
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

9 
A

pr
il 

20
22

. D
ow

nl
oa

de
d 

on
 6

/1
4/

20
26

 1
1:

09
:4

3 
PM

. 
 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-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
View Journal  | View Issue
A mild and conc
aInstitute of Drug Discovery Technology, Nin

P. R. China. E-mail: wufan@nbu.edu.cn; nif
bQian Xuesen Collaborative Research Center

Ningbo University, Ningbo, Zhejiang, 31521

† Electronic supplementary infor
https://doi.org/10.1039/d2ra01995g

Cite this: RSC Adv., 2022, 12, 13111

Received 28th March 2022
Accepted 19th April 2022

DOI: 10.1039/d2ra01995g

rsc.li/rsc-advances

© 2022 The Author(s). Published by
ise synthesis of aryloxy
phosphoramidate prodrug of alcohols via
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A synthesis of aryloxy phosphoramidate prodrug of alcohols enabled by a transesterification strategy is

described here. This reaction operates under mild conditions and thus has excellent functional group

tolerance. This method provides an efficient and practical solution to the rapid construction of the

aryloxy phosphoramidate prodrugs library for potential SAR studies.
The phosphate and phosphonate prodrug strategy is widely
recognized as an effective approach to improve the physico-
chemical and pharmacological properties of therapeutic nucle-
osides and sugars.1 Over the last few decades, the ProTide
prodrug strategy pioneered by Prof. ChrisMcGuigan has emerged
as a powerful platform for developing nucleotide therapeutics.2

This prodrug approach has been extensively studied in the anti-
viral and anticancer elds, enabling the discovery and develop-
ment of three FDA-approved antiviral drugs and several clinical
candidates (Fig. 1a).3 Whereas early efforts focused mainly on
nucleoside-based medicines, many recent discoveries suggested
that this technology can be applied to non-nucleoside substrates
as well.4 The nature of different components of the phosphor-
amidate core is essential for the prodrug's potency, especially for
the case of non-nucleoside drug candidates in which other amino
acid motifs are more effective than the commonly used L-
alanine.5 As a result, SAR studies of amino acid ester and aryl
moieties would be necessary to identify the optimal combination
of these masking groups when applying ProTide technology to
a new therapeutic chemical entity. Consequently, an efficient
method capable of rapidly assembling aryloxy phosphoramidate
prodrug library from parent drug would be very attractive to the
discovery of new ProTide prodrugs.

Current methods for the preparation of aryloxy phosphor-
amidate structures include: (a) phosphorylating the nucleoside
with phosphorochloridate reagent,6 (b) ester exchange between
nucleoside and a diarylphosphite followed by oxidative amina-
tion,7 (c) coupling of the amino acid ester with a nucleoside aryl
phosphate or its derivatives.8 Among these methods, coupling
nucleosides with phosphorochloridate reagents in the presence
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of either N-methylimidazole (NMI) or tert-butyl magnesium
chloride (tBuMgCl) is the most popular strategy for ProTide
prodrug construction (Fig. 1b). Although this method has
enabled the synthesis of numerous nucleoside prodrugs,
regioselectivity and diastereoselectivity issues associated with
this approach remained challenging.9 As a result, numerous
efforts have been devoted to develop methods with high regio-
selectivity10 and diastereoselectivity.11 While these advances
offer a variety of choices on batch synthesis of designated
compounds, other issues remain to be addressed. First, the
current method mainly focused on accessing phosphoramidate
prodrugs containing L-alanine and nucleoside. The compati-
bility of these methods towards other amino acid motif and
non-nucleosides substrates are less investigated. Second,
compatible substrate nucleoside bases are limited due to the
high reactivity of phosphorylating reagents such as phosphor-
chloridate or diarylphosphite, which have to involve protection
of the nucleobase moiety sometimes.
Fig. 1 Pharmaceutical importance and the synthetic methods of
aryloxy phosphoramidate prodrugs.
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Table 2 Scope of N-diphenylphosphoryl amino acid estersa
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Given the growing interest in expanding ProTide technology
to other therapeutic areas and the unmet need for rapid access
to the prodrug library for hit screenings or SAR studies, we
wonder if we can develop a practical method capable of
preparing aryloxy phosphoramidates prodrugs from both
nucleoside and non-nucleoside substrates. We reasoned that N-
diphenyl phosphoryl amino acid ester could serve as a mild
phosphorylating reagent and afford aryloxy phosphoramidate
prodrugs via a simple transesterication process. Herein, we
report our discovery on a DBU promoted synthesis of aryloxy
phosphoramidates prodrugs from stable and readily available
N-diphenylphosphoryl amino acid esters and alcoholic
substrates (Fig. 1c).

We began our study by examining the reaction of phos-
phoramidate 1 and stavudine (d4T, anti-HIV drug) in the pres-
ence of diisopropylethylamine (DIPEA) as the base in
acetonitrile (CH3CN) at 25 �C (Table 1, entry 1). Unfortunately,
no product was detected, and all starting materials were
recovered. Aer screening several other bases (entries 2–4), we
found that inorganic bases such as K2CO3 and NaOH promoted
the reaction but in low yield. In contrast, strong organic base
1,8-diazabicyclo 5.4.0 undec-7-ene (DBU) afforded desired
product in a much higher yield. This result suggests that effi-
cient deprotonation of the hydroxyl group is essential to drive
this reaction. Screening of other similar bases such as 1,5-dia-
zabicyclo [4.3.0]non-5-ene (DBN), 1,1,3,3-tetramethyl-guanidine
(TMG), and 1,5,7-triazabicyclo [4.4.0]dec-5-ene (TBD) did not
improve the reaction efficiency.12 Increasing the equivalents of
phosphorylating reagent 1 to 2.0 equivalent or 3.0 equivalent
afforded the target product in 91% and 92% yield, respectively
(entries 5–6). Stoichiometry optimization on base revealed that
Table 1 Optimization of the reaction conditionsa

Entry
1
(eq.)

2
(eq.) Base (eq.) Solvent Yieldb (%)

1 1.5 1.0 DIPEA (2.0) CH3CN —
2 1.5 1.0 K2CO3 (2.0) CH3CN —
3 1.5 1.0 NaOH (2.0) CH3CN 11
4 1.5 1.0 DBU (2.0) CH3CN 78
5 2.0 1.0 DBU (2.0) CH3CN 91(88)
6 3.0 1.0 DBU (2.0) CH3CN 92
7 2.0 1.0 DBU (1.0) CH3CN 65
8 2.0 1.0 DBU (3.0) CH3CN 83
9 2.0 1.0 DBU (2.0) DCM 71
10 2.0 1.0 DBU (2.0) DMF 27
11 2.0 1.0 DBU (2.0) THF 36

a Reaction conditions: phosphorylating reagent 1 (0.3–0.6 mmol),
stavudine 2 (0.2 mmol), base (1.0–3.0 equiv.) and solvent (1 mL) at
room temperature, t ¼ 36 h. b NMR yield using triethyl phosphate as
the internal standard. The yield shown in parentheses is isolated
yield, and the product is a 1 : 1 mixture of RP and SP diastereoisomers.

13112 | RSC Adv., 2022, 12, 13111–13115
2.0 equivalent of DBU was optimal, with 1.0 or 3.0 equivalent of
DBU gave impaired yield (entries 7–8). In addition, solvent is
proved to be vital for a productive reaction, as replacing CH3CN
with DCM, DMF, and THF only afford product 3 in 27% to 71%
yield (entries 9–11). To test the scalability of this strategy, we
conducted a 1.5 mmol scale synthesis of product 3 under the
standard conditions. This reaction afforded the desired product
in 85% isolated yield, demonstrating the scalability and
potential synthetic application of this protocol.13

While previous studies suggested that L-alanine was optimal
for antiviral and anticancer ProTide prodrugs, some new SAR
data obtained in the studies of non-nucleoside drug candidates
indicated that other amino acids, in some cases, might be more
effective than L-alanine.5 Therefore, we decided to explore the
scope of N-diphenylphosphoryl amino acid esters (Table 2).
Under standard conditions, a variety of L-alanine esters were
tolerated, affording desired aryloxy phosphoramidates pro-
drugs in good yields (products 4–6). Moreover, substrates con-
taining nonpolar amino acid residue such as valine, isoleucine,
phenylalanine proceeded smoothly to afford the target products
with good efficiency (products 7–9). In addition, N-diphenyl-
phosphoryl tryptophan or O-protected serine were well tolerated
in the standard conditions, affording desired product in high
yield (products 10–11).

Satised with the scope of N-diphenylphosphoryl amino acid
esters, we then investigated the generality of this protocol
a Standard reaction conditions, 36 h. The yield shown here is isolated
yield, and the product is a 1 : 1 mixture of RP and SP diastereoisomers.

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Scope of nucleosides and alcoholsab

a Standard reaction conditions, 36 h. The yield shown here is isolated yield, and the product is a 1 : 1 mixture of RP and SP diastereoisomers. b For
the synthesis of products 14, 33, 34 and 35, reactions were run at 80 �C instead of room temperature.
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regarding the coupling of various alcohol substrates with
phosphorylation reagent 1 (Table 3). A range of alcohols with
different steric environments were smoothly converted to the
desired products in consistently good yields (products 12–14).
In the case of the secondary alcohol, an elevated temperature
(80 �C) was required for efficient transformation (product 14).
Substrates bearing functional groups such as alkene (product
15), alkyne (product 16), halides (product 17–18), and ether
(product 19) were well tolerated in this protocol and delivered
the desired product with good efficiency (76–81% yield).
© 2022 The Author(s). Published by the Royal Society of Chemistry
Nucleoside substrates that contain only 50-hydroxyl group, such
as acyclovir (product 20), zidovudine (product 21), lamivudine
(product 22), emtricitabine (product 23), dideoxyinosine
(product 24), and 20,30-dideoxycytidine (product 25) were all
viable substrates that afforded desired aryloxy triester phos-
phoramidates prodrugs in good yields. Notably, the nucleo-
philic nitrogens on those nucleosides were well tolerated under
our reaction condition, no N-phosphorylation by-products were
observed. Moreover, nucleoside substrates with protected 20,30-
hydroxyl groups were also effective for product formation
RSC Adv., 2022, 12, 13111–13115 | 13113
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(products 26–29, 69–81% yield). Low conversion was observed
when substrates bearing 20,30-hydroxyl groups were directly
subjected to the reaction conditions, likely due to poor solu-
bility of this type of substrates in CH3CN. Although treating
nucleoside bearing unprotected 30,50-hydroxyl groups with the
standard reaction conditions gave a mixture of regioisomers,
mono-phosphorylation of 50 or 30-hydroxyl group can be ach-
ieved by protecting the other hydroxyl group (products 30 and
31). In addition, non-nucleoside medicines such as silodosin,
abiraterone, ergosterol, and ranolazine were also viable
substrates for this reaction, afforded desired prodrug products
in good yields (products 32–35), except for ergosterol. The
amine and amide functional groups in these complex drugs
were well tolerated in this protocol without side reactions, thus
demonstrating the potential application of this method to the
synthesis of aryloxy phosphoramidates prodrug of non-
nucleoside drug candidates.

In conclusion, we have developed a mild and concise
protocol for synthesizing aryloxy phosphoramidate prodrugs of
alcohols and nucleosides. This method utilizes diphenyl phos-
phoramidates as the phosphoryl donor to realize the phos-
phorylation of a range of primary or secondary alcohols. This
method operates under mild conditions and has good func-
tional group tolerance, thus enabling the synthesis of a range of
prodrug analogues of nucleosides containing nucleophilic
functional groups. We believe this work will provide a valuable
tool for the rapid construction of the aryloxy phosphoramidate
prodrug library for hit screenings or SAR studies, which is
essential for discovery of potent ProTide drug candidates.
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