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ADPr-ATP is a natural nucleotide with three sugar rings and five pentavalent phosphorus, and can be
produced through TIR-catalyzed ADP-ribosylation reactions for plant immunity. Here, we report the first
total synthesis of ADPr-ATP (1) with a total yield of 6.4% through 14 steps, featuring late-stage P(V)—N
activation reaction of pyrophosphate (4) and 5’-phosphoromorpholidate (25). The protected adenosine 5'-
phosphoromorpholidate (24) was prepared on the basis of a scalable to adenosine 5/-monophosphate (2).
The construction of P(V)—N bond in phosphoramidate is esteemed as a critical step as they are sufficiently
stable in deprotection reactions. The chemical synthesis of ADPr-ATP can offer an appealing alternative to
traditional enzymatic synthesis and fractionation methods. Furthermore, the pRib-AMP and its prodrug
are also synthesized to evaluate cytotoxicity and anti-influenza activity in vitro.

© 2025 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Nucleoside(tide) is an important class of biomolecule composed
of base and sugar, which has wide applications in various fields
such as medicine, agriculture, and scientific research [1]. Nucleo-
side modification is a common practice in the development of an-
tiviral and anti-tumor drug [2]. Appropriate structural changes may
generate promising nucleosides for the discovery of new drugs. In
addition, nucleotides could promote plant growth, improve crop
disease and stress resistance, thereby increasing crop yield and
quality. With the continuous deepening of research on nucleoside,
the scope of their applications is steadily expanding. In the fore-
seeable future, nucleosides are anticipated to confer great advan-
tages to human health and significantly contribute to the social
development [3].

ADPr-ATP/di-ADPR are universal natural immune activating
molecules to resist plant diseases [4]. As nucleotide second mes-
senger molecules, they are produced from NAD+ or NAD+ with
ATP mediated by activated TIRs and TNLs in response to cell death,
and identified through Cryo-Electron Microscopy analysis of the
complex of EDS1-SAG101 and ADPr-ATP in 2022 (Fig. 1A). The
pRib-ADP/AMP nucleoside small molecules arise from hydrolysis of
ADPr-ATP or di-ADPR and could trigger the ADR1-mediated im-
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mune signaling pathway [5,6] via binding and activating EDS1-
PAD4. The small molecule pRib-AMP is capable of mobilizing mul-
tiple proteins to form immune complexes in rice, thereby activat-
ing the immune system and improving the broad-spectrum dis-
ease resistance of crops [7,8]. Therefore, the synthesis of ADPr-ATP
could provide a basis for analyzing the EDS1-SAG101-NRG1 signal-
ing pathway and serve as a template for developing novel biologi-
cal disease resistant small molecules.

Up to now, the synthesis of monophosphate [9], diphosphate
[10], triphosphate [11], and ADP-ribose and their polymers [12,13]
has been established. However, the separation of these compounds
is challenging and commonly employs the techniques of multi-
ple reverse chromatography and ion exchange purifications, result-
ing in low isolated yield [14]. Although the significant applica-
tion prospects have been envisioned, there are no reports on the
chemical or enzymatic synthesis of ADPr-ATP, probably due to the
formidable purification resulting from chemical instability, includ-
ing hydrolysis of diphosphate and triphosphate. As part of our on-
going efforts to design and synthesize nucleotide small molecules
[4,5,11], we have been focusing on synthesizing ADPr-ATP, contain-
ing diphosphate diester internucleotide linker and triphosphate.
Here, we report the first chemical total synthesis of ADPr-ATP in 14
steps with 6.4% overall yield. The structures of all separated com-
pounds were confirmed by NMR and HRMS.

For the structural novelty of ADPr-ATP compared to reported
ADP-ribose dimer, several difficulties have to be resolved prior
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Fig. 1. (A) TIR-catalyzed synthesis and hydrolysis, four important immune molecules. (B) Retrosynthetic analysis of ADPr-ATP.

to its total synthesis. (1) There is the issue of B-linked 2’-O-
ribosyladenosine. Selective glycosylation and gram scale synthesis
are significant challenges due to the abundance of hydroxyl groups
[15,16]. (2) The construction of adenosine 5’-hydroxytriphosphate
and ribose 5”/-hydroxyl pyrophosphates is challenging in the syn-
thesis of nucleosides. While synthetic methods for triphosphate
[17-19] and pyrophosphate [20,21] are still in wide use, the lack of
two functional groups related to their orthogonality and efficiency
has motivated us to develop a suitable route. We conducted ret-
rosynthetic analysis on ADPr-ATP (1), which involves a phospho-
ramidite coupling of compound 2 with compound (3), then subse-
quent 4,5-dicyanoimidazole (DCI)-promoted NTP synthesis in the
absence of tris(tetrabutylammonium) hydrogen pyrophosphate (4)
respectively (Fig. 1B) [22].

The natural immune small molecule pRib-AMP, as the hydroly-
sis product of ADPr-ATP with the simplest structure, plays a cru-
cial role in plant immune regulation. Various natural compounds
of nucleotides participate in the regulation of various physiologi-
cal functions in vivo of animals, for instance, the nucleotide sec-
ondary messenger cAMP was involved in metabolism, antiviral ac-
tivity, gene transcription, and other processes [23-26]. We per-
formed protide modification strategy on pRib-AMP to mask polar
groups, reduce molecular polarity, and increase membrane perme-

ability, aiming to test the anti-influenza activity of the modified
compound.

To construct B-linked 2’-O-ribosyladenosine (9), selective gly-
cosylation is a crucial step. In order to achieve specific re-
action at the 2’-position of N-benzoyladenosine (5), the 3'-
hydroxy and 5’-hydroxy groups were selectively protected with
1,3-dichlorotetraisopropyldisiloxane, giving rise to a single com-
pound (6). Vorbriiggen glycosylation of 3’,5'-protected adenosine
derivative (6) and 1-O-acetyl-2,3,5-tri-O-benzoyl-S-D-ribofuranose
(7) was carried out in the presence of SnCly, followed by de-
protection to give target compound (9) in 57 % overall yield. 5"'-
Hydroxy and 2”/,3”-dihydroxy were protected with DMTr and Bz
in sequential order, and then DMTr-group was removed easily
with p-toluenesulfonic acid, affordingcompound (11) in 81% yield.
The phosphoramidite coupling with (i-Pr);NP(OBn), in the DCI-
activated condition and oxidation resulted in compound (13) in
96 % yield (Schemes 1 and 2).

To introduce triphosphate at the desired 5’-position, we initi-
ated a model reaction. After removing the 3’,5'-silyl groups to ob-
tain compound (14), triphosphate was successfully introduced us-
ing common triphosphate synthesis method [11]. The synthesis of
triphosphates (15) consists of two steps, with an overall yield of
merely 13%. During the first-step reaction for the formation of
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Scheme 2. Exploration of the synthesis of compound 16. Reagents and conditions:
(a) TBAF, THF, r.t., 10 min, 81%; (b) POCl3, proton sponge, PO(OMe);, —10°C to 15°C;
and then (n-BuzNH),H,P,04, PO(OMe)3;, —10°C to 15°C, 13%; (c) NH3/MeOH, r.t.,
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dichlorophosphate, the generation of N-benzoyladenosine (5) was
detected. We hypothesize that the employment of phosphorus oxy-
chloride might cleave the glycosidic bond between the two sugars.
Due to the unstable chemical properties of triphosphate, decom-
position was observed during removing of Bz group. We also at-
tempted the DCI-promoted P(V)—N activation strategy, which split
the synthesis of triphosphate into two steps. It is found that the
protected adenosine 5-phosphoromorpholidate (19) formed in the
first step hardly affect the synthesis of pyrophosphate upon the re-
moval of Bz protecting groups.

The alcohols (18 and 22) were synthesized with sim-
ilar procedure to the case of compound (11). Three con-
secutive steps from compound (18) and 2-cyanoethyl-N,N-
diisopropylamidochlorophosphite can furnish intermediate (19),
which can be directly used without further separation and purifi-
cation, thus resulting in excellent yields evenscaled up to gram
scale. Removing benzyl protecting group can give pyrophosphate
receptor (2). H-phosphonate coupling and the ZnCl,-catalyzed two
monophosphate condensation methods reported were unsuccess-
ful, leading us to synthesize N,N-diisopropylchlorophosphoramidite
(3) as the building block in 80% overall yield (Scheme 3A). Phos-
phate (2) and amidite (3) were employed for the synthesis of
pyrophosphate (24) (Scheme 3B).

The treatment of compound (24) with saturated ammoniated
methanol solution overnight can successfully remove the Bz group
as well as the 2-cyanoethyl group, affording compound (25) in
60% yield. Subsequently, 6 equiv. of DCI and 2 equiv. of tris(tetra-
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Scheme 3. (A) Synthesis of compounds 2 and 3. (B) Exploration to synthesize
compound 24. Reagents and conditions: (a) DMTrCl, pyridine, r.t., 2h; and then
BzCl, DMAP, EtzN, DCM, r.t., 1h; (b) p-TsOH-H,0, CHCl3/MeOH, r.t., 10 min, two-
step yield 68 %; (c) 2-Cyanoethyl-N,N-diisopropylamidochlorophosphite, Et;N, DCM,
r.t., 30 min; and then tetrazole, H,0, DCM, r.t., 10min; and then morpholine, Et3N,
CClg, DCM, 0°C, 30min, 89%; (d) Pd/C, H,, t-BuOH/H,0, (e) DMTrCl, pyridine, r.t.,
2h; and then BzCl, DMAP, Et3N, DCM, r.t., 5h; (f) p-TsOH-H,0, CHCl;3/MeOH, r.t.,
10 min, two-step yield 91%; (g) 2-cyanoethyl-N,N-diisopropylamidochlorophosphite,
DIPEA, THF, —78°C-r.t, 2h, 87%. (h) DCI, 2, t-BuOOH, DCM/MeCN, r.t, 5 h; (i)
N-chlorosuccinimide, DIPEA, CH3CN; (j) carbonyldiimidazole, Et;N, Pyrdine, 2 h; and
then 2, ZnCl,, DMF.

n-butylammonium)hydrogen pyrophosphate (4) were added, con-
verting the phosphate propionate intermediate into the target
product (1) in 79% yield within 6 h at 20°C (Scheme 4A).

By using intermediate (14) as the starting material, compound
(27) could be obtained through introduction of phosphoric acid
into 5'-hydroxy and removal of all protective groups. Although the
synthesis of pRib-AMP (27) has been reported [5], no NMR data
is available for this compound (Scheme 4B). Consequently, we per-
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Fig. 2. Toxicity testing of compound 30 in (A) A549 cells, (B) at different concentrations,

of influenza A virus (n=

formed full characterization of pRib-AMP (27), including NMR and
HRMS.

Due to the high polarity of pRib-AMP, it is difficult to cross cell
membranes, resulting in poor bioavailability. To address the issue
of druggability, the approach of masking polar groups is employed
to reduce molecular polarity and enhance membrane permeability.
Once the pRib-AMP prodrug is absorbed, it is hydrolyzed by spe-
cific enzymes, releasing the parent drug, pRib-AMP.

A chiral phosphorus amide esterification reagent was used to
react with compound (9) to give compound (28), which under-
went a stereoselective nucleophilic substitution reaction. The single
diastereomer was efficiently prepared in gram scale. After remov-
ing 3/,5'-protecting group, the target compound pRib-AMP prodrug
(30) was obtained by introducing phosphoramide ester into 5’-OH
again using the above method (Scheme 4C).

We assessed the cytotoxicity of compound (30) to determine
optimal dosing regimens for follow-up in vitro testing. Due to the

and (C) in MDCK cells. (D) The inhibitory effect of compound 30 on the infectivity

3). (E) The qPCR results of viral RNA replication. (F) The effect of compound treatment on the protein content of HIN1 virus M1.

fact that the main target cells of influenza virus are the lungs,
considering the feasibility of the experiment, we firstly employed
lung cancer cells A549 for cytotoxicity testing. Initial screening re-
vealed that the compound exhibited low cytotoxicity (ICs, > 4000
pmol/L) in A549 cells under the evaluated dose range (0-4000
umol/L) (Fig. 2A and Table S1 in Supporting information), and the
maximum safe concentration could reach 500 pmol/L. Subsequent
dose-response experiments therefore employed graded concentra-
tions (1, 25, 50, 100, 200, 400 pumol/L), revealing no significant an-
tiproliferative effects up to 400 pumol/L exposure (Fig. 2B). The re-
sults showed that there was no significant difference in the sur-
vival rate of A549 cells at our administration concentration (400
pmol/L), compared to the blank control (P> 0.05, Fig. 2B and Ta-
ble S2 in Supporting information), which strongly indicates the low
toxicity of compound 30 to cells, revealing no significant antipro-
liferative effects up to 400 umol/L exposure (Fig. 2B). We further
tested the cytotoxicity of 30 on renal epithelial cells MDCK. The re-
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sults showed that at a concentration of 500 pmol/L of 30 (slightly
higher than our administration concentration of 400 umol/L), the
cell survival rate remained above 85%, further demonstrating the
low toxicity of 30 (Fig. 2C and Table S3 in Supporting information).

In the in vitro antiviral assay against influenza A virus, pRib-
AMP prodrug (30) exhibited significant inhibition of viral infec-
tivity. Quantitative analysis revealed a 10-fold reduction in viral
titers compared to DMSO-treated controls, as measured in cul-
ture supernatants at 48 h post-infection. The LogoTCDI5o/mL of 30
was 3.042 +0.156, whichindicates the TCIDsq value of the culture
medium supernatant was on average about 10-fold lower than that
of the DMSO control group (Fig. 2D and Table S4 in Supporting in-
formation).

M1 protein is the most abundant protein located under the vi-
ral envelope in influenza virus. It plays a crucial role in connecting
the viral envelope and nucleocapsid, and can affect the morphol-
ogy and configuration of the virus. We have also determined qPCR
experiments for quantitative analysis of viral RNA replication. The
qPCR results showed that compound (30) could inhibit the repli-
cation of viral RNA by over 70% (Fig. 2E and Table S5 in Support-
ing information), further demonstrating its potent antiviral activity.
Western blot analysis revealed a marked decrease in M1 protein
expression levels in the compound-treated group (Fig. 2F), indicat-
ing that 30 effectively inhibits the replication of influenza A virus
through its antiviral activity.

In conclusion, we have developed the first chemical total syn-
thesis of natural ADPr-ATP (1), and conducted structural deter-
mination through full characterization. This work discloses an al-
ternative pathway to obtain ADPr-ATP besides enzymatic synthe-
sis in vivo, and provides a foundation for the synthesis of similar
compounds. Remarkably, we applied selective glycosylation to con-
struct B-linked 2’-O-ribosyladenosine skeleton (8), phosphine(IIl)
reagent to construct pyrophosphate, and two-step strategy to con-
struct triphosphate, respectively. In addition, this route also uti-
lizes selective modification methods for all positions (1’-, 2/, 3/-,
5’-) on the sugar ring, which provides a paradigm for subsequent
nucleoside synthesis. Natural nucleoside small molecules have im-
munomodulatory and antiviral effects in animals and plants. The
modified pRib-AMP prodrug molecule (30) was used for prelimi-
nary activity study against influenza virus, and inhibitory effect on
influenza virus activity was observed with low cytotoxicity. We en-
vision that this compound will find potential inhibitors for a new
generation of influenza virus.
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