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ynthesis of
oligodeoxyribonucleotides using the H-
phosphonate method with N-unprotected 50-
phosphite monomers†

Hiromasa Matsuda,ab Erina Yoshida,a Takaaki Shinoda,a Kazuki Sato, a

Rintaro Iwata Hara ac and Takeshi Wada *a

Recent advances in nucleic acid therapeutics increase the requirements for developing efficient methods

for the chemical synthesis of oligodeoxyribonucleotides (ODNs). In this study, we report a new approach

for the solution-phase synthesis of ODNs using the H-phosphonate method with N-unprotected 50-
phosphite monomers. The 50-phosphite monomers are synthesized in a single step from unprotected 20-
deoxyribonucleosides using 50-O-selective phosphitylation and can be applied to the synthetic cycle of

the H-phosphonate method. We synthesized four kinds of 50-phosphite monomers and then optimized

the conditions for the condensation between the 30-hydroxy groups of the 50-phosphite monomers and

the H-phosphonate monoesters. As a result of various investigations, solution-phase synthesis of

trithymidine diphosphate (TTT) and tetramers containing four kinds of nucleobases was achieved

according to the procedure consisting of repeated condensation, deprotection, and purification using

simple extraction or precipitation.
Introduction

Chemically synthesized ODNs have a wide range of applications
in such elds as nanotechnology,1 therapeutics,2 and diagnos-
tics.3 In particular, recent remarkable advances in nucleic acid
therapeutics increase the requirements for developing efficient
methods for the chemical synthesis of ODNs. To date, several
synthetic methods have been developed: the phosphoramidite
method,4–10 the H-phosphonate method,11–15 the phospho-
triester method,16,17 and so on. Among them, the phosphor-
amidite method is the most popular today. In the standard
procedure of the phosphoramidite method, the commercially
available phosphoramidite derivatives bearing a 4,40-dime-
thoxytrityl (DMTr) group on the 50-hydroxy group and N-
protection on the nucleobase are used as monomer units. These
monomers are synthesized in 2–5 steps from the corresponding
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unprotected 20-deoxyribonucleosides. ODNs are synthesized by
repeating the condensation of the 30-phosphoramidite group of
monomers with the hydroxy group at the 50-end of the oligomer
following deprotection of the DMTr group at the 50-end. The
synthesis of ODNs by the phosphoramidite method is
commonly conducted using a solid support (solid-phase
synthesis). Solid-phase synthesis using the phosphoramidite
method is currently the most frequently used for the synthesis
of various arrays of ODNs due to its well-established procedure
and application to automated synthesizers.

The H-phosphonate method is a valid option to synthesize
ODNs. In the standard H-phosphonate procedure, ODNs are
synthesized by repeating the condensation of the 30-H-phos-
phonate monoester group of monomers with the hydroxy group
at the 50-end of the oligomer following deprotection of the DMTr
group at the 50-end. Previous studies show that the synthesis of
ODNs using the H-phosphonate method is successfully ach-
ieved without protection of the exocyclic amino groups on
nucleobases using proper phosphonium-type reagents or bis(2-
oxo-3-oxazolidinyl)phosphinic chloride (BOP–Cl) as condensing
reagents.13,18 Therefore, the monomers used in this method can
be synthesized in fewer steps than the commonly used phos-
phoramidite monomers due to skipping the N-protection
steps.19

In the previous report, we have proposed a new approach for
the synthesis of ODNs using the H-phosphonate method with
potential monomer units, N-unprotected 20-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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Scheme 1 Features of the 50-phosphite monomers. B ¼ nucleobases.
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deoxyribonucleoside 50-di-tert-butyl phosphites.20–22 These
potential monomers can be synthesized in a single step from
unprotected 20-deoxyribonucleosides by chemo- and regiose-
lective phosphitylation. In this approach, it is expected that the
30-hydroxy group of the monomer is condensed with the H-
phosphonate monoester group at the 50-end of the oligomer.
Removal of the tert-butyl protecting groups from the phosphite
moiety induces the corresponding H-phosphonate monoester,
which can be condensed with the 30-hydroxy group of the
monomer unit again. However, the synthesis of ODNs using 20-
deoxyribonucleoside 50-di-tert-butyl phosphites as monomer
units has not been achieved to date because the conversion of
di-tert-butyl phosphite triesters to H-phosphonate monoesters
is sluggish or oen not completed by the treatment with 1%
triuoroacetic acid (TFA) in CH2Cl2, the acidic conditions
commonly used in the H-phosphonate method.20

To overcome the problems of 20-deoxyribonucleoside 50-di-
tert-butyl phosphites, we here have designed novel monomers,
20-deoxyribonucleoside 50-bis(diphenylmethyl) phosphites that
can be successfully applied to the synthetic cycle of the H-
Scheme 2 An overview of the approach for solution-phase synthesis of O

© 2021 The Author(s). Published by the Royal Society of Chemistry
phosphonate method (Scheme 1). These monomers (named as
“50-phosphite monomers”) are also synthesized in a single step
from unprotected 20-deoxyribonucleosides using chemo- and
regioselective phosphitylation. The 50-bis(diphenylmethyl)
phosphite group works as protection for the 50-hydroxy group in
the condensation steps whereas the treatment with 1% TFA in
CH2Cl2 promptly converts the 50-bis(diphenylmethyl) phosphite
to the corresponding H-phosphonate monoester, which can be
condensed with the 30-hydroxy group of the monomer in the
next condensation.

In this study, we report the solution-phase synthesis of short
ODNs using the novel 50-phosphite monomers. An overview of
the synthetic approach is shown in Scheme 2. Solid-phase
synthesis is popularly used for the synthesis of ODNs owing to
its simple operations. On the other hand, lately, the solution-
phase synthesis of ODNs has been extensively investigated23 to
overcome the problems of solid-phase synthesis: the use of
excess amount of monomers and low scalability. The critical
step of the solution-phase approach is the separation of the
oligonucleotide chain from residual monomers and reagents
aer each condensation, deprotection, and oxidation step. In
this context, the several synthesis procedures containing the
separation steps by column chromatography,15 simple extrac-
tion,6,7 precipitation using a soluble support,8,10,17 and
membrane ltration9 have been developed. Herein, we have
employed the simple extraction or precipitation for the sepa-
ration steps and attempted to synthesize ODNs in solution.
Results and discussion
Synthesis of the 50-phosphite monomers

We have previously reported the 50-O-selective phosphitylation
of unprotected 20-deoxyribonucleosides using di-tert-butyl N,N-
diethylphosphoramidites as a phosphitylating reagent.20–22

However, the products, 20-deoxyribonucleoside 50-di-tert-butyl
DNs using the H-phosphonate method with 50-phosphite monomers.

RSC Adv., 2021, 11, 38094–38107 | 38095
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Scheme 3 Synthesis of bis(diphenylmethyl) N,N-
diethylphosphoramidite.
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phosphites, are difficult to apply to the synthetic cycle of the H-
phosphonate method because the conversion of di-tert-butyl
phosphite triesters to H-phosphonate monoesters is sluggish or
oen does not complete by treatment with 1% TFA in CH2Cl2.20

Our preliminary investigation revealed that the 20-deoxy-
ribonucleoside 50-bis(diphenylmethyl) phosphites are suitable
as the monomers owing to their rapid conversion to the H-
phosphonate monoesters under acidic conditions; the conver-
sion was conrmed to be complete within an hour by treatment
with 1% TFA in CH2Cl2.

To prepare the 50-phosphite monomers, phosphitylating
reagent 1 was synthesized according to the reported procedure
(Scheme 3).24 Then, we investigated 50-O-selective phosphityla-
tion of unprotected 20-deoxyribonucleosides in the presence of
the phosphitylating reagent 1 and 4,5-dicyanoimidazole as the
acidic activator. In this study, we selected 4,5-dicyanoimidazole
instead of pyridinium chloride, which had been used as the
acidic activator in the previous research, because pyridinium
chloride is difficult to handle due to its highly hygroscopic
nature. The results of the phosphitylation are summarized in
Table 1. All reactions except for 20-deoxyguanosine were con-
ducted in pyridine solvent because the solubility of 20-deoxy-
guanosine was low without the addition of dimethyl sulfoxide
(DMSO). In the phosphitylation of thymidine and 20-
Table 1 Synthesis of the 50-phosphite monomersa

Entry B

Conditions

Solvent Equivalen

1 A Pyridine 1.1 to 1.7
2 C Pyridine 1.1
3 G DMSO–pyridine (2 : 1, v/v) 1.2 to 1.6
4 T Pyridine 1.1

a A ¼ adenin-9-yl, C ¼ cytosin-1-yl, G ¼ guanin-9-yl, T ¼ thymin-1-yl. b Det
reached the steady state. c Ratio of products could not be determined bec
separated from each other.

38096 | RSC Adv., 2021, 11, 38094–38107
deoxycytidine (entries 2 and 4), the 31P NMR analysis of the
reaction mixtures indicated that the desired 50-phosphites 2c, t
were generated prior to 30-phosphites 3c, t and 30,50-diphos-
phites 4c, t (Fig. S1 and S2 in the ESI†). In addition, no signal
corresponding to the phosphitylation of exocyclic amino groups
(123–127 ppm) was observed using 31P NMR analysis of the
crude reaction mixtures even in the phosphitylation of 20-
deoxyadenosine, 20-deoxyguanosine and, 20-deoxycytidine.19a

These results suggested that the phosphitylation reactions
proceeded in chemo- and regioselective manners by the syner-
getic effect of steric hindrance of the phosphitylating reagent 1
and the inherent O-selectivity of an active P(III) species gener-
ated from 1 and 4,5-dicyanoimidazole.13,19b,22 The 50-phosphite
was successfully separated from 30-phosphite and 30,50-diphos-
phite using silica gel column chromatography in all cases.
Consequently, four kinds of the 50-phosphite monomers 2a, c, g,
and t were synthesized in a single step from the corresponding
20-deoxyribonucleosides in moderate isolated yields (45–63%).

Condensation of the 30-hydroxy groups of the 50-phosphite
monomers with the H-phosphonate monoesters

Next, we attempted to optimize the reaction conditions for
condensation of our solution-phase approach using the 50-
phosphite monomers 2a, c, g, and t. The 30-O-tert-butyldiphe-
nylsilyl (TBDPS)-protected thymidine 50-H-phosphonates 5a and
b as the coupling partners of the 50-phosphite monomers were
synthesized as shown in Scheme 4. The 30-hydroxy groups of the
50-phosphite monomers 2a, c, g, and t were condensed with the
50-H-phosphonate monoesters of 5a or b using BOP–Cl as
a condensing reagent in the presence of bases (Table 2). The
conversion of the reactions was estimated using 31P NMR
analysis of the reaction mixtures 30 min aer the reaction
started (Fig. S3–S10 in the ESI†). The formation of 6t was
Ratio of productsb (%)
Isolated yield (%)
of 2t of 1 2 3 4

—c —c —c 63
71 14 15 49
—c —c —c 58
80 10 10 45

ermined using 31P NMR analysis of reaction mixtures aer each reaction
ause the 31P NMR peaks derived from compounds 2, 3, and 4 were not

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06619f


Scheme 4 Synthesis of thymidine 50-H-phosphonates. Reagents and conditions: (a) (i) diphenyl H-phosphonate (7.0 equiv.), pyridine, 0 �C to
room temperature (rt), 70 min, (ii) H2O–Et3N (1 : 1, v/v), rt, 40 min, 77%, two steps; (b) 0.2 M DBU hydrogen carbonate aqueous solution (pH 7),
97%.

Table 2 Condensation of the 50-phosphite monomers with thymidine 50-H-phosphonate monoesters

Entry

Reactants Conditions

Conversiona5 2 Solvent Base Equivalents of BOP–CI

1b a t Pyridine — 2.0 (+4.0) 83% (quant)c

2b a t CH3CN Pyridine (10 equiv.) 2 Degradedd

3b a t CH3CN 2,6-Lutidine (10 equiv.) 4 Degradedd

4 a t CH3CN Et3N (10 equiv.) 2 6%
5 b t Pyridine — 2 Quant
6 b a Pyridine — 2 Quant
7 b c Pyridine — 2 Quant
8 b g Pyridine — 2 Quant

a Determined using 31P NMR analysis of reaction mixtures 30 min aer the reaction started: 31P NMR integration ratio of 6/(5 + 6). b BOPCl was
added at 0 �C. c The reaction was completed by adding an extra 4.0 equivalents of BOP–Cl and extending the reaction time. d The degradation
of phosphite moieties of 2t and/or 6t was observed.
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conrmed by the 1JPH value of the H-phosphonate diester (1JPH
¼ 710.9 Hz for a diastereomer at d 10.1, 1JPH ¼ 719.6 Hz for the
other at d 8.6) in entry 1. In the other entries, the signals which
have the similar chemical shis mentioned above were
assigned to the desired dimer 6. First, we investigated the
condensation of 2t with triethylammonium thymidine 50-H-
phosphonate derivative 5a in pyridine as both a solvent and
a base (entry 1), or in CH3CN as a solvent with bases (entries 2–
4). In entry 1, although 17% of unreacted 5a remained in the
reaction mixture 30 min aer the rst addition of 2.0 equiva-
lents of BOP–Cl, the reaction was nally completed by adding
an extra 4.0 equivalents of BOP–Cl and extending the reaction
time. The hygroscopic nature of the triethylammonium salt 5a
was attributed to the requirement for an excess amount of BOP–
Cl. In entries 2 and 3, in which the reaction was performed in
© 2021 The Author(s). Published by the Royal Society of Chemistry
CH3CN with 10 equivalents of pyridine or 2,6-lutidine as a base,
31P NMR analysis of the reaction mixtures suggested that the
phosphite moieties of 2t and/or the desired dimer 6t were
gradually degraded. This degradation was considered to result
from the P-protonation of the phosphite derivative by hydrogen
chloride generated from BOP–Cl and removal of the diphe-
nylmethyl group.25,26 In entry 4, the reaction was performed in
the presence of 10 equivalents of triethylamine to trap the
hydrogen chloride. As expected, no degradation of the phos-
phite derivatives was observed; however, the reaction was very
slow compared with entry 1 and eventually did not complete
even by adding extra BOP–Cl and extending the reaction time.
Summarizing these results, a small excess (about 10 equiva-
lents) of a weak base such as pyridine or 2,6-lutidine cannot
prevent the degradation of the 50-bis(diphenylmethyl)
RSC Adv., 2021, 11, 38094–38107 | 38097
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phosphites, whereas the use of a stronger base such as trie-
thylamine inhibits the formation of the desired H-phosphonate
diesters. Therefore, only the conditions of entry 1, the use of
pyridine as a solvent and a base, is suitable for the condensation
of 2t with 5a.

Next, we conducted the condensation of 2t with 1,8-
diazabicyclo[5.4.0]undec-7-enium thymidine 50-H-phosphonate
derivative 5b in pyridine (entry 5). We employed diazabicyclo
[5.4.0]undec-7-en (DBU) salt 5b instead of triethylammonium
salt 5a because the DBU form is less hygroscopic than the
triethylammonium form and the use of the DBU form was ex-
pected to decrease the amount of BOP–Cl to complete the
condensation. As a result, the condensation of 2t with 5b was
completed within 30 min by adding only 2.0 equivalents of
BOP–Cl.

Then, we applied the conditions used in entry 5 to the
condensation of the other kinds of the 50-phosphite monomers
2a, c, and g with 5b (entries 6–8). In all the cases, the conden-
sation was completed within 30 min by adding only 2.0 equiv-
alents of BOP–Cl. In addition, no by-product derived from the
reaction between the H-phosphonate monoesters and the
exocyclic amino groups on adenine, cytosine, and guanine was
detected using 31P NMR analysis of the reactionmixtures. These
results indicated that the condensation of H-phosphonate
monoesters with the 30-hydroxy groups proceeded without the
side-reactions with the exocyclic amino groups on nucleobases
using BOP–Cl as a condensing reagent, as is the case of the
condensation with the 50-hydroxy groups.13,18We concluded that
the condensation conditions used in entries 5–8 are suitable for
Scheme 5 Solution-phase synthesis of TTT with LLE. TBAF ¼ tetrabutyl

38098 | RSC Adv., 2021, 11, 38094–38107
the synthesis of ODNs using the present solution-phase
approach.
Solution-phase synthesis of ODNs using the 50-phosphite
monomers

With the optimized condensation reaction conditions in hand,
we investigated the solution-phase synthesis of ODNs using the
50-phosphite monomers. First, we attempted to synthesize tri-
thymidine diphosphate (TTT) according to the following proce-
dure consisting of repeated condensation, deprotection and
purication using liquid–liquid extraction (LLE) (Scheme 5): (1)
the monomer 2t was condensed with 30-O-TBDPS-protected
thymidine 50-H-phosphonate 5b using BOP–Cl in pyridine; (2)
the residue of BOP–Cl was removed in the aqueous layer using
LLE. The dimer 6t was distributed to the organic layer (Fig. S11 in
the ESI†); (3) the bis(diphenylmethyl) phosphite group at the 50-
end of the dimer 6t was converted to the H-phosphonate mono-
ester by treatment with 1% TFA in CDCl3 in the presence of N-
methylpyrrol as a scavenger of diphenylmethyl cations. N-Meth-
ylpyrrol is an analog of pyrrol, which is oen employed as
a cation scavenger in the synthesis of ODNs,27 and our prelimi-
nary investigation revealed that N-methylpyrrol was also effective
as a cation scavenger.N-Methylpyrrol was employed here because
any excess amount of N-methylpyrrol could be removed under
reduced pressure owing to its lower boiling point (b.p. 114 �C)28

than pyrrol (b.p. 131 �C);29 (4) thymidine 50-H-phosphonate
derived from the residual monomer and the excess of TFA were
removed in the aqueous layer using LLE. The dimer 7 was
distributed to the organic layer as a tetrabutylammonium salt
ammonium fluoride.

© 2021 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06619f


Fig. 1 RP-HPLC profiles of crude ODNsa (A) TTT, (B) d(CGAT), (C) d(GCAT). RP-HPLC was performed with a linear gradient of 0–40% CH3CN in
0.1 M triethylammonium acetate (TEAA) buffer (pH 7.0) over 40 min at 50 �C at a rate of 0.5 mL min�1 for analysis of (A) and with a linear gradient
of 0–30% CH3CN in 0.1 M TEAA buffer (pH 7.0) over 60 min at 50 �C at a rate of 0.5 mL min�1 for analysis of (B) and (C). a The structure of
d(PHGAT) was predicted by mass spectrometry: HRMS (ESI-time-of-flight) m/z calcd for C30H37N12O18P3

2� [M–2H]2�, 4 730 786; found
473.0771.
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using an aqueous solution of NBu4HCO3 (0.2 M, pH 7) as an
aqueous layer (Fig. S12 in the ESI†); (5) 50-O-DMTr–thymidine was
condensed with the 50-H-phosphonate monoester of the dimer 7
using BOP–Cl in pyridine; (6) the residue of BOP–Cl was removed
in the aqueous layer using LLE. The trimer 8 was distributed to
the organic layer (Fig. S13 in the ESI†); (7) the internucleotidic H-
phosphonates of the trimer 8 were oxidized by iodine and water,
then, the excess iodine was quenched with diethyl phosphonate;
(8) the residue of reagents was removed in the aqueous layer
using LLE. The trimer 9 was distributed to the organic layer as
a triethylammonium salt using triethylammonium bicarbonate
(TEAB) buffer (pH 8) as an aqueous layer; (9) the TBDPS group at
the 30-end and the DMTr group at the 50-end were removed; (10)
the desired trimer TTT was extracted to the aqueous layer by
using LLE and the aqueous layer was dried by lyophilization to
afford the crude mixture. The result of reversed-phase high
performance liquid chromatography (RP-HPLC) analysis for the
crude mixture is shown in Fig. 1A. The desired trimer TTT was
detected as the main product except for thymidine derived from
the small excess use of 50-O-DMTr-thymidine in the second
condensation reaction. The puried TTT was successfully ob-
tained using RP-HPLC in 46% overall isolated yield (Fig. S14 in
© 2021 The Author(s). Published by the Royal Society of Chemistry
the ESI†). The product was identied by high resolution mass
spectrometry (HRMS) and 1H NMR.

Next, we attempted to synthesize tetramers containing four
kinds of nucleobases (A, C, G, and T) according to the same
procedure as for the synthesis of TTT. However, our experi-
ments revealed that tetramers containing four nucleobases
were not obtained by this procedure due to degradation of the
oligomer in the LLE steps. Particularly aer the highly hydro-
philic monomers, C monomer 2c or G monomer 2g, were
introduced to the oligomer, the formation of an emulsion was
observed during LLE operation, which was considered to cause
hydrolysis of the internucleotidic H-phosphonates. To avoid the
degradation of the oligomer in the LLE steps, we investigated
purication by precipitation using a hydrophobic soluble
support. Some kinds of soluble supports for the solution-phase
synthesis of oligonucleotides or peptides have been reported to
date.8,10,17,30,31 Among them, we selected the gallate derivative,
which is one of the most commonly used soluble supports and
easily precipitated by the addition of polar solvents owing to its
high hydrophobicity. Thymidine 50-H-phosphonate bearing
a soluble support was synthesized as shown in Scheme 6. Then,
we attempted solution-phase synthesis of two sequences of
RSC Adv., 2021, 11, 38094–38107 | 38099

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1ra06619f


Scheme 6 Synthesis of thymidine 50-H-phosphonate bearing the hydrophobic soluble support. Reagents and conditions: (a) (i) succinic
anhydride (1.2 equiv.), 4-dimethylaminopyridine (DMAP) (0.1 equiv.), triethylamine (1.2 equiv.), CH2Cl2, rt, 20 h, (ii) 1 M TEAB buffer (pH 8), 89%,
two steps; (b) LiAlH4, THF (1.5 equiv.), rt, 13 h, 75%; (c) 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate (HBTU) (2.0
equiv.), N,N-diisopropylethylamine (2.0 equiv.), DMAP (2.0 equiv.), CH2Cl2, 40 �C, 2 h, 96%; (d) 1% (v/v) TFA, CH2Cl2, rt, 30 min; (e) (i) diphenyl H-
phosphonate (7.0 equiv.), pyridine, rt, 90 min, (ii) H2O–Et3N (1 : 1, v/v), rt, 30 min, (iii) 0.2 M DBU hydrogen carbonate aqueous solution (pH 7),
90%, four steps.
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tetramers, d(CGAT) and d(GCAT), using the hydrophobic
soluble support. In the condensation steps, a tetrahydrofuran
(THF)–pyridine mixture was used as a solvent because 15 and
the oligomer bearing the hydrophobic support have poor solu-
bility in pyridine. The procedure for the synthesis of tetramers
was as follows (Scheme 7): (1) the appropriate monomer 2 was
condensed with 15 (or the oligomer for the second cycle) using
BOP–Cl in THF–pyridine; (2) the residual monomer and
reagents were removed by precipitation using CH3CN as a polar
solvent; (3) the bis(diphenylmethyl) phosphite group at the 50-
end of the oligomer was converted to the H-phosphonate
Scheme 7 Solution-phase synthesis of d(CGAT) and d(GCAT) with prec

38100 | RSC Adv., 2021, 11, 38094–38107
monoester by treatment with 1% TFA in CH2Cl2 in the presence
of pyrrol as a cation scavenger; (4) the residual reagents were
removed by precipitation using CH3CN; (5) the operations
described in (1)–(4) were repeated; (6) 50-O-DMTr-20-deoxy-
cytidine (for the synthesis of d(CGAT)) or 50-O-DMTr-20-deoxy-
guanosine (for the synthesis of d(GCAT)) was condensed with
the oligomer using BOP–Cl in THF–pyridine; (7) the residual
reagents were removed by precipitation using CH3CN; (8) the
internucleotidic H-phosphonates were oxidized by iodine and
water, then, the excess of iodine was quenched with diethyl
phosphonate; (9) the residual reagents were removed by
ipitation.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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precipitation using CH3CN; (10) the soluble support at the 30-
end and the DMTr group at the 50-end were removed; (11) the
desired tetramer was extracted to the aqueous layer using LLE
and the aqueous layer was dried by lyophilization to afford the
crude mixture. The results of RP-HPLC analysis for the crude
mixtures are shown in Fig. 1B and C. The desired tetramer,
d(CGAT) or d(GCAT), was the main product in each case and the
purication using RP-HPLC afforded d(CGAT) and d(GCAT) in
10% and 21% overall isolated yield, respectively. The products
were identied by HRMS and 1H NMR.

The overall yields of the tetramers were moderate probably
because the intermediates bearing a 50-bis(diphenylmethyl)
phosphite were lost in the precipitation steps. The 50-phosphite
intermediates were slightly soluble to CH3CN and the weight
loss of them suggested that ca. 10% of the crude product was
lost to the mother liquid in each precipitation of the 50-phos-
phite intermediates. In addition, the lower yield of d(CGAT)
than d(GCAT) was attributed to the formation of a 50-H-phos-
phonate trimer (d(PHGAT), shown in Fig. 1B) as a by-product.
The d(PHGAT) was expected to be formed by the failure of the
condensation between 50-O-DMTr-20-deoxycytidine and the
intermediate trimer bearing the 50-H-phosphonate monoester.
We observed that the solubility of the 50-H-phosphonate inter-
mediate notably decreased aer the G monomer was incorpo-
rated, and it was not completely dissolved in THF–pyridine
during the nal condensation step in the synthesis of d(CGAT).
On the other hand, in the synthesis of d(GCAT), because the
oligomer was completely dissolved in all the condensation
steps, notable by-products derived from the failure of the
condensation were not detected. This poor solubility of the
intermediates bearing a 50-H-phosphonate monoester was
attributed to the hydrogen bonding of unprotected nucleo-
bases, particularly a guanine. We expect that employing a suit-
able hydrophobic soluble support to the oligomer can modulate
the solubility of the intermediate oligomers, which lead to the
improvement of the overall yields and the successful synthesis
which does not depend on the sequences of target ODNs.

Conclusions

We have developed a new approach for the solution-phase
synthesis of ODNs using the H-phosphonate method with N-
unprotected 50-phosphite monomers. Four kinds of the 50-
phosphite monomers 2a, c, g, and t were synthesized in a single
step from the corresponding 20-deoxyribonucleosides in
moderate isolated yields. Aer optimizing the condensation
conditions, we attempted solution-phase synthesis of ODNs
using the 50-phosphite monomers. The synthesis of TTT was
successfully achieved according to the procedure consisting of
repeated condensation, deprotection and purication using
LLE. Because the purication using LLE was not suitable for the
synthesis of ODNs containing four kinds of nucleobases, we
next investigated a procedure containing repeated precipitation
using a hydrophobic soluble support. Consequently, solution-
phase synthesis of tetramers containing four kinds of nucleo-
bases was achieved using the soluble support although the
overall yields of tetramers were moderate and depend on their
© 2021 The Author(s). Published by the Royal Society of Chemistry
sequences due to the problems on the solubility of intermediate
oligomers. We expect that the selection of suitable hydrophobic
soluble supports is a key to improve the yield, and the further
investigation of them is a future task. To the best of our
knowledge, this is the rst report describing the solution-phase
synthesis of ODNs using monomers prepared in a single step
from 20-deoxyribonucleosides. We expect that this approach is
a promising option for the efficient synthesis of various ODNs.
Experimental section
General information

All reactions were conducted under an Ar atmosphere. Dry
organic solvents were prepared by appropriate procedures. 1H
NMR spectra were recorded at 400 MHz with tetramethylsilane
(d 0.0) as an internal standard in CDCl3 or DMSO-d6, or at 600
MHz with CH3CN (d 2.06) as an internal standard in D2O.

13C
NMR spectra were recorded at 100 MHz with CDCl3 or DMSO-
d6, which were used as the internal standards at d 77.0 and
39.5 ppm, respectively. 31P NMR spectra were recorded at 162
MHz with H3PO4 (d 0.0) as an external standard in CDCl3 or
DMSO-d6. Analytical thin-layer chromatography was performed
on commercial glass plates with a 0.25 mm thickness silica gel
layer. Silica gel column chromatography was carried out using
silica gel 60 N (63–210 mm) as a neutral silica gel, and Chro-
matorex NH-DM1020 as an NH-silica gel. RP-HPLC for analysis
and purication was performed using a mbondasphere 5 mm
C18, 100 �A, 19 � 150 mm2 (Waters) or Source 5RPC ST 4.6/150
(GE Healthcare). Synthesized oligomers were identied by
electrospray ionization (ESI) mass spectrometry. Isolated yields
of oligomers were estimated by measuring UV–vis spectra at
260 nm.
Synthesis of compounds

Bis(diphenylmethyl) N,N-diethylphosphoramidite (1).
Diphenylmethanol (3.68 g, 20.0 mmol) was dried by repeated
coevaporation with dry pyridine, dry toluene, and dry THF, and
then dissolved in dry THF (45 mL). Triethylamine (4.05 g, 40.0
mmol) was added to the solution, and dichloro(diethylamino)
phosphine (1.74 g, 10.0 mmol) was added dropwise over 3 min
at 0 �C. The mixture was stirred for 21 h at rt and diluted with
hexane. The suspension was ltered, and the ltrate was
concentrated under reduced pressure. The residue was puried
by silica gel column chromatography (NH-silica gel, hexane) to
afford 1 as a colorless oil (3.86 g, 8.22 mmol, 82%).

1H NMR (400 MHz, CDCl3) d 7.28–7.15 (m, 20H), 5.82 (d, J ¼
10.4 Hz, 2H), 3.03–2.94 (m, 4H), 0.90 (t, J ¼ 7.2 Hz, 6H); 13C{1H}
NMR (100MHz, CDCl3) d 143.4 (d,

3JPC¼ 2.9 Hz), 143.2 (d, 3JPC¼
2.9 Hz), 128.1, 127.1, 127.1, 126.8, 126.7, 77.4, 77.2, 37.9, 37.7,
14.7; 31P{1H} NMR (162 MHz, CDCl3) d 149.0.

HRMS (ESI-time-of-ight (TOF)) m/z calcd for C30H33NO2P
+

[M + H]+, 470.2243; found 470.2249.
20-Deoxyadenosine 50-bis(diphenylmethyl) phosphite (2a). 20-

Deoxyadenosine (1.26 g, 5.00 mmol) and 4,5-dicyanoimidazole
(1.18 g, 10.0 mmol) were dried together by repeated coevapo-
ration with dry pyridine and dissolved in dry pyridine (90 mL),
RSC Adv., 2021, 11, 38094–38107 | 38101
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and then bis(diphenylmethyl) N,N-diethylphosphoramidite 1
(2.58 g, 5.50 mmol), which was dried by repeated coevaporation
with dry pyridine and dissolved in dry pyridine (10 mL), was
added dropwise over 8 min at rt. Aer the mixture was stirred
for 80 min at rt, compound 1 (1.44 g, 3.07 mmol), which was
dried by repeated coevaporation with dry pyridine and dissolved
in dry pyridine (1 mL), was added dropwise over 1 min at rt.
Aer the mixture was stirred for 1 h at rt, the mixture was
diluted with CHCl3 (250 mL) and washed with a saturated
aqueous solution of NaHCO3 (2 � 250 mL). The aqueous layers
were combined and back-extracted with CHCl3 (250 mL). The
organic layers were combined, dried over Na2SO4, ltered, and
concentrated under reduced pressure. The residue was puried
by silica gel column chromatography (NH-silica gel, CHCl3–
MeOH (99 : 1–98.5 : 1.5, v/v)) to afford 2a as a colorless foam
(2.03 g, 3.13 mmol, 63%).

1H NMR (400 MHz, CDCl3) d 8.32 (s, 1H), 7.94 (s, 1H), 7.30–
7.18 (m, 20H), 6.33 (t, J ¼ 6.6 Hz, 1H), 6.16 (d, J ¼ 9.6 Hz, 1H),
6.12 (d, J ¼ 9.2 Hz, 1H), 5.66–5.60 (br, 2H), 4.18–4.13 (br, 1H),
3.89–3.81 (m, 2H), 3.76–3.70 (m, 1H), 2.46–2.37 (m, 1H), 2.31–
2.24 (m, 1H) 2.02–1.98 (br, 1H); 13C{1H} NMR (100 MHz, CDCl3)
d 155.3, 153.0, 149.6, 142.2, 142.1, 142.1, 142.0, 139.0, 128.5,
128.4, 128.4, 128.3, 127.7, 127.6, 127.5, 126.9, 126.6, 126.5,
120.1, 85.6 (d, 3JPC¼ 4.8 Hz, 40-C), 84.1, 77.2, 72.0, 61.6 (d, 2JPC¼
5.8 Hz, 50-C), 39.8; 31P{1H} NMR (162 MHz, CDCl3) d 140.5.

HRMS (ESI-TOF) m/z calcd for C36H35N5O5P
+ [M + H]+,

648.2370; found 648.2376.
20-Deoxycytidine 50-bis(diphenylmethyl) phosphite (2c). 20-

Deoxycytidine (0.909 g, 4.00 mmol) and 4,5-dicyanoimidazole
(0.945 g, 8.00 mmol) were dried together by repeated coevapo-
ration with dry pyridine and dissolved in dry pyridine (30 mL),
and then bis(diphenylmethyl) N,N-diethylphosphoramidite 1
(2.07 g, 4.40 mmol), which was dried by repeated coevaporation
with dry pyridine and dissolved in dry pyridine (10 mL), was
added dropwise over 5 min at rt. Aer the mixture was stirred
for 1 h at rt, the mixture was diluted with CHCl3 (50 mL) and
washed with a saturated aqueous solution of NaHCO3 (3 � 50
mL). The aqueous layers were combined and back-extracted
with CHCl3 (50 mL). The organic layers were combined, dried
over Na2SO4, ltered, and concentrated under reduced pres-
sure. The residue was puried by silica gel column chroma-
tography (NH-silica gel, CHCl3–MeOH (99 : 1–98 : 2–97 : 3, v/v))
to afford 2c as a colorless foam (1.23 g, 1.97 mmol, 49%).

1H NMR (400 MHz, CDCl3) d 7.65 (d, J ¼ 7.6 Hz, 1H), 7.35–
7.18 (m, 20H), 6.28 (t, J¼ 6.4 Hz, 1H), 6.16–6.09 (m, 2H), 5.32 (d,
J ¼ 7.6 Hz, 1H), 3.98–3.93 (m, 1H), 3.87 (quint, J ¼ 3.2 Hz, 1H),
3.84–3.75 (m, 2H), 3.15–3.03 (br, 1H), 2.42–2.35 (m, 1H), 1.76–
1.67 (m, 1H); 13C{1H} NMR (100 MHz, CDCl3) d 165.6, 156.0,
142.1, 142.0, 141.0, 128.5, 128.4, 128.4, 127.8, 127.6, 127.5,
126.8, 126.8, 126.7, 126.5, 94.3, 86.2, 85.8 (d, 3JPC ¼ 5.7 Hz, 40-C),
77.2, 77.1, 71.5, 61.8 (d, 2JPC ¼ 6.7 Hz, 50-C), 41.3; 31P{1H} NMR
(162 MHz, CDCl3) d 140.9.

HRMS (ESI-TOF) m/z calcd for C35H35N3O6P
+ [M + H]+,

624.2258; found 624.2254.
20-Deoxyguanosine 50-bis(diphenylmethyl) phosphite (2g).

4,5-dicyanoimidazole (0.472 g, 4.00 mmol), which was dried by
repeated coevaporation with dry pyridine, and 20-
38102 | RSC Adv., 2021, 11, 38094–38107
deoxyguanosine (0.534 g, 2.00 mmol) were dissolved in
a mixture of dry DMSO (10 mL) and dry pyridine (10 mL), and
then bis(diphenylmethyl) N,N-diethylphosphoramidite 1
(1.13 g, 2.40 mmol), which was dried by repeated coevaporation
with dry pyridine and dissolved in dry DMSO (10 mL), was
added dropwise over 15 min at rt. Aer the reactionmixture was
stirred for 1 h at rt, compound 1 (0.376 g, 0.80mmol), which was
dried by repeated coevaporation with dry pyridine and dissolved
in dry DMSO (4 mL), was added dropwise over 5 min at rt. Aer
the reaction mixture was stirred for 1 h at rt, the reaction
mixture was diluted with CHCl3 (150 mL) and washed with
a saturated aqueous solution of NaHCO3 (2 � 150 mL). The
aqueous layers were combined and back-extracted with
a mixture of pyridine (10 mL) and CHCl3 (90 mL). The organic
layers were combined, dried over Na2SO4, ltered, and
concentrated under reduced pressure. The residue was puried
by silica gel column chromatography (NH-silica gel, CHCl3–
MeOH (95 : 5–90 : 10, v/v)) to afford 2g as a colorless foam
(0.774 g, 1.17 mmol, 58%).

1H NMR (400 MHz, DMSO-d6) d 10.65–10.62 (br, 1H), 7.75 (s,
1H), 7.33–7.15 (m, 20H), 6.50–6.45 (br, 2H), 6.20 (d, J ¼ 9.2 Hz,
2H), 6.13–6.05 (m, 2H), 5.31 (d, J ¼ 4.4 Hz, 1H), 4.18–4.13 (m,
1H), 3.79–3.72 (m, 3H), 2.35–2.28 (m, 1H), 2.15–2.08 (m, 1H);
13C{1H} NMR (100 MHz, DMSO-d6) d 156.7, 153.7, 151.0, 142.4,
142.4, 134.8, 128.3, 128.3, 128.2, 127.4, 127.4, 127.3, 126.3,
126.1, 116.7, 85.4 (d, 3JPC ¼ 4.8 Hz, 40-C), 82.2, 76.1, 76.0, 76.0,
75.9, 70.6, 62.3 (d, 2JPC ¼ 6.7 Hz, 50-C); 31P{1H} NMR (162 MHz,
DMSO-d6) d 139.4.

HRMS (ESI-TOF) m/z calcd for C36H35N5O6P
+ [M + H]+,

664.2319; found 664.2358.
Thymidine 50-bis(diphenylmethyl) phosphite (2t). Thymi-

dine (0.73 g, 3.0 mmol) and 4,5-dicyanoimidazole (0.71 g, 6.0
mmol) were dried together by repeated coevaporation with dry
pyridine and dissolved in dry pyridine (40 mL), and then bis(-
diphenylmethyl) N,N-diethylphosphoramidite 1 (1.55 g, 3.30
mmol), which was dried by repeated coevaporation with dry
pyridine and dissolved in dry pyridine (20 mL), was added
dropwise over 4 min at rt. Aer the mixture was stirred for 1 h at
rt, a saturated aqueous solution of NaHCO3 (150 mL) was
added. The mixture was washed with CH2Cl2 (100 mL), and the
organic layer was washed with a saturated aqueous solution of
NaHCO3 (150 mL). The aqueous layers were combined and
back-extracted with CH2Cl2 (50 mL). The organic layers were
combined, dried over Na2SO4, ltered, and concentrated under
reduced pressure. The residue was puried by silica gel column
chromatography (NH-silica gel, hexane–ethyl acetate (2 : 1–
1 : 1–1 : 2–1 : 3, v/v) followed by ethyl acetate) to afford 2t as
a colorless foam (0.868 g, 1.36 mmol, 45%).

1H NMR (400 MHz, CDCl3) d 8.40 (s, 1H), 7.38 (d, J ¼ 1.2 Hz,
1H), 7.33–7.18 (m, 20H), 6.24–6.16 (m, 2H), 6.10 (d, J ¼ 9.2 Hz,
1H), 3.98–3.93 (m, 1H), 3.91–3.84 (m, 1H), 3.82–3.74 (m, 2H),
2.13–2.06 (m, 1H), 1.83 (d, J ¼ 1.2 Hz, 3H), 1.78–1.68 (m, 2H);
13C{1H} NMR (100 MHz, CDCl3) d 163.5, 150.1, 142.1, 142.0,
142.0, 142.0, 141.9, 141.8, 141.8, 135.6, 128.5, 128.5, 128.4,
128.4, 127.9, 127.8, 127.7, 127.7, 126.8, 126.8, 126.6, 126.5,
110.8, 85.3 (d, 3JPC ¼ 5.8 Hz, 40-C), 84.6, 77.7, 77.5, 77.2, 77.1,
© 2021 The Author(s). Published by the Royal Society of Chemistry
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71.4, 61.3 (d, 2JPC ¼ 4.8 Hz, 50-C), 40.2, 12.6; 31P{1H} NMR (162
MHz, CDCl3) d 141.0.

HRMS (ESI-TOF) m/z calcd for C36H36N2O7P
+ [M + H]+,

639.2255; found 639.2247.
Triethylammonium 30-O-tert-butyldiphenylsilyl-thymidine

50-H-phosphonate (5a). 30-O-tert-Butyldiphenylsilyl-thymidine32

(0.96 g, 2.0 mmol) was dried by repeated coevaporation with dry
pyridine and dissolved in dry pyridine (20 mL). Diphenyl
phosphonate (3.28 g, 14.0 mmol) was added at 0 �C, and the
mixture was stirred for 70 min at rt. Water–Et3N (1 : 1, v/v, 1 mL)
was added, and themixture was stirred for 40min at rt. Aer the
mixture was concentrated to half the original volume under
reduced pressure, the resultant solution was diluted with
CH2Cl2 (30 mL) and washed with 1 M aqueous TEAB (pH 8) (3�
30 mL). The aqueous layers were combined and back-extracted
with CH2Cl2 (30 mL). The organic layers were combined, dried
over MgSO4, ltered, and concentrated under reduced pressure.
The residue was puried by silica gel column chromatography
(neutral silica gel, CH2Cl2–MeOH–Et3N (98 : 2 : 0.5–96 : 4 : 0.5–
94 : 6 : 0.5–92 : 8 : 0.5, v/v/v)). The fractions containing 5a were
collected and concentrated under reduced pressure. The
residue was dissolved in CH2Cl2 (50 mL) and washed with 1 M
aqueous TEAB (pH 8) (2 � 50 mL). The organic layer was dried
over MgSO4, ltered, and concentrated under reduced pressure
to afford 5a as a colorless foam (1.00 g, 1.54 mmol, 77%).

1H NMR (400 MHz, CDCl3) d 8.15–8.06 (br, 1H), 7.75 (d, J ¼
0.8 Hz, 1H), 7.65–7.61 (m, 4H), 7.46–7.36 (m, 6H), 6.72 (d, 1JPH¼
616.4 Hz, 1H), 6.55–6.50 (m, 1H), 4.47 (d, J ¼ 5.2 Hz, 1H), 4.10–
4.06 (br, 1H), 3.86–3.80 (m, 1H), 3.51–3.45 (m, 1H), 2.98 (quint, J
¼ 7.3 Hz, 6H), 2.26–2.20 (m, 1H), 2.04–1.96 (m, 1H), 1.93 (s, 3H),
1.25 (t, J ¼ 7.4 Hz, 9H), 1.08 (s, 9H); 13C{1H} NMR (100 MHz,
CDCl3) d 163.6, 150.3, 136.5, 135.7, 133.3, 133.1, 130.0, 127.9,
111.0, 86.8 (d, 3JPC ¼ 8.6 Hz, 40-C), 84.9, 74.5, 63.3 (d, 2JPC ¼
3.8 Hz, 50-C), 45.3, 40.8, 26.8, 19.0, 12.4, 8.46; 31P{1H} NMR (162
MHz, CDCl3) d 5.5.

HRMS (ESI-TOF) m/z calcd for C26H32N2O7PSi
� [M–Et3N–

H]�, 543.1722; found 543.1723.
1,8-Diazabicyclo[5.4.0]undec-7-enium 30-O-tert-

butyldiphenylsilyl-thymidine 50-H-phosphonate (5b).
Compound 5a (398 mg, 0.613 mmol) was dissolved in CHCl3–
MeOH (2 : 1, v/v, 6 mL) and washed with a 0.2 M DBU hydrogen
carbonate aqueous solution (pH 7) (6 mL). The aqueous layer
was back-extracted with CHCl3–MeOH (2 : 1, v/v, 3 � 6 mL). The
organic layers were combined, dried over Na2SO4, ltered, and
concentrated under reduced pressure to afford 5b as a colorless
foam (414 mg, 0.594 mmol, 97%).

1H NMR (400 MHz, CDCl3) d 12.44–12.30 (br, 1H), 7.88 (d, J¼
0.8 Hz, 1H), 7.65–7.61 (m, 4H), 7.46–7.35 (m, 6H), 6.76 (d, 1JPH¼
608.8 Hz, 1H), 6.55–6.51 (m, 1H), 4.52 (d, J ¼ 4.8 Hz, 1H), 4.10–
4.06 (br, 1H), 3.91–3.85 (m, 1H), 3.51–3.31 (m, 7H), 2.81–2.77
(m, 2H), 2.24–2.17 (m, 1H), 2.10–2.02 (m, 1H), 2.00–1.93 (m,
5H), 1.77–1.57 (m, 6H), 1.08 (s, 9H); 13C{1H} NMR (100 MHz,
CDCl3) d 166.0, 163.9, 150.4, 136.8, 135.6, 133.3, 133.2, 129.9,
129.9, 127.8, 127.8, 110.9, 87.0 (d, 3JPC¼ 7.7 Hz, 40-C), 85.0, 74.7,
63.2 (d, 2JPC ¼ 3.9 Hz, 50-C), 54.2, 48.6, 40.9, 37.8, 32.0, 29.0,
26.9, 26.8, 24.0, 19.5, 19.0, 12.3; 31P{1H} NMR (162 MHz, CDCl3)
d 5.4.
© 2021 The Author(s). Published by the Royal Society of Chemistry
HRMS (ESI-TOF) m/z calcd for C26H32N2O7PSi
� [M–BU–H]�,

543.1722; found 543.1722.
Triethylammonium 50-O-dimethoxytrityl-thymidine 30-succi-

nate (10). 50-O-Dimethoxytrityl-thymidine (2.72 g, 5.00 mmol)
was dried by repeated coevaporation with dry pyridine and dry
toluene, and then dissolved in dry CH2Cl2 (15 mL). DMAP
(61.1 mg, 0.500 mmol), Et3N (0.607 g, 6.00 mmol), and succinic
anhydride (0.600 g, 6.00 mmol) were added at rt, and the
mixture was stirred for 20 h at rt. The mixture was diluted with
CHCl3 (60 mL) and washed with 1 M aqueous TEAB (pH 8) (2 �
80 mL). The aqueous layers were combined and back-extracted
with CHCl3 (2 � 30 mL). The organic layers were combined,
dried over Na2SO4, ltered, and concentrated under reduced
pressure. The residue was puried by silica gel column chro-
matography (neutral silica gel, ethyl acetate–Et3N (100 : 0.5, v/v)
followed by CHCl3–MeOH–Et3N (98 : 2 : 0.5–96 : 4 : 0.5–
94 : 6 : 0.5–92 : 8 : 0.5, v/v/v)). The fractions containing 10 were
collected and concentrated under reduced pressure. The
residue was dissolved in CHCl3 (50 mL) and washed with 1 M
aqueous TEAB (pH 8) (50 mL). The aqueous layer was back-
extracted with CHCl3 (2 � 30 mL). The organic layers were
combined, dried over Na2SO4, ltered, and concentrated under
reduced pressure to afford 10 as a colorless foam (3.48 g,
4.46 mmol, 89%).

1H NMR (400 MHz, CDCl3) d 7.62 (d, J ¼ 0.8 Hz, 1H), 7.40–
7.36 (m, 2H), 7.32–7.21 (m, 7H), 6.87–6.80 (m, 4H), 6.45–6.40
(m, 1H), 5.47 (d, J ¼ 6.0 Hz, 1H), 4.19–4.16 (m, 1H), 3.79 (s, 6H),
3.46 (d, J ¼ 2.4 Hz, 2H), 2.84 (quint, J ¼ 7.3 Hz, 6H), 2.63–2.37
(m, 6H), 1.33 (d, J ¼ 0.8 Hz, 3H), 1.16 (t, J ¼ 7.4 Hz, 9H); 13C{1H}
NMR (100MHz, CDCl3) d 177.7, 173.3, 163.5, 158.7, 158.7, 150.2,
144.2, 135.6, 135.3, 135.2, 130.1, 130.1, 128.1, 128.0, 127.2,
113.3, 111.4, 87.1, 84.4, 84.1, 75.1, 63.8, 55.2, 45.0, 37.9, 31.6,
30.8, 11.5, 9.4.

HRMS (ESI-TOF) m/z calcd for C35H36N2NaO10
+ [M–Et3N +

Na]+, 667.2262; found 667.2259.
(3,4,5-Tris(docosyloxy)phenyl)methanol (12). Methyl 3,4,5-

tris(docosyloxy)benzoate 11 (ref. 33) (12.3 g, 11.1 mmol) was
dissolved in dry THF (400 mL), and LiAlH4 (0.634 g, 16.7 mmol)
was added at rt. Aer the reactionmixture was stirred for 13 h at
rt, water (1.3 mL) was added and the mixture was concentrated
under reduced pressure. The residue was dissolved in a mixture
of CHCl3 (400 mL) and CH2Cl2 (200 mL) and washed with 0.5 M
aqueous HCl (500 mL). The aqueous layer was back-extracted
with CH2Cl2 (200 mL). The organic layers were combined,
dried over MgSO4, ltered, and concentrated under reduced
pressure. The residue was dissolved in CHCl3 (20 mL), and
MeOH (250 mL) was added to induce the precipitation. The
precipitate was collected by ltration and dried under reduced
pressure to afford 12 as a colorless solid (8.97 g, 8.29 mmol,
75%).

1H NMR (400 MHz, CDCl3) d 6.56 (s, 2H), 4.59 (d, J ¼ 6.0 Hz,
2H), 3.99–3.91 (m, 6H), 1.83–1.69 (m, 6H), 1.60 (t, J ¼ 6.0 Hz,
1H), 1.51–1.39 (m, 6H), 1.38–1.19 (m, 108H), 0.88 (t, J ¼ 6.8 Hz,
9H); 13C{1H} NMR (100MHz, CDCl3) d 153.3, 137.6, 136.0, 105.3,
73.4, 69.1, 65.7, 31.9, 30.3, 29.7 (br), 29.7 (br), 29.4, 29.4, 26.1,
26.1, 22.7, 14.1.
RSC Adv., 2021, 11, 38094–38107 | 38103
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HRMS (ESI-TOF) m/z calcd for C73H141O4
+ [M + H]+,

1082.0824; found 1082.0814.
50-O-dimethoxytrityl-thymidine 30-(3,4,5-tris(docosyloxy)

benzyl)succinate (13). Compound 12 (1.08 g, 1.00 mmol) and
compound 10 (0.936 g, 1.20 mmol) were dried together by
repeated coevaporation with dry pyridine and dry CH2Cl2, and
then dissolved in dry CH2Cl2 (15 mL). Aer N,N-diisopropyle-
thylamine (0.258 g, 2.00 mmol), DMAP (0.244 g, 2.00 mmol)
were added at rt, HBTU (0.759 g, 2.00 mmol) was added at 40 �C.
Aer stirring for 2 h at 40 �C, the mixture was diluted with
CHCl3 (200 mL) and washed with a saturated aqueous solution
of NaHCO3 (200mL). The aqueous layer was back-extracted with
CHCl3 (100 mL). The organic layers were combined, dried over
Na2SO4, ltered, and concentrated to ca. 30 mL under reduced
pressure. MeOH (100 mL) was added to the resultant solution to
induce the precipitation, and the precipitate was collected by
ltration. The residue was puried by silica gel column chro-
matography (neutral silica gel, CHCl3–ethyl acetate–Et3N
(98 : 2 : 0.5–92 : 8 : 0.5, v/v/v)). The fractions containing 13 were
collected and concentrated under reduced pressure. The
residue was dissolved in CHCl3 (5 mL), and MeOH (50 mL) was
added to induce the precipitation. The precipitate was collected
by ltration and dried under reduced pressure to afford 13 as
a colorless solid (1.65 g, 0.965 mmol, 96%).

1H NMR (400 MHz, CDCl3) d 7.60 (d, J ¼ 1.2 Hz, 1H), 7.39–
7.36 (m, 2H), 7.32–7.23 (m, 7H), 6.86–6.81 (m, 4H), 6.53 (s, 2H),
6.44–6.39 (m, 1H), 5.50–5.46 (m, 1H), 5.01 (s, 2H), 4.15–4.12 (m,
1H), 3.97–3.90 (m, 6H), 3.79 (s, 6H), 3.51–3.40 (m, 2H), 2.71–2.62
(m, 4H), 2.48–2.41 (m, 2H), 1.82–1.68 (m, 6H), 1.50–1.19 (m,
117H), 0.88 (t, J ¼ 6.8 Hz, 9H); 13C{1H} NMR (100 MHz, CDCl3)
d 171.9, 171.8, 163.2, 158.8, 153.2, 150.1, 144.2, 138.3, 135.4,
135.2, 135.1, 130.4, 130.1, 128.1, 128.0, 127.2, 113.3, 111.6,
107.1, 87.2, 84.4, 83.9, 75.8, 73.4, 69.2, 67.2, 63.7, 55.2, 37.8,
31.9, 30.3, 29.7 (br), 29.7 (br), 29.5, 29.4, 29.4, 29.1, 29.0, 26.1,
22.7, 14.1, 11.6.

HRMS (ESI-TOF) m/z calcd for C108H174N2NaO13
+ [M + Na]+,

1731.2942; found 1731.2943.
1,8-Diazabicyclo[5.4.0]undec-7-enium 30-O-(3,4,5-

tris(docosyloxy)benzyl)succinyl-thymidine 50-H-phosphonate
(15). Compound 13 (1.63 g, 0.954 mmol) was dissolved in dry
CH2Cl2 (10 mL), and 2% (v/v) TFA in dry CH2Cl2 (10 mL) was
added at rt. Aer the mixture was stirred for 30 min at rt, dry
MeOH (10 mL) and Et3N (0.264 g, 2.61 mmol) were added
successively and the mixture was concentrated under reduced
pressure. Dry MeOH (20 mL) was added to the resultant solvent,
and the precipitate was collected by ltration. The residue on
the lter was washed with dry MeOH (10 mL) and dried under
reduced pressure to afford the crude product containing
thymidine 30-(3,4,5-tris(docosyloxy)benzyl)succinate 14.
Diphenyl phosphonate (1.56 g, 6.68 mmol) was dissolved in dry
pyridine (20 mL), and the crude 14 dissolved in dry CH2Cl2 (30
mL) was added to the solution dropwise over 15 min at rt. Aer
the mixture was stirred for 90 min at rt, water–Et3N (1 : 1, v/v, 10
mL) was added. The mixture was concentrated under reduced
pressure, and the residue was puried by silica gel column
chromatography (neutral silica gel, CHCl3–ethyl acetate–Et3N
(95 : 5 : 0.5, v/v/v) followed by CHCl3–MeOH–Et3N (95 : 5 : 0.5,
38104 | RSC Adv., 2021, 11, 38094–38107
v/v/v)). The fractions containing 15 were collected and concen-
trated under reduced pressure. The residue was dissolved in
CHCl3 (200 mL) and washed with a 0.2 M DBU hydrogen
carbonate aqueous solution (pH 7) (150 mL). The aqueous layer
was back-extracted with CHCl3 (2 � 100 mL). The organic layers
were combined, dried over Na2SO4, ltered, and concentrated
under reduced pressure. The residue was dissolved in CHCl3 (20
mL), and CH3CN (100 mL) was added to induce the precipita-
tion. The precipitate was collected by ltration and dried under
reduced pressure to afford 15 as a colorless solid (1.40 g,
0.863 mmol, 90% from compound 13).

1H NMR (400 MHz, CDCl3) d 8.36–8.26 (br, 1H), 7.97 (d, J ¼
0.8 Hz, 1H), 6.96 (d, 1JPH ¼ 612.4 Hz, 1H), 6.54 (s, 2H), 6.45–6.41
(m, 1H), 5.44 (d, J ¼ 5.6 Hz, 1H), 5.03 (s, 2H), 4.19–4.07 (m, 3H),
3.98–3.91 (m, 6H), 3.48–3.41 (m, 6H), 2.88–2.82 (br, 2H), 2.71–
2.64 (m, 4H), 2.45–2.29 (m, 2H), 2.04–1.97 (m, 5H), 1.83–1.66
(m, 12H), 1.51–1.41 (m, 6H), 1.39–1.17 (m, 108H), 0.88 (t, J ¼
6.8 Hz, 9H); 13C{1H} NMR (100 MHz, CDCl3) d 171.9, 171.6,
166.1, 163.9, 153.1, 150.6, 138.1, 136.3, 130.4, 111.4, 106.9, 84.5,
84.0 (d, 3JPC ¼ 7.7 Hz, 40-C), 76.4, 73.3, 69.0, 67.0, 63.4 (d, 2JPC ¼
3.9 Hz, 50-C), 54.2, 48.6, 37.9, 37.4, 32.1, 31.8, 30.3, 29.6 (br), 29.6
(br), 29.4, 29.3, 29.3, 29.0, 28.9, 26.9, 26.1, 24.0, 22.6, 19.5, 14.0,
12.4; 31P{1H} NMR (162 MHz, CDCl3) d 4.9.

HRMS (ESI-TOF) m/z calcd for C87H155N2O13P
2� [M–DBU–

2H]2�, 733.5639; found 733.5625.

General procedure for the 31P NMR analysis of the
condensation of 50-phosphite monomers with thymidine 50-H-
phosphonate monoesters in pyridine solvent (Table 2, entries
1 and 5–8)

30-O-TBDPS-protected thymidine 50-H-phosphonate 5a (64.9 mg,
0.10mmol for entry 1) or 5b (69.7 mg, 0.10mmol for entries 5–8)
and 50-phosphite monomer 2t (70.3 mg, 0.11 mmol for entries 1
and 5), 2a (71.2 mg, 0.11 mmol for entry 6), 2c (68.6 mg,
0.11 mmol for entry 7), or 2g (73.0 mg, 0.11 mmol for entry 8)
were dried together by repeated coevaporation with dry pyri-
dine, and then dissolved in dry pyridine (1 mL). BOP–Cl
(50.9 mg, 0.20 mmol) was added at 0 �C (for entry 1) or at rt (for
entries 5–8), and the mixture was stirred for 30 min at rt. The
mixture was diluted with pyridine-d5 and analyzed by 31P NMR.
In entry 1, the mixture was returned to the reaction vessel, and
BOP–Cl (50.9 mg, 0.20 mmol) was added at 0 �C. Aer stirring
for 1.5 h at rt, the mixture was analyzed by 31P NMR. The
mixture was returned to the reaction vessel, and BOP–Cl
(50.9 mg, 0.20 mmol) was added at rt. Aer stirring for 1.5 h at
rt, the mixture was analyzed by 31P NMR.

General procedure for the 31P NMR analysis of the
condensation of 50-phosphite monomer 2t with thymidine 50-
H-phosphonate monoester 5a in CH3CN solvent (Table 2,
entries 2–4)

30-O-TBDPS-protected thymidine 50-H-phosphonate 5a (32.4 mg,
0.050 mmol) and 50-phosphite monomer 2t (35.1 mg, 0.055
mmol) were dried together by repeated coevaporation with dry
pyridine, dry toluene, and dry CH3CN, and then dissolved in dry
CH3CN (0.5 mL). Pyridine (39.6 mg, 0.50 mmol for entry 2), 2,6-
© 2021 The Author(s). Published by the Royal Society of Chemistry
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lutidine (53.6 mg, 0.50 mmol for entry 3), or Et3N (50.6 mg,
0.50 mmol for entry 4) was added to the solution. BOP–Cl
(25.5 mg, 0.10 mmol for entries 2 and 4; 50.9 mg, 0.20 mmol for
entry 3) was added at 0 �C (for entries 2 and 3) or at rt (for entry
4), and the mixture was stirred for 30 min at rt. The mixture was
diluted with CD3CN and analyzed by 31P NMR. In entry 3, the
mixture was returned to the reaction vessel, stirred for 5 h at rt,
and analyzed by 31P NMR.
Procedure for the solution-phase synthesis of trithymidine
diphosphate (TTT) (Scheme 5)

30-O-TBDPS-protected thymidine 50-H-phosphonate 5b (34.8 mg,
0.050 mmol) and 50-phosphite monomer 2t (35.1 mg, 0.055
mmol) were dried together by repeated coevaporation with dry
pyridine, and dissolved in dry pyridine (0.5 mL). BOP–Cl
(25.5 mg, 0.10 mmol) was added at rt, and the mixture was
stirred for 1 h at rt. The mixture was diluted with CHCl3 (20 mL)
and washed with 0.2 M phosphate buffer (pH 7) (2 � 20 mL).
The organic layer was dried over Na2SO4, ltered, and concen-
trated under reduced pressure. The residual pyridine was
removed by repeated coevaporation with dry toluene to afford
the crude product containing the 50-phosphite dimer bearing an
internucleotidicH-phosphonate (6t). The crude 6t was dissolved
in 22% (v/v) N-methylpyrrol in CDCl3 (1 mL), and then 2% (v/v)
TFA in CDCl3 (1 mL) was added at rt. Aer the mixture was
stirred for 1.5 h at rt, the operations consisting of the addition
of dry toluene–dry CH2Cl2 (1 : 1, v/v, 6 mL) and the concentra-
tion of the solution under reduced pressure were repeated twice
to remove the excess TFA and N-methylpyrrol. The residue was
dissolved in CHCl3 (20 mL) and washed with a 0.2 M NBu4HCO3

aqueous solution (pH 7) (20 mL). The organic layer was dried
over Na2SO4, ltered, and concentrated under reduced pressure
to afford the crude product containing the 50-H-phosphonate
dimer bearing an internucleotidic H-phosphonate (7). The
crude 7 and 50-O-DMTr-thymidine (30.0 mg, 0.055 mL) were
dried together by repeated coevaporation with dry pyridine, and
dissolved in dry pyridine (0.5 mL). BOP–Cl (25.5 mg, 0.10 mmol)
was added at rt, and the mixture was stirred for 1 h at rt. The
mixture was diluted with CHCl3 (20 mL) and washed with 0.2 M
phosphate buffer (pH 7) (2 � 20 mL). The organic layer was
dried over Na2SO4, ltered, and concentrated under reduced
pressure to afford the crude product containing the 50-O-DMTr-
protected trimer bearing internucleotidic H-phosphonates (8).
The crude 8 was dissolved in dry pyridine (1 mL), and then
iodine (101.5 mg, 0.40 mmol) dissolved in pyridine–water
(96 : 4, v/v, 1 mL) was added at rt. Aer the mixture was stirred
for 1 h at rt, diethyl phosphonate (55.2 mg, 0.40 mmol) was
added at 0 �C. Aer the mixture was stirred for 4 h at rt, the
mixture was diluted with CHCl3 (20 mL) and washed with 1 M
aqueous TEAB (pH 8) (2 � 20 mL). The aqueous layers were
combined and back-extracted with CHCl3 (2 � 10 mL). The
organic layers were combined, dried over Na2SO4, ltered, and
concentrated under reduced pressure to afford the crude
product containing 50-O-DMTr-protected trimer bearing inter-
nucleotidic phosphates (9). The crude 9 was dissolved in dry
THF (1.5 mL), and TBAF (15 equiv.) in dry THF (1.5 mL), which
© 2021 The Author(s). Published by the Royal Society of Chemistry
was dried over molecular sieve 4 A, was added at rt. Aer stirring
for 2 h at rt, the mixture was concentrated under reduced
pressure. The residue was dissolved in acetic acid–water (8 : 2,
v/v, 5 mL) at 0 �C, and the mixture was stirred for 30 min at rt.
The solvent was removed by repeated coevaporation with EtOH.
The residue was dissolved in a mixture of EtOH (3 mL) and a 3%
(w/w) NH3 aqueous solution (15 mL), and washed with diethyl
ether (2 � 20 mL). The organic layers were combined and back-
extracted with a 3% (w/w) NH3 aqueous solution (5 mL). The
aqueous layers were combined and concentrated by lyophili-
zation to afford crude TTT. The crude TTT was analyzed by RP-
HPLC, which was performed with a linear gradient of 0–40%
CH3CN in 0.1 M TEAA buffer (pH 7.0) over 40 min at 50 �C at
a rate of 0.5 mL min�1 using a mbondasphere 5 mm C18, 100�A,
19 � 150 mm2. One over ve-hundredth of the crude TTT was
puried by RP-HPLC, which was performed with a linear
gradient of 0–24% CH3CN in 0.1 M TEAA buffer (pH 7.0) over
48 min at rt at a rate of 1.0 mL min�1 using source 5RPC ST 4.6/
150, to afford puried TTT (46 nmol, 46% from compound 5b).
The puried TTT was identied by HRMS and 1H NMR (ESI†).

Isolated yield: 46%.
HRMS (ESI-TOF) m/z calcd for C30H39N6O19P2

� [M–H]�,
849.1751; found 849.1760.
Procedure for the solution-phase synthesis of d(CGAT)
(Scheme 7)

The operations described in (1) and (2) were repeated twice: (1)
compound 15 (162.2 mg, 0.10 mmol, for the rst cycle) or the
crude oligomer (for the second cycle) was dissolved in dry THF
(2.5 mL) and dried over molecular sieve 3 A at 40 �C. 50-Phos-
phite monomer 2a (71.2 mg, 0.11 mmol, for the rst cycle) or 2g
(73.0 mg, 0.11 mmol, for the second cycle), which was dried by
repeated coevaporation with dry pyridine, and dry pyridine (2.5
mL) were added to the mixture. BOP–Cl (63.6 mg, 0.25 mmol)
was added, and the mixture was stirred for 1 h at 40 �C. The
mixture was ltered, and the residue and molecular sieve 3 A on
the lter were washed with dry THF (10 mL). The ltrates were
combined, and dry CH3CN (20 mL) was added to induce the
precipitation. Aer the mixture was concentrated to ca. 15 mL
under reduced pressure, the precipitate was collected by ltra-
tion, washed with dry CH3CN (15 mL), and dried under reduced
pressure to afford the crude product containing the 50-phos-
phite oligomer bearing internucleotidic H-phosphonates; (2)
the crude was dissolved in CH2Cl2 (4 mL for the rst cycle; 5 mL
for the second cycle), and pyrrol (67.1 mg, 1.0 mmol for the rst
cycle; 80.5 mg, 1.2 mmol for the second cycle) was added. 5% (v/
v) TFA in CH2Cl2 (1 mL, for the rst cycle) or 6% (v/v) TFA in
CH2Cl2 (1 mL, for the second cycle) was added, and the mixture
was stirred for 1.5 h at rt. Pyridine (118.7 mg, 1.5 mmol for the
rst cycle; 142.4 mg, 1.8 mmol for the second cycle) was added,
and then dry CH3CN (20 mL) was added to induce the precipi-
tation. Aer the mixture was concentrated to ca. 15 mL under
reduced pressure, the precipitate was collected by ltration,
washed with dry CH3CN (15 mL), and dried under reduced
pressure to afford the crude product containing the 50-H-phos-
phonate oligomer bearing internucleotidic H-phosphonates.
RSC Adv., 2021, 11, 38094–38107 | 38105
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The crude product containing the 50-H-phosphonate trimer
bearing internucleotidic H-phosphonates was dissolved in dry
THF (6 mL) and dried over molecular sieve 3 A at 40 �C. 50-O-
DMTr-20-deoxycytidine (158.9 mg, 0.30 mmol), which was dried
by repeated coevaporation with dry pyridine, and dry pyridine (3
mL) were added to the mixture. BOP–Cl (63.6 mg, 0.25 mmol)
was added, and the mixture was stirred for 1 h at 40 �C. The
mixture was ltered, and the residue and molecular sieve 3 A on
the lter were washed with dry THF (10 mL). The ltrates were
combined, and dry CH3CN (20 mL) was added to induce the
precipitation. Aer the mixture was concentrated to ca. 15 mL
under reduced pressure, the precipitate was collected by ltra-
tion, washed with dry CH3CN (15 mL), and dried under reduced
pressure to afford the crude product containing the 50-O-DMTr-
protected tetramer bearing internucleotidic H-phosphonates.
Half of the crude was dissolved in dry THF (2 mL), and then
iodine (203.0 mg, 0.80 mmol) dissolved in pyridine–water
(96 : 4, v/v, 2 mL) was added at 40 �C. Aer the mixture was
stirred for 1 h at 40 �C, diethyl phosphonate (110.5 mg, 0.80
mmol) was added. Aer the mixture was stirred for 3 h at 40 �C,
dry CH3CN (10 mL) was added to induce the precipitation. Aer
the mixture was concentrated to ca. 7.5 mL under reduced
pressure, the precipitate was collected by ltration, washed with
dry CH3CN (7.5 mL), and dried under reduced pressure to afford
the crude product containing the 50-O-DMTr-protected tetramer
bearing internucleotidic phosphates. The crude was treated
with acetic acid–water (8 : 2, v/v, 10 mL) for 1 h at 40 �C. The
solvent was removed by repeated coevaporation with EtOH. The
residue was treated with a mixture of EtOH (2.5 mL) and a 25%
(w/w) NH3 aqueous solution (7.5 mL) for 12 h at 55 �C. The
mixture was concentrated under reduced pressure, and the
residue was treated with acetic acid–water (8 : 2, v/v, 10 mL) for
1 h a rt. The residue was dissolved in a mixture of EtOH (3 mL)
and a 3% (w/w) NH3 aqueous solution (12 mL), and washed with
diethyl ether (2 � 15 mL). The organic layers were combined
and back-extracted with a 3% (w/w) NH3 aqueous solution (2 �
5 mL). The aqueous layers were combined and concentrated by
lyophilization to afford crude d(CGAT). The crude d(CGAT) was
analyzed by RP-HPLC, which was performed with a linear
gradient of 0–30% CH3CN in 0.1 M TEAA buffer (pH 7.0) over
60 min at 50 �C at a rate of 0.5 mL min�1 using a mbondasphere
5 mm C18, 100�A, 19 � 150 mm2. One over hundred-and-twenty-
h of the crude d(CGAT) was puried by RP-HPLC, which was
performed with a linear gradient of 0–24% CH3CN in 0.1 M
TEAA buffer (pH 7.0) over 48 min at rt at a rate of 1.0 mL min�1

using Source 5RPC ST 4.6/150, to afford puried d(CGAT) (41
nmol, 10% from compound 15). The puried d(CGAT) was
identied by HRMS and 1H NMR (ESI†).

Isolated yield: 10%.
HRMS (ESI-TOF) m/z calcd for C39H48N15O22P3

2� [M–2H]2�,
585.6161; found 585.6156.
Procedure for the solution-phase synthesis of d(GCAT)
(Scheme 7)

The operations described in (1) and (2) were repeated twice: (1)
Compound 15 (162.2 mg, 0.10 mmol, for the rst cycle) or the
38106 | RSC Adv., 2021, 11, 38094–38107
crude oligomer (for the second cycle) was dissolved in dry THF
(2.5 mL) and dried over molecular sieve 3 A at 40 �C. 50-Phos-
phite monomer 2a (71.2 mg, 0.11 mmol, for the rst cycle) or 2c
(68.6 mg, 0.11 mmol, for the second cycle), which was dried by
repeated coevaporation with dry pyridine, and dry pyridine (2.5
mL) were added to the mixture. BOP–Cl (63.6 mg, 0.25 mmol)
was added, and the mixture was stirred for 1 h at 40 �C. The
mixture was ltered, and the residue and molecular sieve 3 A on
the lter were washed with dry THF (10 mL). The ltrates were
combined, and dry CH3CN (20 mL) was added to induce the
precipitation. Aer the mixture was concentrated to ca. 15 mL
under reduced pressure, the precipitate was collected by ltra-
tion, washed with dry CH3CN (15 mL), and dried under reduced
pressure to afford the crude product containing the 50-phos-
phite oligomer bearing internucleotidic H-phosphonates; (2)
the crude was dissolved in CH2Cl2 (4 mL for the rst cycle; 5 mL
for the second cycle), and pyrrol (67.1 mg, 1.0 mmol for the rst
cycle; 80.5 mg, 1.2 mmol for the second cycle) was added. 5% (v/
v) TFA in CH2Cl2 (1 mL, for the rst cycle) or 6% (v/v) TFA in
CH2Cl2 (1 mL, for the second cycle) was added, and the mixture
was stirred for 1.5 h at rt. Pyridine (118.7 mg, 1.5 mmol for the
rst cycle; 142.4 mg, 1.8 mmol for the second cycle) was added,
and then dry CH3CN (20 mL) was added to induce the precipi-
tation. Aer the mixture was concentrated to ca. 15 mL under
reduced pressure, the precipitate was collected by ltration,
washed with dry CH3CN (15 mL), and dried under reduced
pressure to afford the crude product containing the 50-H-phos-
phonate oligomer bearing internucleotidic H-phosphonates.

The crude product containing the 50-H-phosphonate trimer
bearing internucleotidic H-phosphonates was dissolved in dry
THF (6 mL) and dried over molecular sieve 3 A at 40 �C. 50-O-
DMTr-20-deoxyguanosine (62.7 mg, 0.11 mmol), which was
dried by repeated coevaporation with dry pyridine, and dry
pyridine (3 mL) were added to the mixture. BOP–Cl (63.6 mg,
0.25 mmol) was added, and the mixture was stirred for 1 h at
40 �C. The mixture was ltered, and the residue and molecular
sieve 3 A on the lter were washed with dry THF (10 mL). The
ltrates were combined, and dry CH3CN (20 mL) was added to
induce the precipitation. Aer the mixture was concentrated to
ca. 15 mL under reduced pressure, the precipitate was collected
by ltration, washed with dry CH3CN (15 mL), and dried under
reduced pressure to afford the crude product containing the 50-
O-DMTr-protected tetramer bearing internucleotidic H-phos-
phonates. The crude was dissolved in dry THF (3 mL), and then
iodine (304.6 mg, 1.2 mmol) dissolved in pyridine–water (96 : 4,
v/v, 3 mL) was added at 40 �C. Aer the mixture was stirred for
1 h at 40 �C, diethyl phosphonate (165.7 mg, 1.2 mmol) was
added. Aer the mixture was stirred for 3 h 40 �C, at dry CH3CN
(20mL) was added to induce the precipitation. Aer the mixture
was concentrated to ca. 15 mL under reduced pressure, the
precipitate was collected by ltration, washed with dry CH3CN
(15 mL), and dried under reduced pressure to afford the crude
product containing the 50-O-DMTr-protected tetramer bearing
internucleotidic phosphates. The crude was treated with acetic
acid–water (8 : 2, v/v, 10 mL) for 1 h at 40 �C. The solvent was
removed by repeated coevaporation with EtOH. The residue was
treated with a mixture of EtOH (2.5 mL) and a 25% (w/w) NH3
© 2021 The Author(s). Published by the Royal Society of Chemistry
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aqueous solution (7.5 mL) for 12 h at 55 �C. The mixture was
concentrated under reduced pressure, and the residue was
treated with acetic acid–water (8 : 2, v/v, 10 mL) for 1 h a rt. The
residue was dissolved in a mixture of EtOH (3 mL) and a 3% (w/
w) NH3 aqueous solution (12 mL), and washed with diethyl
ether (2 � 15 mL). The organic layers were combined and back-
extracted with a 3% (w/w) NH3 aqueous solution (2� 5 mL). The
aqueous layers were combined and concentrated by lyophili-
zation to afford crude d(GCAT). The crude d(GCAT) was
analyzed by RP-HPLC, which was performed with a linear
gradient of 0–30% CH3CN in 0.1 M TEAA buffer (pH 7.0) over
60 min at 50 �C at a rate of 0.5 mL min�1 using a mbondasphere
5 mm C18, 100�A, 19 � 150 mm2. One over ve-hundredth of the
crude d(GCAT) was puried by RP-HPLC, which was performed
with a linear gradient of 0–24% CH3CN in 0.1 M TEAA buffer
(pH 7.0) over 48 min at rt at a rate of 1.0 mL min�1 using Source
5RPC ST 4.6/150, to afford puried d(GCAT) (41 nmol, 21% from
compound 15). The puried d(GCAT) was identied by HRMS
and 1H NMR (ESI†).

Isolated yield: 21%.
HRMS (ESI-TOF) m/z calcd for C39H48N15O22P3

2� [M–2H]2�,
585.6161; found 585.6155.
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