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1. Experimental section

General information

All reactions were conducted under an Ar atmosphere. Dry organic solvents were
prepared by appropriate procedures. Additionally, "H NMR spectra were recorded at 400
or 600 MHz with tetramethylsilane (6 0.0) as the internal standard in CDClz, CD3CN, or
pyridine-ds or CH3CN (8 2.06) as the internal standard in D>O. Further, '*C NMR spectra
were recorded at 100 or 151 MHz with CDCls, which was used as the internal standard
at 8 77.0 or CH3CN (3 1.47) as the internal standard in D,O. Furthermore, *'P NMR
spectra were recorded at 162 MHz with H3PO4 (6 0.0) as the external standard in CDCls,
CD3CN, or pyridine-ds. Analytical thin-layer chromatography was performed on
commercial glass plates with a 0.25 mm-thick silica gel layer. Silica gel column
chromatography was performed on silica gel (Yamazen UNIVERSAL Premium column
(30 um 60 A)) or ODS silica gel (Yamazen UNIVERSAL Premium column (30 pm 120
A)) (Yamazen Corporation) using automated flash chromatography system W-prep 2XY
(Yamazen Corporation). RP-HPLC for analysis and purification was performed using a
uBondasphere 5 pm C18, 100 A, 19 x 150 mm? (Waters).

Synthesis of compounds

5'-0O-Dimethoxytritylthymidine 3’-morpholino H-phosphonamidate (2t)

Firstly, 1,8-diazabicyclo [5.4.0] undec-7-enium 5'-O-dimethoxytritylthymidine 3'-H-
phosphonate monoester 1t! (0.380 g, 0.5 mmol) and morpholine (0.044 mL, 0.50 mmol)
were dissolved in dry CH>Cl> (10 mL) and dry pyridine (0.1 mL) with molecular sieves
4A (1.0 g). Afterward, bis (2-ox0-3-oxazolidinyl) phosphinic chloride (BOPCI) (0.32 g,
1.25 mmol) was added to the solution at rt. The mixture was stirred for 20 min at rt.
Thereafter, morpholine (0.044 mL, 0.50 mmol) was added to the solution. After the
mixture was stirred for 30 min at rt, the mixture was diluted with CH>Cl, (40 mL) and
washed with saturated aqueous solutions of NaHCOs3 (2 x 30 mL). The aqueous layers
were combined and back-extracted with CH2ClL (2 x 30 mL). The organic layers were
combined, dried over Na>SOs, filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography. Column chromatography was
carried out on the Yamazen UNIVERSAL Premium column (M size) using the automated
flash chromatography system W-prep 2XY (Yamazen Corporation), which was
performed three times with a linear gradient of 0%—100% acetone in CHCI3 to afford 2t
as a colorless foam (0.144 g, 0.21 mmol, 43%).

"H NMR (600 MHz, CDCls) 6 9.01, 8.98 (br, 1H (H-3), diastereomers), 7.57, 7.56 (d, J
= 1.2 Hz, 1H (H-6), diastereomers), 7.39-7.36 (m, 2H (Ar)), 7.33-7.22 (m, 7H (Ar)),
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6.86—6.83 (m, 4H (Ar)), 6.81 (d, /=657 Hz, 1H (P-H)), 6.47 (dd, /= 8.8, 5.5 Hz, 1H (H-
1"), one of diastereomers), 6.44 (dd, J = 8.5, 5.6 Hz, 1H (H-1"), one of diastereomers),
5.15-5.08 (m, 1H (H-3")), 4.25, 420 (dd, J = 4.7, 24, 4.7, 2.5 Hz, 1H (H-4"),
diastereomers), 3.79 (s, 6H (-OCHz3)), 3.67-3.52 (m, SH (H-5', -NCH>-)), 3.37 (dd, J =
11.8, 2.6 Hz, 1H (H-5), diastereomers), 3.18-3.00 (m, 4H (-CH»0-)), 2.63-2.55 (m, 1H
(H-2")), 2.46-2.40 (m, 1H (H-1")), 1.43,1.42 (d, /= 1.1 Hz, 3H (5-CH3), diastereomers) ;
BC {"H} NMR (151 MHz, CDCl3) 8163.6, 163.6 (C-4, diastercomers), 158.8, 158.8 (Ar),
150.4 (C-2), 144.0, 143.9 (Ar), 135.1, 135.0 (C-6, diastereomers), 134.9, 134.9 (Ar),
130.1, 129.1, 128.1, 128.1, 128.0, 128.0, 127.3, 127.2, 113.3, 113.3 (Ar), 111.7, 111.6 (C-
5, diastereomers), 87.2, 87.2 (-OC(Ar)s), 84.8 (d, *Joc = 5.3 Hz, C-4', one of
diastereomers), 84.7 (d, *Jec = 5.9 Hz, C-4', one of diastereomers), 84.3, 84.3 (C-1’,
diastereomers), 75.0 (d, 2Jpc = 5.7 Hz, C-3', one of diastereomers), 74.7 (d, 2Jpc = 5.9 Hz,
C-3', one of diastereomers), 66.9, 66.9 (d, 2Jpc = 5.5 Hz, -NCH>-, diastereomers), 63.2,
62.9 (C-5', diastereomers), 55.2 (-OCH3), 42.6 (d, *Jpc = 1.5 Hz, -OCH>»-), 39.5 (d, 3Jpc
=3.5, Hz, C-2’, one of diastereomers), 39.3 (d, *Jrc = 3.9 Hz, C-2', one of diastercomers),
11.7, 11.6 (5-CH3, diastereomers) ; 3'P {'H}NMR (162 MHz, CDCl3) & 13.1 (1Jpu = 659
Hz), 12.7 (\Jpn = 655 Hz)

HRMS (ESI-TOF) m/z calcd for C3sHasN4OoP™ [M+NH4]", 695.2840; found 695.2844.

5'-0O-Dimethoxytritylthymidine 3’-thiomorpholino H-phosphonamidate (3t)

Firstly, 1,8-diazabicyclo [5.4.0] undec-7-enium 5'-O-dimethoxytritylthymidine 3'-H-
phosphonate monoester 1t (1.52 g, 2.0 mmol) and thiomorpholine (0.19 mL, 2.0 mmol)
were dissolved in dry pyridine (20 mL) and dry MeCN (20 mL) with molecular sieves 3A
(4.0 g). Afterward, BOPCI (1.27 g, 5.0 mmol) was added to the solution at 0 °C. After the
mixture was stirred for 20 min at 0 °C, the mixture was diluted with CH>Cl> (80 mL) and
washed with saturated aqueous solutions of NaHCO; (2 x 60 mL). The aqueous layers
were combined and back-extracted with CH2ClL: (2 x 60 mL). The organic layers were
combined, dried over Na>SOs, filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography. Column chromatography was
carried out on the Yamazen UNIVERSAL Premium column (L size) using the automated
flash chromatography system W-prep 2XY (Yamazen Corporation), which was
performed with a linear gradient of 0%—100% acetone in CHCls-pyridine (99:1, v/v) to
afford 3t as a colorless foam (0.94 g, 1.35 mmol, 68%)
"H NMR (400 MHz, CDCl3) 6 9.2-9.1 (br, 1H (H-3)), 7.57 (d, J = 1.4 Hz, 0.5H (H-6) one
of diastereomers), 7.56 (d, J = 0.9 Hz, 0.5H (H-6) one of diastereomers), 7.39—-7.36 (m,
2H (Ar)), 7.33-7.23 (m, 7H (Ar)), 6.87-6.82 (m, 4H (Ar)), 6.78 (d, J = 655.9 Hz, (P-H)
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one of diastereomers), 6.73 (d, J= 653.2 Hz, (P-H) one of diastereomers), 6.49—6.42 (m,
1H (H-1")), 5.12-5.05 (m, 1H (H-3")), 4.22 (q, /= 2.3 Hz, 0.5H (4'), diastereomers), 4.20
(q,J= 1.8 Hz, 0.5H (4"), diastereomers), 3.79 (s, 6H (-OCH3)), 3.56-3.51 (m, 1H (H-5")),
345-3.19 (m, 5H (H-5", thiomorpholine-NCH;) ), 2.62-2.39 (m, 6H (H-2',
thiomorpholine-SCH»)), 1.43 (d, /= 0.9 Hz, 1.5H (5-CH3), one of diastereomers), 1.40
(d,J=1.4 Hz, 1.5H (5-CH3), diastereomers); *C {'H} NMR (151 MHz, CDCl3) 6 163.6,
163.6 (C-4, diastereomers), 158.8, 158.8, 158.8, 158.7 (Ar), 150.4 (C-2), 144.0, 143.9
(Ar), 135.1, 135.1 (C-6, diastereomers), 135.0, 134.9, 134.9, 130.1, 130.0, 130.0, 128.1,
128.1, 128.0, 128.0, 127.3, 127.2, 113.3, 113.3 (Ar), 111.7, 111.6 (C-5, diastereomers),
87.2, 87.2 (-CArs, diastereomers), 84.7, 84.7 (*Jpc = 5.7 Hz, C-4', diastereomers), 84.3,
84.3 (C-1', diastereomers), 74.9 (°*Jpc = 5.7 Hz, C-3', one of diastereomers), 74.7 (3Jpc =
5.9 Hz, C-3', one of diastereomers), 63.2, 62.9 (C-5’, diastereomers), 55.2 (-OCH3)), 44.3
(®3Jrc = 3.9 Hz, thiomorpholine-NCH>), 39.4 (3Jpc = 3.5 Hz, CH, (2'), one of
diastereomers), 39.3 (Jpc = 3.8 Hz, CHz (2'), one of diastercomers), 27.4, 27.3
(thiomorpholine-SCH», diastereomers), 11.7, 11.6 (5-CHs), diastercomers); 3'P
{'H}NMR (162 MHz, CDCl3)  13.6 ('Jpu = 655 Hz), 13.2 (Jp1 = 655 Hz)
HRMS (ESI-TOF) m/z calcd for C3sH44N4OsPS™ [M+H]", 711.2612; found 711.2627.

5'-0-Dimethoxytritylthymidine 3’-N-methylpiperadino H-phosphonamidate (4t)

Firstly, 1,8-diazabicyclo [5.4.0] undec-7-enium 5'-O-dimethoxytritylthymidine 3'-H-
phosphonate monoester 1t (0.380 g, 0.5 mmol) and N-methylpiperadine (0.055 mL, 0.50
mmol) were dissolved in dry CH>Cl, (10 mL) and dry pyridine (0.1 mL) with molecular
sieves 4A (1.0 g). Afterward, BOPCI (0.32 g, 1.25 mmol) was added to the solution at rt.
The mixture was stirred for 20 min at rt. Thereafter, N-methylpiperadine (0.055 mL, 0.50
mmol) was added to the solution. After the mixture was stirred for 30 min at rt, the mixture
was diluted with CH>Cl> (40 mL) and washed with saturated aqueous solutions of
NaHCOs (2 x 30 mL). The aqueous layers were combined and back-extracted with
CH2Clz (2 x 30 mL). The organic layers were combined, dried over Na;SOs, filtered, and
concentrated under reduced pressure to afford 4t as a colorless foam. Compound 4t was
used for next reaction, without further purifications.

3P {'TH}NMR (162 MHz, CDCl3) & 13.1 ('Jpu = 650 Hz), 12.9 ('Jpu = 646 Hz)

HRMS (ESI-TOF) m/z caled for C36Ha4N4OsP * [M+H]", 691.2891; found 691.2890.

5'-0-Dimethoxytrityl-N®-benzoyldeoxyadenosine 3’-thiomorpholino H-

phosphonamidate (3a)
Firstly, 1,8-diazabicyclo [5.4.0] undec-7-enium  5'-O-dimethoxytrityl-N°-
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benzoyldeoxyadenosine 3'-H-phosphonate monoester 1a (0.44 g, 0.50 mmol) and
thiomorpholine (0.047 mL, 0.50 mmol) were dissolved in dry CH>Cl> (10 mL) and dry
pyridine (0.1 mL) with molecular sieves 4A (1.0 g). Afterward, BOPCI (0.32 g, 1.25
mmol) was added to the solution at rt. The mixture was stirred for 20 min at rt. Thereafter,
thiomorpholine (0.047 mL, 0.50 mmol) was added to the solution. After the mixture was
stirred for 30 min at rt, the mixture was diluted with CH>Cl, (40 mL) and washed with
saturated aqueous solutions of NaHCOs3 (2 x 30 mL). The aqueous layers were combined
and back-extracted with CH>Cl> (2 X 30 mL). The organic layers were combined, dried
over NaxSOy, filtered, and concentrated under reduced pressure. The residue was purified
by silica gel column chromatography. Column chromatography was carried out on the
Yamazen UNIVERSAL Premium column (L size) using the automated flash
chromatography system W-prep 2XY (Yamazen Corporation), which was performed
three times with a linear gradient of 0%—-100% acetone in CHCl; to afford 3a as a
colorless foam (0.21 g, 0.26 mmol, 53%).

"H NMR (400 MHz, CDCl3) 8 9.11 (s, 1H (-CONH-)), 8.72 (d, J = 4.1 Hz, 1H (H-2)),
8.16 (d, J=5.0 Hz, 1H (8-H)), 8.02 (d, J=7.3 Hz, 2H (Ar)), 7.60 (t,J = 6.6 Hz, 1H (Ar)),
7.51 (t,J=17.6 Hz, 2H (Ar)), 7.40-7.36 (m, 2H (Ar)), 7.29-7.19 (m, 7H (Ar)), 6.82 (d, J
=657.7 Hz, 1H (P-H)), 6.82—6.79 (m, 4H (Ar)), 6.53-6.49 (m, 1H (H-1")), 5.26-5.16 (m,
1H (H-3")), 4.38-4.33 (m, 1H (H-4")), 3.77 (s, 6H (-OCH3)), 3.50-3.30 (m, 6H (H-5', 5",
thiomorpholine-NCH>)), 3.13-3.06 (m, 1H (H-2")), 2.85-2.74 (m, 1H (H-2")), 2.64-2.49
(m, 4H (thiomorpholine-SCH)); 3C {'H} NMR (100 MHz, CDCls) é 164.5 (-CONH-),
158.5 (Ar), 152.6 (C-2), 151.4 (C-4), 149.5 (C (6)), 144.2 (Ar), 144.1 (Ar), 141.4, 141 .4
(C-8, diastereomers), 135.3,135.3, 135.2, 133.5, 132.7, 129.9, 129.9, 129.1, 128.8, 128.0,
127.9, 127.8, 127.0 (Ar), 123.5 (C-5), 113.2 (Ar), 86.7 (O-C(Ar)3), 85.2, 85.1 (C-4",
diastereomers), 84.5 (C-1"), 75.0 (d, 2Jpc = 4.8 Hz, C-3', one of diastereomers), 74.6 (d,
2Jpc = 5.8 Hz, C-3', one of diastereomers), 63.1, 62.8 (C-5, diastereomers), 55.2 (-OCH3),
44.4, (?Jec = 3.9 Hz, thiomorpholine-NCH>, diastereomers), 44.3 (thiomorpholine-NCH>,
diastereomers), 38.9, 38.8 (C-2', diastereomers), 27.4, 27.4 (thiomorpholine-SCH>,
diastereomers); *'P {'{H}NMR (162 MHz, CDCls) § 13.9 ("Jpu = 650 Hz), 13.0 ("Jpu =
659 Hz)

HRMS (ESI-TOF) m/z caled for C42H44NsO7PS™ [M+H]", 807.2724; found 807.2726.

5'-0-Dimethoxytrityl-N*-isobutyryldeoxycytidine 3’-thiomorpholino H-
phosphonamidate (3c)

Firstly, 1,8-diazabicyclo  [5.4.0]  undec-7-enium  5’-O-dimethoxytrityl-N*-
isobutyryldeoxycytidine 3’-H-phosphonate monoester 1¢ (0.41 g, 0.50 mmol) and
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thiomorpholine (0.047 mL, 0.50 mmol) were dissolved in dry CH>Cl: (10 mL) and dry
pyridine (0.1 mL) with molecular sieves 4A (1.0 g). Bis (2-oxo-3-oxazolidinyl)
phosphinic chloride (BOPCI) (0.32 g, 1.25 mmol) was added to the solution at rt. The
mixture was stirred for 20 min at rt. Thereafter, thiomorpholine (0.047 mL, 0.50 mmol)
was added to the solution. After the mixture was stirred for 30 min at rt, the mixture was
diluted with CH>Cl, (40 mL) and washed with a saturated aqueous solution of NaHCO3
(2 x 30 mL). The aqueous layers were combined and back-extracted with CH2Cl (2 x 30
mL). The organic layers were combined, dried over Na,SOs, filtered, and concentrated
under reduced pressure. The residue was purified by silica gel column chromatography.
Column chromatography was carried out on the Yamazen UNIVERSAL Premium column
(L size) using the automated flash chromatography system W-prep 2XY (Yamazen
Corporation), which was performed four times with a linear gradient of 0%—100%
acetone in CHCIs to afford 3c as a colorless foam (0.22 g, 0.29 mmol, 58%)

"H NMR (400 MHz, CDCl3) & 8.26 (br, 1H (-CONH-)), 8.14 (d, J = 7.3 Hz, 0.5H (H-6),
one of diastereomers), 8.09 (d, J= 7.8 Hz, 0.5H (H-6), one of diastereomers), 7.37-7.14
(m, 9H (Ar)), 6.87-6.84 (m, 4H (Ar)), 6.79 (d, J = 651.8 Hz, 0.5H (P-H) one of
diastereomaers), 6.71 (d, /= 654.1 Hz, 0.5H (P-H) one of diastereomaers), 6.33—6.26 (m,
1H (H-1")), 5.064.99 (m ,1H (H-3")), 4.34-4.31 (m, 1H (H-4")), 3.80 (s, 6H (-OCH3)),
3.52-3.25 (m, 6H (H-5', 5", thiomorpholine-NCH>)), 2.89-2.80 (m, 1H (H-2")), 2.62—
2.50 (m, 5H (-CH(CH3)2, thiomorpholine-SCH>)), 2.36-2.27 (m, 1H (H-2")), 1.24-1.21
(m, 6H (-CH(CH3)); '*C {'H} NMR (100 MHz, CDCl3) 5176.5 (-CONH-), 162.2 (C-4),
158.7 (Ar), 155.0 (C-2), 144.2 (C-6), 143.8 (Ar), 135.1, 135.0, 135.0, 134.9, 130.0, 130.0,
128.0,127.2, 113.3 (Ar), 96.2 (C-5"), 87.1 (-CAr3), 87.1, 86.9 (C-1', diastereomers), 85.4,
85.3 (C-4', diastereomers), 74.0, 73.4 (d, 2Jpc = 5.8 Hz, C-3', diastereomers), 62.5, 62.1
(C-5', diastereomers), 55.2 (CH; (-OCH3)), 44.3, 442 (d, %Jpc = 3.9 Hz, CH;
(thiomorpholine-NCH>, diastereomers), 40.7, 40.5 (d, *Jrc =3.8 Hz, C-2’, diastereomers),
36.8 (-CH(CH3),), 27.4, 27.4 (d, *Jec = 3.9 Hz, CH (thiomorpholine-SCH)), 19.0, 19.0
(CH3 (-CH(CH3),, diastereomers) ; *'P {'H}NMR (162 MHz, CDCl3) 6 13.5 ("Jpu = 650
Hz)

HRMS (ESI-TOF) m/z caled for C3sH4sN4OsPS™ [M+H]", 749.2768; found 749.2766.

5'-0-Dimethoxytrityl-N*-isobutyryldeoxyguanosine 3’-thiomorpholino H-
phosphonamidate (3g)

Firstly, 1,8-diazabicyclo  [5.4.0]  undec-7-enium  5’-O-dimethoxytrityl-N2-
isobutyryldeoxyguanosine 3'-H-phosphonate monoester 1g (0.43 g, 0.50 mmol) and
thiomorpholine (0.047 mL, 0.50 mmol) were dissolved in dry pyridine (5 mL) and dry
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MeCN (5 mL) with molecular sieves 3A (1.0 g). Afterward, BOPCI (0.32 g, 1.25 mmol)
was added to the solution at 0 °C. After the mixture was stirred for 20 min at 0 °C, the
mixture was diluted with CH>Cl, (40 mL) and washed with saturated aqueous solutions
of NaHCOs3 (2 x 30 mL). The aqueous layers were combined and back-extracted with
CH2Clz (2 x 30 mL). The organic layers were combined, dried over Na;SOs, filtered, and
concentrated under reduced pressure. The residue was purified by silica gel column
chromatography. Column chromatography was carried out on the Yamazen UNIVERSAL
Premium column (L size) using the automated flash chromatography system W-prep 2XY
(Yamazen Corporation), which was performed with a linear gradient of 0%—-60% acetone
in CHCIs for the first time and 0%—60% acetone in CHCls-pyridine (1:1, v/v) for the
second time to afford 3g as a colorless foam (0.21 g, 0.27 mmol, 53%)

"H NMR (400 MHz, CDCl3) 812.0 (brs, 1H (NH-1)), 9.37 (s, 0.5H (-COHN-), one of
diastereomers), 8.98 (s, 0.5H (-COHN-), one of diastereomers), 7.78 (s, 1H, H-8), 7.42—
7.40 (m, 1H (Ar)), 7.36-7.34 (m, 1H (Ar)), 7.30-7.16 (m, 7H (Ar)), 6.83-6.73 (m, 4H
(Ar)), 6.82 (d, J=659.1 Hz, P-H), 6.71 (d, J= 656.4 Hz, P-H), 6.17-6.13 (m, 1H (H-1")),
5.62-5.57 (m, 0.5H (H-3"), one of diastereomers), 5.46-5.41 (m, 0.5H (H-3'), one of
diastereomers), 4.23-4.19 (m, 1H (H-4")), 3.77, 3.76 (s, 6H (-OCH3), 3.44-3.19 (m, 6H
(H-5', thiomorpholine-NCHy)), 3.17-3.03 (m, 1H (H-2")), 2.71-2.53 (m, 3H (H-2/,
thiomorpholine-SCH3)), 2.46 (t, /= 5.0 Hz, 2H (thiomorpholine-SCH2»)), 2.37 (quin, J =
6.9 Hz, 0.5H (-CH(CH3)>), one of diastereomers), 2.17 (quin, J = 6.9 Hz, 0.5H (-
CH(CH3)2), one of diastereomers), 1.14-0.95 (m, 6H (-CH(CH3)>, diastereomers,
rotamers) ; 3C {'H} NMR (100 MHz, CDCls) & 178.9, 178.8 (-CONH-, diastercomers),
158.6, 158.6 (Ar), 155.5, 155.5 (C-6, diastereomers), 147.8, 147.6 (C-2, diastereomers),
147.5, 147.4 (C-4, diastereomers), 144.4, 144.3 (Ar), 137.9 (C-8), 135.5, 135.2, 135.2,
129.8, 127.9, 127.9, 127.9, 127.1, 127.0 (Ar), 121.9, 121.8 (C-5, diastereomers), 113,2,
113.1 (Ar), 86.4, 86.4 (-CArs, diastereomers), 84.2 (d, 3Jec = 6.7 Hz, C-4', one of
diastereomers) 84.2 , 83.9 (C-1', diastercomers) 83.8 (d, 3Jec = 6.7 Hz, C-4', one of
diastereomers), 73.9 (d, 2Jpc = 4.8 Hz, C-3', one of diastereomers), 73.8 (d, 2Jpc = 5.8 Hz,
C-3', one of diastereomers), 62.9, 62.1 (C-5', diasreteomers), 55.2 (-OCH3)), 44.3, 44.2
(d, 2Jec = 3.9 Hz, CH; (thiomorpholine-NCH>), diasterecomers), 38.4, 38.2 (C-2/,
diastereomers), 36.1, 36.1 (-CH(CHz3)2), 27.3 (d, *Jrc = 5.9 Hz, CH> (thiomorpholine-
SCH), one of diastereomers), 27.3 (d, 3Jpc = 4.8 Hz, CH: (thiomorpholine-SCH), one of
diastereomers), 18.7, 18.7 (CH3 (-CH(CH3),, diastereomers); 3'P {'H}NMR (162 MHz,
CDCl3) 8 14.2 (\Jpu = 652 Hz), 13.4 ('Jpn = 659 Hz)

HRMS (ESI-TOF) m/z caled for C39H46NsOsPS ™ [M+H]", 789.2830; found 789.2831.
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3'-0-t-Butyldiphenylsilyl-NV*-isobutyryldeoxycytidine (5¢)

Firstly, 5'-O-dimethoxytrityl-N*-isobutyryldeoxycytidine (6.00 g, 10 mmol) and
imidazole (2.72 g, 40 mmol) were dissolved in dry DMF (50 mL). ¢
Butyldiphenylchlorosilane (5.14 mL, 20 mmol) was added to the mixture at rt. After the
mixture was stirred for 1 h at rt, -butyldiphenylchlorosilane (2.57 mL, 10 mmol) was
added. The mixture was stirred for 30 min at rt. Thereafter, the reaction was quenched
with MeOH (10 mL). The mixture was diluted with ethyl acetate (EtOAc) (100 mL) and
washed with saturated aqueous solutions of NaHCO3 (6x100 mL). The organic layer was
dried over Na>SOys, filtered, and concentrated under reduced pressure. The residue was
dissolved in CH2Cl> (200 mL) and 6% dichloroacetic acid (DCA) solution in CH>ClI» (200
mL) was added to the solution. After the mixture was stirred for 2 h at rt, MeOH (20 mL)
was added to the mixture and the mixture was washed with saturated aqueous solutions
of NaHCO3 (3 x 200 mL). The organic layer was dried over NaSOs, filtered, and
concentrated under reduced pressure. The residue was purified by silica gel column
chromatography. Column chromatography was carried out on Yamazen UNIVERSAL
Premium column (L size) using automated flash chromatography system W-prep 2XY
(Yamazen Corporation), which was performed with a linear gradient of 0%—10% MeOH
in CHCI; to afford Sc as a colorless foam (4.95 g, 9.23 mmol, 92%)

"H NMR (600 MHz, CDCl3)  8.74 (s, 1H, -NHCO-), 8.17 (d, J= 7.5 Hz, 1H, H-6), 7.63
(dd, /= 8.0, 1.3 Hz, 4H, Ar), 7.46-7.33 (m, 7H, H-5, Ar), 6.25 (t, /= 6.4 Hz, 1H, H-1"),
4.44 (dt,J=5.9, 3.3 Hz, 1H, H-3"), 4.04 (q, J = 2.9 Hz, 1H, H-4"), 3.65 (d, /= 12.0 Hz,
1H, H-5"), 3.24 (dt, J=12.0, 3.4 Hz, 1H, H-5"), 2.71-2.69 (br, 1H, 5'-OH), 2.68-2.63 (m,
1H, -CH(CH3)»), 2.57 (dd, J = 6.1, 3.5 Hz, 1H, H-2', diastereomers), 2.15 (t, /= 6.6 Hz,
1H, H-2', diastereomers), 1.19, 1.18 (d, J = 2.4 Hz, 6H, -CH(CHs)., rotamers), 1.08 (s,
9H, -C(CH3)3) ; '3C {'H} NMR (151 MHz, CDCl3) 177.6 (-NHCO-),162.4 (C-4), 155.3
(C-2), 145.6 (C-6), 135.5, 135.5, 133.2, 132.9, 129.9, 129.8, 127.7 (Ar), 96.7 (C-5), 88.5
(C-4"), 88.1 (C-1), 73.0 (C-3'), 61.5 (C-5"), 41.7 (C-2"), 36.2 (-CH(CH3)2), 26.7(-
C(CH3)3), 19.0, 18.9 (-CH(CH3)2, rotamers), 18.9 (-C(CHz3)3)

HRMS (ESI-TOF) m/z caled for C29H3sN30sSi" [M+H]", 536.2575; found 536.2573.

The synthesis of TpuT (6tt) dimer by azeotropic manipulation

Firstly, H-phosphonamidate monomer 2t (0.0254 g, 0.0375 mmol), 3t (0.0260 g, 0.0375
mmol), or 4t (0.0259 g, 0.0375 mmol) and a thymidine derivative 5t (0.0120 g, 0.025
mmol) were dried by coevaporation with dry pyridine (6 x 1 mL). Afterward, the residue
was dissolved in CDCls (0.5 mL) and 3'P NMR spectrum was recorded. The formation of
6tt was confirmed by 3'P NMR spectra (6§ 9.2, 7.6 ppm, 'Jpn = 715, 724 Hz) (Fig. S4-S6)
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and mass spectrometry analysis (high-resolution mass spectroscopy (electrospray
ionization—time-of-flight) (HRMS (ESI-TOF)) m/z calcd for Cs7Hs3N4NaOi3Psi”
[M+Na], 1093.3791; found 1093.3817.).

The synthesis of TpuT (6tt) dimer under conditions of constant temperature,
concentration, and pressure. (Table 2)

Firstly, 5'-O-dimethoxytritylthymidine 3’-morpholino H-phosphonamidate 3t (0.0173 g,
0.025 mmol) and a thymidine derivative 5t (0.0144 g, 0.030 mmol) were dissolved in dry
pyridine-ds (0.125 or 0.50 mL) with MS4A (0.4 g). After the mixture was stirred for 1 or
2 h at 25 or 40 °C, the reaction mixture was transferred into an NMR sample tube (5 mm
x 180 mm) and a spectrum was recorded. The formation of 6tt was confirmed by 3'P
NMR spectra (8 9.1, 7.6 ppm, 'Jpn = 715, 724 Hz) (Fig. S7-S11)

Synthesis of dimers
TpsceT dimer (9tt)

Firstly, 5'-O-dimethoxytritylthymidine 3’-morpholino H-phosphonamidate 3t (0.0416 g,
0.060 mmol) and a thymidine derivative 5t (0.0192 g, 0.040 mmol) were dissolved in dry
pyridine (0.40 mL) with MS4A (0.8 g). After the mixture was stirred for 2 h at 40 °C, a
sulfurizing reagent (8) in pyridine (0.8 mL, 0.048 mmol) was added to the mixture. The
mixture was stirred for 1 h at rt. Thereafter, pyridine was removed by repeated
coevaporations with toluene. The residue was dissolved in CHCl; (2 mL) and 2% TFA
solution in CHCl3 (2 mL) was added. After the mixture was stirred for 10 min at rt, MeOH
(2 mL) and CHCI3 (30 mL) were successively added to the mixture, and the mixture was
washed with a saturated aqueous solution of NaHCOs3 (3 x 20 mL). The aqueous layers
were combined and back-extracted with CHCI; (1 x 30 mL) The organic layers were
combined, dried over Na>SOs, filtered, and concentrated under reduced pressure. The
residue was purified by silica gel column chromatography. Column chromatography was
carried out on Yamazen UNIVERSAL Premium column (M size) using automated flash
chromatography system W-prep 2XY (Yamazen Corporation), which was performed with
a linear gradient of 0%—10% MeOH in CHCIs to afford 9tt as a colorless foam (0.0252 g,
0.030 mmol, 74%)

"H NMR (400 MHz, CDCls) § 9.62, 9.48, 9.46 (s, 2H, H-3, diastereomers), 7.66-7.63 (m,
4H, Ar), 7.51-7.39 (m, 7H, H-6 (5'-upstream), Ar), 7.18, 7.15 (d, /= 0.9 Hz, 1H, H-6 (3'-
downstream), diastereomers), 6.34, 6.31 (t, J = 6.9 Hz, , 1H, H-1" (3'-downstream),
diastereomers), 6.16 (t, /= 6.9 Hz, , 1H, H-1' (5"-upstream), one of diastereomers), 6.13
(t, J=7.1 Hz, , 1H, H-1" (5'-upstream), one of diastereomers), 5.24-5.16 (m, 1H, H-3’
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(5'-upstream)), 4.40—4.34 (m, 1H, H-3' (3’-downstream)), 4.15-3.70 (m, 6H, H-4', H-5"),
3.38 (br, 1H, 5’-OH), 3.12-2.92 (m, 2H, -SCH;-), 2.89-2.68 (m, 2H, -CH,CN), 2.54-2.28
(m, 3H, H-2"), 2.07-1.99 (m, 1H, H-2" (3’-downstream)), 1.90-1.83 (m, 6H, 5-CHa),
diastereomers), 1.09 (s, 9H, -C(CH3)3) ; 3C {'"H} NMR (100 MHz, CDCl;3) 6164.1 (C-4
(3'-downstream)), 164.0, 163.9 (C-4 (5'-upstream), diastereomers), 150.5, 150.4 (C-2 (5'-
upstream), diastereomers), 150.3 (C-2 (3'-downstream)), 136.6, 136.4 (C-6 (5'-upstream),
diastereomers), 136.0, 135.9 (C-6 (3'-downstream), diastereomers), 135.7, 135.7, 132.8,
132.6, 130.3, 130.2, 128.1, 128.0 (Ar), 117.4 (-CN), 111.4, 111.3 (C-5 (3'-downstream),
diastereomers), 111.2 (C-5 (5'-upstream)), 86.1 (C-1' (5'-upstream)), 85.8 (d, *Jpc = 3.9
Hz, C-4' (3’-downstream), one of diastereomers), 85.6 (C-1" (3'-downstream)), 85.4 (d,
3Jpc = 5.8 Hz, C-4' (3'-downstream), one of diastereomers), 84.8 (d, *Jpc = 8.7 Hz, C-4'
(5’-upstream), one of diastereomers), 84.7 (d, 3Jpc = 7.7 Hz, C-4' (5'-upstream), one of
diastereomers), 78.9 (d, 2Jpc = 6.7 Hz, C-3' (5'-upstream) one of diastereomers), 78.5 (d,
2Jpc = 4.8 Hz, C-3' (5'-upstream) one of diastereomers), 72.8, 72.6 (C-3’ (3’-downstream),
diastereomers), 67.1 (d, 2Jpc = 7.7 Hz, C-5' (3'-downstream), one of diastercomers), 67.0
(d, 2Joc = 6.7 Hz, C-5' (3'-downstream), one of diastereomers), 61.9, 61.7 (C-5' (5'-
upstream), diastereomers), 40.0, 39.9 (C-2' (3'-downstream), diastercomers), 38.4 (d, *Jrc
= 2.9 Hz, C-2' (5'-upstream), one of diastereomers), 38.3 (d, *Jec = 5.8 Hz, C-2' (5'-
upstream), one of diastereomers), 26.8 (-C(CH3)3), 26.7, 26.4 (d, 2Jpc = 3.9 Hz, -SCH>-,
diastereomers), 19.8 (-CH>CN), 19.0 (-C(CH3)3), 12.5, 12.4, 12.4 (5-CHs,
diastereomers) ; *'P {'H}NMR (162 MHz, CDCls) 6 27.8, 27.3

HRMS (ESI-TOF) m/z caled for C3oHaoNsO11PSSi™ [M+H]", 854.2651; found 854.2652.

ApsceA dimer (9aa)

Firstly, 5'-O-dimethoxytrityl-N®-benzoyldeoxyadenosine  3’-thiomorpholino  H-
phosphonamidate 3a (0.0484 g, 0.060 mmol) and a deoxyadenosine derivative 5a (0.0484
g, 0.060 mmol) were dissolved in dry pyridine (0.40 mL) with MS4A (0.8 g). After the
mixture was stirred for 2 h at 40 °C, a sulfurizing reagent (8) in pyridine (0.8 mL, 0.048
mmol) was added to the mixture. The mixture was stirred for 1 h at rt. Thereafter, pyridine
was removed by repeated coevaporations with toluene. The residue was dissolved in
CHCI3 (2 mL), and 2% trifluoroacetic acid (TFA) solution in CHCl3 (2 mL) was added.
After the mixture was stirred for 10 min at rt, MeOH (2 mL) and CHCI; (30 mL) were
successively added to the mixture, and the mixture was washed with saturated aqueous
solutions of NaHCOs (3 x 20 mL). The aqueous layers were combined and back-extracted
with CHCI3 (1 x 30 mL). The organic layers were combined, dried over Na,SOs, filtered,

and concentrated under reduced pressure. The residue was purified by silica gel column
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chromatography. Column chromatography was carried out on a Yamazen UNIVERSAL
Premium column (M size) using the automated flash chromatography system W-prep
2XY (Yamazen Corporation), which was performed with a linear gradient of 0%—10%
MeOH in CHCIs to afford 9aa as a colorless foam (0.0324 g, 0.030 mmol, 75%).
"H NMR (400 MHz, CDCl3) 8 9.23-9.17 (m, 2H (-CONH-)), 8.72-8.70 (m, 2H, H-2),
8.17-8.14 (m, 2H, H-8), 8.02—-7.94 (m, 4H (Ar)), 7.71-7.69 (m, 4H (Ar)), 7.61 (t,J=7.8
Hz, 1H (Ar)), 7.54-7.42 (m, 11H (Ar)), 6.55 (dd, J = 12.4 Hz, 5.9 Hz, 1H, H-1’ (3'-
downstream)), 6.44—6.30 (m, 1H, H-1" (5'-upstream)), 5.9-5.8 (br, 1H (5’-OH)), 5.30—
5.25 (m, 1H H-3' (5'-upstream)), 4.75-4.71 (m, 1H, H-3" (3'-downstream)), 4.28 (d, 2H,
H-4"), 4.16-3.71 (m, 4H, H-5"), 3.22-2.90 (m, 3H, H-2' (5'-upstream), -SCH>-), 2.77—
2.48 (m, 5H, H-2', -CH>CN)), 1.14 (s, 9H (-C(CHs)3) ; '3C {'"H} NMR (100 MHz, CDCl5)
0 164.8, 164.5 (-CONH-, diastereomers), 152.5 (C-2 (3'-downstream)) 152.0 (C-2 (5'-
upstream)), 151.6 (C-4 (3'-downstream)), 150.5 (C-4 (5'-upstream)), 150.2 (C-6) 3'-
downstream)), 149.6 (C-6 (5'-upstream)), 142.7 (C-8 (5'-upstream)), 141.7, 141.6 (C-8
(3’-downstream), diastereomers), 135.7, 133.4, 133.2, 132.9, 132.8, 132.6, 130.3, 128.8,
128.7, 128.1, 128.0, 127.9 (Ar), 124.4 (C-5 (5'-upstream)), 123.6 (C-5 (3'-downstream)),
117.2 (-CN)), 87.6 (d, *Jec = 2.9 Hz, C-4' (3'-downstream), one of diastereomers), 87.3
(d, 3Jrc = 4.8 Hz, C-4' (3'-downstream), one of diasterecomers), 87.1, 86.9 (C-1’ (5'-
upstream), diastereomers), 85.5, 85.4, 85.4 (C-4' (5'-upstream), diastereomers), 84.8, 84.6
(C-1" (3'-downstream), diastereomers), 80.3 (d, 2Jpc = 6.3 Hz, C-3’ (5'-upstream), one of
diastereomers)), 80.2 (d, 2Jpc = 5.9 Hz, C-3' (5'-upstream), one of diastereomers)), 73.0,
72.9 (C-3' (3'-downstream), diastereomers), 66.8 (d, 2Jpc = 5.8 Hz, C-5' (3'-downstream)),
62.8 (C-5" (5'-upstream)), 40.0 (C-2' (5'-upstream)), 38.9 (C-2' (3'-downstream)), 26.8 (-
C(CH3)3), 26.7, 26.5 ( -SCH>»-, diastereomers), 19.7 (-CH,CN)), 19.0 (-C(CHz)3); 3'P
{'TH}NMR (162 MHz, CDCl3) § 27.4, 26.5

HRMS (ESI-TOF) m/z caled for Cs3HssNiiOoPSSi® [M+H]", 1080.3406; found
1080.3390.

CpsceC dimer (9cc)

Firstly,  5’-O-dimethoxytrityl-N*-benzoyldeoxycytidine  3'-thiomorpholino  H-
phosphonamidate diester 3¢ (0.0449 g, 0.060 mmol) and a deoxycytidine derivative Sc
(0.0214 g, 0.040 mmol) were dissolved in dry pyridine (0.40 mL) with MS4A (0.8 g).
After the mixture was stirred for 2 h at 40 °C, a sulfurizing reagent (8) in pyridine (0.8
mL, 0.048 mmol) was added to the mixture. The mixture was stirred for 1 h at rt.
Thereafter, pyridine was removed by repeated coevaporations with toluene. The residue
was dissolved in CHCI3 (2 mL) and 2% TFA solution in CHCl; (2 mL) was added. After
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the mixture was stirred for 10 min at rt, MeOH (2 mL) and CHCl3 (30 mL) were
successively added to the mixture, and the mixture was washed with saturated aqueous
solutions of NaHCOs (3 x 20 mL). The aqueous layers were combined and back-extracted
with CHCI3 (1 x 30 mL). The organic layers were combined, dried over Na,SOs, filtered,
and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography. Column chromatography was carried out on a Yamazen UNIVERSAL
Premium column (M size) using the automated flash chromatography system W-prep
2XY (Yamazen Corporation), which was performed with a linear gradient of 0%—10%
MeOH in CHCI;s to afford 9cc as a colorless foam (0.0288 g, 0.030 mmol, 75%)
"H NMR (400 MHz, CDCl3) & 8.99-8.83 (m, 2H (-CONH-)), 8.25, 8.21 (d, J = 7.3 Hz,
1H, H-6 (5'-upstream), diastereomers), 7.93 (d, /= 7.3 Hz, 1H, H-6 (3’-downstream), one
of diastereomers), 7.89 (d, J =7.8 Hz, 1H, H-6 (3’-downstream), one of diastereomers),
7.66-7.62 (m, 4H (Ar)), 7.50-7.38 (m, 8H, H-5, Ar), 6.28 (t, J = 5.5 Hz, 1H, H-1" (3'-
downstream)), 6.16 (t, J = 5.5 Hz, 1H, H-1" (5'-upstream)), 5.31-5.22 (m, 1H, H-3" (5'-
upstream)), 4.46—4.36 (m, 1H, H-3' (3'-downstream)), 4.23-4.13 (m, 2H, H-4"), 4.09—
3.90 (m, 2H, H-5"), 3.86-3.60 (m, 2H, H-5"), 3.07-2.97 (m, 2H, -SCH;-), 2.80-2.59 (m,
6H, H-2', -CH,CN, -COCH(CH3)»), 2.45-2.36 (m, 1H, H-2" (5'-upstream )), 2.00—1.92
(m, 1H, H-2' (3'-downstream )), 1.21, 1.18 (d, /= 6.9 Hz, 12H, -COCH(CHz)2), 1.08 (s,
9H, -C(CH3)3) ; 13C {'H} NMR (100 MHz, CDCl3) $177.5,177.4,177.2,177.2 (-CONH-,
diastereomers, rotamers), 162.6 (C-4 (5'-upstream)), 162.5 (C-4 (3'-downstream)), 155.3
(C-2 (5"-upstream)), 155.2, 155.2 (C-2  (3’-downstream), diastereomers), 145.4 (C-6 (5'-
upstream)), 144.4, 144.3 (C-6 (3'-downstream), diastereomers), 135.7, 135.6, 135.5,
132.9, 132.9, 132.5, 130.3, 130.2, 128.1, 128.0 (Ar), 117.4, 117.3 (-CN, diastereomers),
96.8 (C-5 (5'-upstream)), 96.6 (C-5 (3'-downstream)), 88.0 (C-1"), 86.5 (d, *Jec = 3.9 Hz,
C-4' (5'-upstream), one of diastereomers), 86.4 (d, *Jpc = 5.8 Hz, C-4' (5'-upstream), one
of diastereomers), 85.6, 85.4 (d, *Jpc = 7.7 Hz, C-4' (3'-downstream), diastereomers), 78.7,
78.4 (d, 2Jpc = 5.8 Hz, C-3' (5'-upstream), diastereomers), 72.7, 72.5 (C-3' (3'-
downstream), diastereomers), 66.5 (d, 2Jpc = 7.7 Hz, C-5' (3’-downstream)), 61.5, 61.4
(C-5" (5'-upstream), diastereomers), 41.6, 41.3 (C-2' (3'-downstream), diastereomers),
39.8, 39.6 (C-2' (5'-upstream), diastereomers), 36.6, 36.5 (-COCH(CHs)2), 26.8 (-
C(CH3)3), 26.6 (d, 2Jec = 3.9 Hz -SCH>-), 19.8 (-CH2CN), 19.0 (-C(CH3)3), 18.9 (-
COCH(CH3)2) ; 3'P {"H}NMR (162 MHz, CDCls) § 27.8, 27.2

HRMS (ESI-TOF) m/z calcd for C4sHsoN7011PSSi" [M+H]", 964.3495; found 964.3484.

GrsceG dimer (9gg)
Firstly, 5'-O-dimethoxytrityl-N?-isobutyryldeoxyguanosine 3'-thiomorpholino H-
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phosphonamidate diester 3g (0.0473 g, 0.060 mmol) and a deoxyguanosine derivative 5g
(0.0230 g, 0.040 mmol) were dissolved in dry pyridine (0.40 mL) with MS4A (0.8 g).
After the mixture was stirred for 2 h at 40 °C, a sulfurizing reagent (8) in pyridine (0.8
mL, 0.048 mmol) was added to the mixture. The mixture was stirred for 1 h at rt.
Thereafter, pyridine was removed by repeated coevaporations with toluene. The residue
was dissolved in CHCI3 (2 mL) and 2% TFA solution in CHCl; (2 mL) was added. After
the mixture was stirred for 10 min at rt, MeOH (2 mL) and CHCl3 (30 mL) were
successively added to the mixture, and the mixture was washed with saturated aqueous
solutions of NaHCOs (3 x 20 mL). The aqueous layers were combined and back-extracted
with CHCI3 (1 x 30 mL) The organic layers were combined, dried over Na;SOs, filtered,
and concentrated under reduced pressure. The residue was purified by silica gel column
chromatography. Column chromatography was carried out on Yamazen UNIVERSAL
Premium column (M size) using automated flash chromatography system W-prep 2XY
(Yamazen Corporation), which was performed with a linear gradient of 0%—10% MeOH
in CHCI; to afford 9gg as a colorless foam (0.0326 g, 0.031 mmol, 78%)

"H NMR (400 MHz, CDCl3) $12.4-12.2 (m, 2H (1), diastereomers, rotamers), 10.9, 10.6
(s, 1H (-NHCO-), diastereomers), 10.0, 9.69 (s, 1H (-NHCO-), diastereomers), 7.96, 7.94
(s, 1H, H-8 (5'-upstream),diastereomers), 7.71-7.64 (m, SH, H-8 (3’-downstream, Ar)),
7.53-7.40 (m, 6H (Ar)), 6.29-6.23 (m, 1H, H-1" (3’-downstream)), 6.10 (dd, J = 8.6, 6.4
Hz, 0.3 H, H-1' (5'-upstream), one of diastereomers), 5.76 (dd J = 8.9, 5.7 Hz, 0.7H, H-
1" (5'-upstream ), one of diastereomers), 5.18 (t, /= 6.9 Hz, 0.3H, H-3' (5'-upstream), one
of diastereomers), 5.02 (t, J = 5.5 Hz, 0.7H, H-3" (5"-upstream), one of diastereomers),
4.57 (m, 0.3H, H-3' (3’-downstream), one of diasterecomers), 4.45 (d, J = 4.6 Hz, 0.7H,
H-3" (3'-downstream), one of diastereomers), 4.24-4.09 (m, 3.3H, H-4', H-5',
diastereomers), 3.90-3.83 (m, 0.7H, H-5' (5'-upstream), one of diastereomers), 3.75—
3.69 (m, 1.3H, H-5', diastereomers), 3.59 (d, J = 11.0 Hz, 0.7H, H-5" (5'-upstream), one
of diastereomers), 3.14-2.61 (m, 8H, H-2', -COCH(CHs),, -SCH»-, -CH>CN),
diastereomers), 2.49-2.44 (m, 1H, H-2'), 2.30-2.26 (m, 1H, H-2"), 1.32-1.10 (m, 21H, -
COCH(CHa)2, -C(CHs3)3, diastereomers, rotamers) ; '*C {'H} NMR (100 MHz, CDCls)
6180.7, 180.2, 180.0, 179.4 (-NHCO-, diastereomers, rotamers), 156.5, 155.8, 155.6,
155.5 (C-6, diastereomers, rotamers), 148.6, 148.4, 148.3, 148.3 (C-4, diastereomers,
rotamers), 148.2, 148.1, 147.7, 147.2 (C-2, diastereomers, rotamers), 139.8 (C-8 (5'-
upstream)), 138.2, 132.8, 138.0, 137.8 (C-8 (3’-downstream), diastereomers, rotamers),
135.7, 135.6, 132.8, 132.6, 132.6, 130.4, 130.3, 128.1, 128.0 (Ar), 123.0 (C-5 (3'-
downstream)), 121.7,121.3, 121.2 (C-5 (5'-upstream), diastereomers), 117.4, 117.1 (-CN,
diastereomers), 87.0 (C-1’ (3'-downstream)), 86.3 (d, 3Jpc = 4.8 Hz, C-4’, one of
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diastereomers), 86.2 (d, 3Jpc = 6.7 Hz, C-4', one of diastereomers), 85.4 (d, *Jpc = 7.7 Hz,
C-4', one of diastereomers), 85.1 (d, *Jpc = 8.7 Hz, C-4', one of diastereomers), 84.6, 84.6
(C-1", diastereomers), 80.6, 80.2 (d, ZJpc = 6.7 Hz, C-3' (5'-upstream), diastereomers),
73.6, 72.8 (C-3' (3'-downstream), diastereomers), 67.7, 66.4 (d, 2Jpc = 6.7 Hz, C-5' (3'-
downstream), diastereomers), 62.1, 61.9 (C-5" (5'-upstream), diastereomers), 38.6 (C-2'),
36.2, 36.1, 35.9, 35.9 (-CH(CH3)., diastereomers, rotamers), 26.8 (-C(CH3)3), 26.4, 26.0
(d, 2Jpc = 3.9 Hz, -SCH>-, diastereomers) 19.7 (d, 3Jpc = 2.9 Hz, -CH>CN), 19.2, 19.2 (-
CH(CHz3),, diastereomers), 19.1 (-C(CHz)3), 19.0, 18.9, 18.9, 18.6, 18.5 (-CH(CH3)2,
diastereomers, rotamers) ; *'P {'H}NMR (162 MHz, CDCl3) § 27.9, 27.5

HRMS (ESI-TOF) m/z calecd for Ca47HsoN;iOnPSSi™ [M+H]", 1044.3618; found
1044.3599.
TpsTpsT trimer (10)
Thymidine 5'-O-dimethoxytritylthymidine 3’-thiomorpholino H-phosphonamidate 3t
(0.0208 g, 0.030 mmol) and a thymidine derivative 5t (0.0096 g, 0.02 mmol) were
dissolved in dry pyridine (0.20 mL) with MS4A (0.4 g). After the mixture was stirred for
2 h at 40°C, the sulfurizing reagent (8) in pyridine (0.4 mL, 0.024 mmol) was added. The
mixture was stirred for 1 h at rt, and dimethyl phosphonate (0.011 mL, 0.12 mmol) was
added. The mixture was stirred for 1 h at rt. Thereafter, pyridine was removed from the
mixture by repeated coevaporation with toluene. The residue was dissolved in CHCIl; (1
mL), and 2% TFA solution in CHCI; (1 mL) was added. After the mixture was stirred for
10 min at rt, MeOH (1 mL) and CHCI3 (30 mL) were successively added, and the mixture
was washed with H>O (20 mL) and a saturated aqueous solution of NaHCO3 (5 < 30 mL).
The organic layer was dried over Na>SOs, filtered, and concentrated under reduced
pressure. The residue was used for the next reaction without further purification. The
residue was dried by repeated coevaporation with dry pyridine and dissolved in dry
pyridine (0.2 mL) with MS4A (0.4 g). Afterward, 5'-O-dimethoxytritylthymidine 3'-
thiomorpholino H-phosphonamidate 3t (0.0208 g, 0.030 mmol) was added. After the
mixture was stirred for 2 h at 40°C, the sulfurizing reagent (8) in pyridine (0.4 mL, 0.024
mmol) was added. The mixture was stirred for 1 h at rt. Thereafter, pyridine was removed
from the mixture by repeated coevaporation with toluene. The residue was dissolved in
CHCI; (1 mL), and 2% TFA solution in CHCI3 (1 mL) was added to the mixture. After
the mixture was stirred for 10 min at rt, MeOH (1 mL) and CHCl3 (20 mL) were
successively added, and the mixture was washed with a saturated aqueous solution of
NaHCOs (3 x 20 mL). The aqueous layers were combined and back-extracted with CHCl3
(1 x 30 mL). The organic layers were combined, dried over Na>SOs, filtered, and

concentrated under reduced pressure. The residue was dissolved in dry MeCN (0.32 mL).
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BSA (0.04 mL, 0.16 mmol) and DBU (0.04 mL, 0.26 mmol) were added to the mixture.
After the mixture was stirred for 10 min at rt, it was diluted with CHCl; (20 mL) and
washed with 1.0 M triethylammonium bicarbonate aqueous solutions (pH 8, 3 x 20 mL).
The aqueous layers were combined and back-extracted with CHCI3 (1 x 30 mL). The
organic layers were combined, dried over Na,SOg, filtered, and concentrated under
reduced pressure. The residue was dissolved in dry THF (0.9 mL). Further, 1 M TBAF in
THEF solution (0.3 mL, 0.3 mmol) was added to the mixture. After the mixture was stirred
for 2 h at rt, EtOH (3 mL) and 3% (w/w) NH3 aqueous solution (15 mL) were successively
added to the solution, and the mixture was washed with diethyl ether (2 x 20 mL). The
organic layers were combined and back-extracted with a 3% (w/w) NH3 aqueous solution
(10 mL). The aqueous layers were combined and concentrated under reduced pressure to
afford crude TpsTpsT. The crude TpsTpsT was analyzed by RP-HPLC, which was
performed with a linear gradient of 0%—-30% MeCN in 0.1 M TEAA bufter (pH 7.0) over
40 min at 50°C at a rate of 0.5 mL min~' using pBondasphere 5 um C18, 100 A, 19 x 150
mm? (Waters). The crude TpsTpsT was purified by silica gel column chromatography.
Column chromatography was carried out on the Yamazen UNIVERSAL Premium ODS
column (M size) using the automated flash chromatography system W-prep 2XY
(Yamazen Corporation). The chromatography was performed with a linear gradient of
0%—-30% MeCN in 0.1 M TEAA buffer (pH 7.0) for the first time and 0%—-30% MeCN
in H>O for the second time to afford TesTpsT as a terabutylammoniun salt and a colorless
foam (8.7 mg, 6.4 umol, 32%).
"H NMR (400 MHz, D>0) & 7.80-7.64 (m, 3H, H-6), 6.32-6.24 (m, 3H, H-1"), 5.12-5.02
(m, 2H, H-3"), 4.58 (m, 1H, H-3"), 4.40 (d, J = 8.2 Hz, 1H, H-4'), 4.22-4.16 (m, 6H, H-
4', H-5"), 3.84-3.79 (m, 2H, H-5"), 3.20 (t, J = 4.4 Hz, 16H, -NCH>-), 2.54-2.35 (m, 6H,
H-2"), 1.95-1.87 (m, 9H, 5-CH3)), 1.65 (br, 16H, -NCH>CH;-), 1.38-1.34 (m, 16H, -
CH>CH,CH3 ), 0.99-0.92 (m, 24H, -CH>CH3) ; 1*C {'"H} NMR (100 MHz, D>0) §168.0
(C-4), 153.0, 152.9 (C-2), 137.9, 137.6 (C-6), 112.3, 112.2, 112.1 (C-5), 86.1, 85.6, 84.9,
84.6 (C-1', C-4"), 76.8, 76.4, 75.8, 71.5 (C-3'), 66.1, 65.8, 61.6 (C-5"), 58.7 (-NCH>-),
39.5, 38.4, 38.2 (C-2'), 23.7 (-NCH2CH>-), 19.8 (-CH2CH>CH3), 13.4 (-CH2CH2CH3),
12.5,12.5,12.3 (5-CH3); *'P {'H}NMR (162 MHz, D,0) & 56.1, 55.9, 55.8

HRMS (ESI-TOF) m/z calcd for C30H38N6017P2S22' [M-ZH]z', 440.0611; found
440.0609.

References for SI
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1. K. Sato, H. Imai, T. Shuto, R. I. Hara and T. Wada, The Journal of Organic Chemistry,
2019, 84, 15032-15041.
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2. 3P NMR analysis of the synthesis of 3’-H-phosphonamidate monomers (Table 1)

Table 1, entry 1
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Fig. S1 *'P NMR spectrum (CDCls, 162 MHz) of the crude mixture of 2t after extraction.
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Table 1, entry 2
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Table 1, entry 3
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3. 3P NMR analysis of the condensation of a 3°-H-phosphonamidate monomer 2t, 3t, or 4t with a thymidine derivative 5t during azeotropic

manipulation.

N |

1
o
=
|
=
[o]

|
(}/
-
i
O—'IU-O
I

1
?
v-0
I
0.70
o

|

/
o
-
w
=)
v
7

1
o

0.11 0.12 0.13 0.14 0|15 0.16 0.17 0.18
G/
-

1 1
052 39

iy

Ll

0.01 0.02 0.03 0.04 095 0.06 0.07 0.08 0.09 0.1
[E/
A -

b DMTrO
(o)
] [% 4/ |
S O=P-H
. OH
3 E £
L g
3 ‘ ‘ °T oo al
1 ' I e <
8 = I ‘
g | L1
g 1 A Lo w\ \ ) sl ‘l It il Ml e "lw\ L“”\a AW r'|| J*‘lﬁ"“}l’m‘“'q‘u hﬁv u’r‘" [l Wpn | Mgl I \ ) ALty " e | !
E © MR g WwW\M«A\»«wwmwm-nuwm%«-.,{,n,'y-.uwrw‘\‘Wwwﬂw;w\wﬂﬁmwmlﬂf\mmWJ\W'\ A S A LT L Y T N T e ,‘g,w,a..-w_ﬂ.u,w.mw»v\/w\nw\,m\}m »»'/W-M‘M‘er»'w’ww"r'mwW‘WWM'W,‘W
2 1
———— T T T T — T T T
40.0 30.0 20.0 10.0 0 -10.0 -20.0
© —_ < < <\ ~
N SR 8 Q% g
ela] o = < SIS Q

X : parts per Million : Phosphorus31

Fig. S4 3'P NMR spectrum (CDCls, 162 MHz) of the crude mixture after azeotropic manipulation. (H-phosphonamidate monomer 2t)
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Fig. S6 3'P NMR spectrum (CDCls, 162 MHz) of the crude mixture after azeotropic manipulation. (H-phosphonamidate monomer 4t)
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4. 3P NMR analysis of the condensation of a 3°-H-phosphonamidate monomer 3t with a thymidine derivative 5t (Table 2)

Table 2, entry 1
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Fig. S7 *'P NMR spectrum (pyridine-ds, 162 MHz) of the reaction mixture (reaction conditions: 1 h at rt and 0.05 M).
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Table 2, entry 2
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Table 2, entry 3
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Table 2, entry 4
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Fig. S10 *'P NMR spectrum (pyridine-ds, 162 MHz) of the reaction mixture (reaction conditions:1 h at 40 °C and 0.20 M).
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Table 2, entry 5
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5. 3P NMR analysis of the synthesis of S-cyanoethyl phosphorothioate diester (TpsceT) 9
Table 3, entry1
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Fig. S12 3'P NMR spectrum (CDCls, 162 MHz) of the crude mixture of 9tt after extraction.
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6.

3IP NMR analysis of the synthesis of TpsTpsT trimer 10 (Scheme 5)

A) 3P NMR spectrum (CDCl3, 162 MHz) of the crude mixture of 9tt after extraction.
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B) 3'P NMR spectrum (CDCls, 162 MHz) of the crude mixture of TpsceTrsceT after extraction.
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Fig. S14 3'P NMR spectrum (CDCls, 162 MHz) of the crude mixture after extraction. A) 9tt, B) TpsceTpsceT
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7. H, 3C, 3P NMR spectra of isolated compounds

'H-NMR (600 MHz, CDCls)

el 11

1 C:\NMR(600H

§

LL.LLE I

S33

|

.11

BN

[ppm]



BC{H}-NMR (151 MHz, CDCl;)
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HMQC (CDCl)
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HMBC (CDCls)
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3IP{'H} NMR (162 MHz, CDCls)
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'H-NMR (400 MHz, CDCls)
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13C{H}-NMR (151 MHz, CDCls)
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HSQC (CDCls)
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HMBC (CDCls)
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3IP{'H} NMR (162 MHz, CDCls)
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13C{H}-NMR (100 MHz, CDCl;)
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HMOQC (CDCls)

abundance

012

0.1
i

L

-~
-

)

o N q‘\\uﬂ_ o JJ"J | R

Y : parts per Million : Carbon13

170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 40.0 30.0 20.0

A
@#ﬁa
) $00)

- o

LA B B

9.0 8.0 7.0
X : parts per Million : Proton

LA B B

........

TTTTTTTT

(thousandths)

TTTTT T TTTTTT

. Al
0 1.0 2.0




HMBC (CDCls)

cee
2.0

I
1.0
(thousandths)

3.0

. J'.L‘ ‘a N

w'v-f“m"

o

| Mu \M_ JUNLJK |

\
()

|

J

L

J

00

@

_
4.0

1.0

2.0

3.0

5.0

6.0

8.0

9.0

X : parts per Million : Proton

4\ 10
Qouepunqe

ot GoE 00y 005 609 0oL 503 00e 0001 0011 00T 00¢T 0081 0051 51 0021

g1uoqie) : uoruA Jod syed : x

S46



3IP{'H} NMR (162 MHz, CDCls)
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'H-NMR (400 MHz, CDCls)
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13C{H}-NMR (100 MHz, CDCl;)
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HMOQC (CDCls)
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HMBC (CDCls)
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3IP{'H} NMR (162 MHz, CDCls)
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'H-NMR (400 MHz, CDCls)
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HMOQC (CDCls)
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3IP{'H} NMR (162 MHz, CDCls)
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13C{H}-NMR (151MHz, CDCls)

oL.881
S8ze'8l
soLe'8L

exp623-pure 3 1 C:\NMR(600Hz)

89TL 9T

60L1'9E —

cLOL'W —

Prev'L9 —

80967, —
o189l
9666°9L W
eLZLL

S0E1'88 —_
LLbg88 —

LevL96 —

£889121 —

Pepsect
lvegezt —
L106ZEL —7~

azel'eel
SSIGSEL %ﬁ
eLpSsel

8295SPL —

cLOESSL —

1Sive9l —

6S8SLLL —

HO i-bu
o
TBDPSO
5c

0 [ppm]

50

100

150

S59



HMQC (CDCL)
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'H-NMR (400 MHz, CDCl)
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BC{H}-NMR (100 MHz, CDCl;)
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3IP{'H} NMR (162 MHz, CDCls)
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'H-NMR (400 MHz, CDCls)
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13C{H}-NMR (100 MHz, CDCl;)
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3IP{IH} NMR (162 MHz, CDCl)
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'H-NMR (400 MHz, CDCls)
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13C{H}-NMR (100 MHz, CDCl;)

=]
=z =2
.m [§] (O]
L) N o)
(o) (o]
7)) <)
o _ % o
Oum_.uO W
o (@] -
I

JLMJWJ“LWWWWMW MMMWWWWM e —

Nt

o 9£0°0-

Fo
o
E = shs8l
: 89681
F o m\ 96681
F =L 89161
FR L6161
89097
: 0“53
S21996T
e

F o

2= 658'19
Fo 1

PO —— 68079
o soLLy
E Tl
FS——8voL
= 0SS'EL
= ¥89°9L
5= 85708
19548

NGRS
F o I/ 880°58

0.0

8

= 99¢°68
132431
Ts1°98
61798
§66'98

9

e
100.0

T
110.0

WLl
F o= 0I'Lll
FR_ soziel
F o~ 86Tl
: Lb0°8T1
22—yt
© AT SBEOEI
= 809°S€E1
F o= 6oSEl
- g —— sl
: Ly
F o= 9Ty
-3 - 098yl
T 8LS°SST
F = g1gssT
F S 805951

160

T
170.0

: 6Ev'6L1
-2 6996l
AN

pOL 081

0

1

190.0

AR RN RN AN REREN RS REARN RN RARRE RAREY RARN RN RRRRN RN RN RARRE LA BRREN BRRRE AR RRRRN BRARE BRRRN SRR BARRE BRARN A
OCTSTYTETTTITOTCOT 8T LTIOTSTYICTITITTON6080L090S0%¥0€0T0I0 0

(sppuesnoyy)

X : parts per Million : Carbon13

S73



HMQC

L AL A RRNRRaa) LN LA AR AR LA A A
LB b R LLLL RAAR! RAARI LA LM L |

(thousandths)

0 02 04 06 08 1.0

L

e oI O D 0 COED O BED O 20000 00D DO OO TS)

TBDPSO
© 9gg ¢

HO

- fe

1.0

3.0

4.0

5.0

7.0

8.0
X : parts per Million : Proton

o
Qouepunge

705 0°09 0'0L 0°08 0°060°0010°0110°0Z10'0E100710°0510°0910°0L10°08 T

g1uoqie)) : uorIA Jod syued : x

S74




e 00 (=7
M @@OU
- = &U S
== e - (0] ©
Mﬂ.ﬂw @
o 2 ¢
—_— Am@w@r&)@
M ® ©
(o)
©
= o ©
.wm @ o
= S @
a
=z oy
3 o o bt
| N 2
(=2}
—= 4 0E
== °|w_.|o m e
g - -
—| X
______ [ T T T T T T T T T T T T T
o 001 00€ 0°0S 00L 006 0011 0°0¢l 0°0ST 0°0LT 0061
souepunqe ¢1uoqre)) : uon[IA Jod sured : X

HMBC

0 02 04 06 08

1.0
(thousandths)

2.0

60 5.0 40 3.0
S75

7.0

8.0
X : parts per Million : Proton




3IP{IH} NMR (162 MHz, CDCl)
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'H-NMR (400 MHz, CDCls)
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13C{H}-NMR (100 MHz, CDCl;)
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HMQC
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3IP{'H} NMR (162 MHz, CDCls)
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'H-NMR (400 MHz, D,0)
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13C{H}-NMR (100 MHz, D,0)
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HMQC
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HMBC

o ‘ [ :
oS- ‘ o
Emé | ﬁn\ } I M i
T 29 I I | | i ;
m W ~.
O g / | “\ s .
g3 . /| e e
=7 A A \ )\ JUL L N
o- §_
2 HO T - | 3
g_ (o} o 1
] e ®
B o, . ¥ E
o] Kr sPo o T
2] "L\_\ —
0. .0
)) st o o
=& ; :
S | \_\; OH
: N
==
o0
21
]
=5
] 0@
S ] 4
S 9”
= '
s
g 21
£g ¥ -
< o ¥
O ] 3
£ o 00 ¥
= g :
= = . £
5 00 ® F3
gci: E
o i
[ 4
e & SR SR SR —— S : R : ¥
8.0 7.0 6.0 5.0 4.0 3.0 2.0 1.0 0 01 02 03 04
X : parts per Million : Proton (thousandths)

S85




3IP{'H} NMR (162 MHz, D;0)
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