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Here, we present for the first time the synthesis of P-stereodefined
morpholino phosphorothioate analogs by using a modified 1,3,2-
oxathiaphospholane method (OTP method) and provide valuable
structural insights into their stereochemistry. N-(2-Thio-4,4-penta-
methylene-1,3,2-oxathiaphospholane) derivatives of morpholino-
type nucleosides (mU-OTPs) were synthesized, separated into pure
P-diastereomers and used to prepare P-stereodefined morpholino
dinucleoside 3’,5'-phosphorothioates.

Introduction

Recently, Caruthers’ lab has successfully developed a strategy
for the chemical synthesis and preparation of a new class
of synthetic molecules called thiophosphoramidate morpholi-
nos (TMOs) using phosphoramidite chemistry." These
TMOs contain two moieties, namely a phosphorothioate (PS)
and a morpholine ring, and have been tested in the oligothera-
peutics arena.” Dumbovié et al. and Le et al. have described
how these P-stereorandom TMO constructs exhibit interesting
biological = properties with  considerable therapeutic
potential.>*

Recent reports have shown that stereoisomerically pure PS
oligos have better in vitro and in vivo efficacy than their diaster-
eomeric mixture.” Therefore, from the racemic mixtures of
thousands of diastereomeric species, only a few molecules may
represent functional and hopefully non-harmful species, of
which only some are active. Identifying the most active stereoi-
somers requires the development of stereodefined synthesis of
oligonucleotide drugs, which allows lower doses with more
potent compounds. Many stereopure PS oligonucleotides are
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currently in clinical development at Wave Life Sciences.® Wave
is a leading genetic drug company focused on exploiting the
potential of stereopure oligonucleotides to treat diseases of the
central nervous system,” liver® and eyes.” Therefore, the stereo-
selective synthesis of potential drug candidates is an impor-
tant goal to achieve.

The increased interest in the stereocontrolled chemical syn-
thesis of phosphorothioate analogs has prompted us to adapt
the 1,3,2-oxathiaphospholane (OTP) method for the synthesis
of P-stereodefined morpholino phosphorothioate analogs
(Fig. 1). The OTP method, as developed by Stec et al.,'>"" has
already been successfully used for the stereocontrolled syn-
thesis of PS-DNA, PS-LNA (Locked Nucleic Acids),"”"* PS-GNA
(Glycol Nucleic Acids),"* PS-RNA and PS-(2-OMe) RNA phos-
phorothioate analogs."® Recently, we extended the OTP
method and applied TBD and Verkade bases, which can be
successfully used instead of DBU.'®

Herein, we describe the synthesis and HPLC separation of
mU-OTPs (2) into pure P-diastereomers (2a fast- and 2b slow-
eluting), as well as the successful crystallographic analyses of
the above-mentioned monomers.

These P-diastereomerically pure monomers 2a and 2b were
then used for the synthesis of P-stereodefined dinucleotides 4a
and 4b (Scheme 1) and their enzymatic stability were tested.
X-ray analysis of 5b showed the Sp absolute configuration of
the phosphorus atom.

OH OH

Fig. 1 Schematic representation of P-stereodefined morpholino dinu-
cleoside 3',5'-phosphorothioates.
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Scheme 1 The synthesis of morpholino OTP and mUpsT dinucleotides.
2a: (fast); 2b: (slow); 3a: (from 2a); 3b: (from 2b); 4a: (from 2a); 4b:
(from 2b); 5a: (from 4a); and 5b: (from 4b). Conditions: (i) cat. NaHSO,/
SiO, in CH3CN; (i) 1.5 eq. of Verkade base and 2 eq. of 3'-O-acetyl-2'-
deoxythymidine in CH3CN; (iii) 1.5% dichloroacetic acid (DCA) in CH,Cl,
NH4OH, and rt.

Results and discussion

Preparation of P-diastereomerically pure oxathiaphospholane
derivatives of morpholino nucleosides (mU-OTPs)

The morpholino nucleoside of uridine (U, 1) was synthesized
according to published literature protocols.' Briefly, 5'-O-
dimethoxytrityl ribonucleoside (Scheme 2) was oxidatively con-
verted into an acyclic dialdehyde derivative, followed by reduc-
tive amination.

Then, the morpholino oxathiaphospholane monomer
(mU-OTP, 2) was synthesized according to a recently published
protocol.'® The oxathiaphospholane monomers mU-OTPs (2)
were synthesized according to a general procedure published
for the synthesis of standard OTP monomers. Briefly, the over-
night dried morpholino nucleoside was phosphitylated
with 2-chloro-“spiro”-4,4-pentamethylene-1,3,2-oxathiapho-
spholane, followed by sulfurization with elemental sulfur. The

RO o. B RO o. P . ROm o B
| |
O O N
H
1

OH OH

R=DMT (dimetoxytrityl group)
Scheme 2 (i) NalO,4 (1.2 equiv.), anhydrous methanol, and 3 h; (ii)

(NH4)2B,0; (1.2 equiv.), NaCNBH3 (2.0 equiv.), CHsCOOH (2.0 equiv.),
and 16 h.
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monomer 2 (as a mixture of P-diastereomers) was obtained
with a reasonable yield (~80%). The P-diastereomers were
formed in nearly equimolar amounts: ca. 55% of fast-(2a) and
45% of slow-eluting (2b) P-diastereomers, as indicated by *'P
NMR, respectively (Fig. S2 and S3, ESIf). The P-diastereomers
were separated by preparative HPLC (Fig. S4, ESI) using a
silica gel column and their diastereomeric purity was con-
firmed by *'P NMR, '"H NMR, "*C NMR (Fig. S5-510, ESI{) and
HRMS (Fig. S11 and S12, ESI¥).

Additionally, *'P NMR analysis showed that the fast-eluting
isomer had higher chemical shifts than its slow-eluting
counterpart, which is opposite to the OTP derivatives of 2’-
deoxyribonucleosides and LNA-OTP analogs (Table 1).
Interestingly, the correlation is identical to that observed for
the OTP derivatives of 2-OMe-ribonucleosides and 3'-amino-
2',3'-dideoxyribonucleosides."”

X-ray crystallography analysis of the 6'-OH oxathiaphospholane
monomer mU-OTPs

In order to gain structural insights into the stereochemistry of
P-stereodefined morpholino analogs, we studied the crystal-
ized structures of 3a/3b and the morpholino dinucleoside 3',5'-
phosphorothioates. Here, we present for the first time the
X-ray crystal structures of separated P-diastereomers with their
determined absolute configuration. Crystallization attempts
with DMT-labeled OTP derivatives were however unsuccessful.
Based on previous experience with the crystallization of
oxathiaphospholane derivatives in the DNA'' and LNA
series,'> we decided to remove the DMT group in mU-OTPs to
obtain mU derivatives. Detritylation was carried out in anhy-
drous acetonitrile using a sodium hydrogen sulfate suspension
deposited on silica gel.'® Crystals suitable for X-ray analysis
were obtained from the 6-OH deprotected fast- and slow-
eluting monomers, respectively. Crystals suitable for diffrac-
tion experiments were obtained by slow evaporation of the
solvent. Single colorless transparent prism-shaped crystals of

Table 1 Chromatographic and spectroscopic characteristics of the

morpholino oxathiaphospholane monomer mU-OTP (2) and its
P-diastereomers (2a and 2b)

mU-OTP

Yield” (%) 77

R¢ (TLC)® 0.76

Eluent for HPLC separation® (v/v) Hexane : ethyl acetate (45 : 55)
MM calc. (Da) 735

For mU-OTP Fast Slow

R, (min)? 21 30

HR MS° (m/z)° 734.2134 734.2133
5P NMR/ (ppm) 100.29 100.22

?Yield of the isolated mixture of P-diastereomers. ® CHCL,: MeOH
(9:1). “Separation of P-diastereomers at an AcOEt: hexane ratio (v/v),
isocratically. ¢ Pursuit XRs silica gel column (10 pum, 250 x 21.2 mm,
flow rate 10 mL min~", and isocratically). ° Recorded with a SYNAPT
G2-Si high definition mass spectrometer.’ In anhydrous CD;CN.

This journal is © The Royal Society of Chemistry 2024
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3a were obtained by recrystallization from a mixture of aceto-
nitrile and methanol (2:1 v/v), while 3b was recrystallized
from a mixture of chloroform and methanol (1:1 v/v), yielding
colorless, needle-shaped crystals (Fig. S13 and S14, ESIY).
Suitable crystals of 3a and 3b with dimensions of 0.57 x 0.57 x
0.28 mm and 0.67 x 0.15 x 0.10 mm, respectively, were selected
and mounted on a suitable support on an XtaLAB Synergy
Dualflex HyPix diffractometer. The crystals were maintained at
a steady T = 293.88(10) K during data collection. The structures
were solved using the ShelXT" structure solution program and
the intrinsic phasing solution method and by using Olex2 *° as
the graphical interface. The models were refined with version
2018/3 of ShelXL*' using least squares minimization. The
crystal data and refinement parameters for 3a and 3b are col-
lected in Tables S1-S6 (ESIT).

Crystallographic analysis showed that fast- (Fig. 2a) and
slow-eluting (Fig. 2b) isomers of mU-OTP have the P-atom in
the Rp and Sp absolute configurations (Fig. 2c), respectively
(according to the Cahn-Ingold-Prelog rules, the endocyclic
sulfur atom has a higher priority than the exocyclic one).

Stereocontrolled synthesis of morpholino dinucleoside
phosphorothioate mUpsT through the oxathiaphospholane
approach

To study and optimize the coupling reaction (Scheme 1(ii)), we
investigated the reactivity of morpholino oxathiaphospholane
monomer 2 (as a mixture of P-diastereomers) towards 3'-O-
acetyl-2’-deoxythymidine in the presence of various activators
by performing *'P NMR spectroscopy. Here, it should be
emphasized that mixtures of P-diastereomers and non-deuter-
ium acetonitrile were used to optimize the synthetic protocol.
The reactions were carried out at room temperature with 1
equivalent of monomer 2 and 1.5 equivalents of 3'-O-acetyl-2'-
deoxythymidine in dry acetonitrile in the presence of various
activators. First, the optimization was carried out using the
standard conditions of the oxathiaphospholane method,
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namely with 1.2 DBU equivalents. After 15 minutes, roughly
90% of the reaction mixture consisted of unreacted starting
material 2 (§: 100.79, 100.08 ppm; Fig. S15, ESIf). After
60 minutes, the conversion reaction was not complete
(Fig. S17, ESIt). Attempts to increase the yield by extension of
the coupling time or increasing the DBU concentration were
unsuccessful. Since longer reaction times led to other by-pro-
ducts, we decided to utilize TBD?*? instead of DBU. With 1.2
eq. of TBD, we observed the formation of a major product 4,
which showed two resonance signals at around 61 ppm in the
3'p NMR spectrum and was accompanied by significant
amounts of unreacted substrate and a phosphate moiety,
which can be seen as a signal at 45 ppm (9%) (Fig. S18, ESIT).
After 45 minutes, the substrate disappeared completely
with the formation of the major product 4, accompanied by a
considerable amount of a minor product (20%,
45 ppm, Fig. S19, ESIT). When a reaction was performed with 5
eq. of TBD, the same result was observed within 15 minutes.
Further research demonstrated that the best activator for
synthesizing the P-stereodefined phosphorothioate of morpho-
lino analogs (4) using the OTP method proved to be the
Verkade base (Vb). Using 1.5 equivalents of Vb, the reaction
proceeded very rapidly (15 minutes) and *'P NMR showed the
presence of only one major product 4 (Fig. S20, ESIT). These
results suggest that the formation of an internucleotide phos-
phorothioate linkage involving the morpholino nucleoside via
the oxathiaphospholane route is highly efficient and
stereocontrolled.

The synthesis of P-stereodefined phosphorothioate dinu-
cleotides mUpsT was next carried out on a semi-preparative
scale. Pure P-diastereomers fast- (3a) and slow-eluting (3b) were
reacted with 3’-O-Ac-Thy in the presence of Vb to yield the
corresponding protected dinucleotides mUpsT (4a and 4b,
Scheme 1), which were isolated using silica gel of a Reveleris
Flash Chromatography system and analyzed by *'P NMR and
HRMS (yield around 70%, Fig. S21 and S22, ESTY).
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Fig. 2 X-ray ORTEP diagrams of (a) the 6’-OH fast-eluting P-diastereomer of 3a and (b) the 6'-OH slow-eluting P-diastereomer of 3b, showing (c)
the Rp and Sp absolute configurations, respectively. Colors: red: oxygen, blue: nitrogen, yellow: sulfur, and purple: phosphorus. CCDC: (a) 2079450

and (b) 2079449.7

This journal is © The Royal Society of Chemistry 2024
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X-ray analysis of the 6’-OH dinucleotide mUpsT

Since X-ray analysis worked best when using detritylated
P-diastereomers of fast- (3a) and slow-eluting (3b), further
analyses were performed with 5a and 5b in order to complete
the stereochemical assignments of the P-diastereomeric die-
sters. The DMT moiety was removed with 1.5% aqueous
dichloroacetic acid (DCA) in dichloromethane
10 minutes at room temperature. The resultant detritylated
dinucleotides mUpsT 5a and 5b (Fig. S23, ESIf) were
isolated in 66% and 61% yields, respectively. The structures of
the dinucleotides mUpsT were confirmed by HRMS (Fig. S26
and S28, ESIT). Numerous crystallization attempts of the DMT-
protected (4a and 4b) and unprotected (5a and 5b, Scheme 1)
dimers were not successful. Based on the literature, we
decided to explore the possibility of crystal formation after
complexation with selected proteins.?® Initial attempts of 5a
and 5b complex formation with human serum albumin (HSA)
and histidine triad nucleotide-binding protein 1 (HINT1) were
unsuccessful. However, successful crystal formation was
achieved by soaking the dinucleotides in bovine pancreatic
RNase A as the RNase A/dimer complex was obtained. Briefly,
native RNase A crystals were grown by vapor diffusion with
hanging droplets. The droplets consisted of 2 pL of protein at
a concentration of 10 mg mL ™" and 2 pL of well solution con-
taining 22-25% (w/v) PEG 4000 and 20 mM sodium citrate (pH
5.5). The prepared solution was incubated at 8 °C and RNase A
crystals formed after 3-5 days. Crystals of the complex were
obtained by soaking preformed RNase A crystals in mother
liquor containing 25 mM of 5b for 10-30 minutes. The soaked
crystals prepared for analysis did not need to be cryopreserved,
but were grown on a very thin film of crystallization buffer.
The excess liquid was removed by gently touching the embed-
ding loop on the plate surface. Then the prepared crystals for
analysis were cooled directly in a stream of nitrogen.

over

Fig. 3 The electron density map (Fo—Fc omit map) at 1.80 A resolution
from the crystal structure of Sp-dimer 5b with RNase A. The map is con-
toured at the 3.0 level. Lys67 and Thr71 residues are involved in direct
dimer binding. Hydrogen bonds are indicated by dashed lines. (PDB ID:
8R5V).
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The crystal data and refinement parameters for 5b are col-
lected in Tables S7 and S8 (ESIT). The analysis of the crystallo-
graphic data showed that the mUpsT dimer (5b), which was
obtained from slow-eluting (3b), has the P-atom with the Sp
absolute configuration (according to the Cahn-Ingold-Prelog
rules, the endocyclic sulfur atom has higher priority than the
exocyclic one) (Fig. 3).

Conclusions

In summary, the results presented in this work provide evi-
dence that a modified oxathiaphospholane method can be suc-
cessfully applied for the stereocontrolled synthesis of novel
P-stereodefined phosphorothioate morpholino analogs.
Oxathiaphospholane derivatives of morpholino nucleosides
(mU-OTPs) were synthesized with a good yield and effectively
separated into pure P-diastereomers. The analysis of the crys-
tallographic data showed that fast- and slow-eluting mU-OTP
have the P atom in the Rp and Sp absolute configurations,
respectively, according to the Cahn-Ingold-Prelog rules, where
the endocyclic sulfur atom has a higher priority than the exo-
cyclic one. The synthesis of P-stereodefined dinucleotide phos-
phorothioates mUpsT (5) was also performed with a relatively
high yield. X-ray crystallographic analysis revealed that the
phosphorus atom in 5b, which was obtained from the slow-
eluting diastereomer 3b, had the Sp absolute configuration.
Here, we have presented the first-time determination of stereo-
chemistry at the stereogenic phosphorus atom in morpholino
analogs. Further research will focus on preparing stereode-
fined morpholino phosphorothioate oligonucleotides having
all four bases and determining their biochemical and biologi-
cal properties.
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