier and M. J. Damha, J. Org. Chem.,
2018, 83, 9839–9849.

77 H. Ohrui, S. Kohgo, K. Kitano, S. Sakata, E. Kodama,
K. Yoshimura, M. Matsuoka, S. Shigeta and H. Mitsuya, J.
Med. Chem., 2000, 43, 4516–4525.
Chem. Sci., 2025, 16, 11700–11710 | 11709

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5sc03026a


Chemical Science Perspective

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

5 
Ju

ne
 2

02
5.

 D
ow

nl
oa

de
d 

on
 1

/1
3/

20
26

 4
:5

4:
11

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
78 M. Meanwell, S. M. Silverman, J. Lehmann, B. Adluri,
Y. Wang, R. Cohen, L.-C. Campeau and R. Britton, Science,
2020, 369, 725–730.

79 E. K. Davison, D. A. Petrone, M. Meanwell, M. B. Nodwell,
S. M. Silverman, L.-C. Campeau and R. Britton, Nat.
Protoc., 2022, 17, 2008–2024.
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