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I. General Information.
All commercially available organic compounds and DNA headpiece HP-NHy (5°- / Sphos /
GAGTCA /iSp9 / iUniAmM / iSp9 / TGACTCCC-3’, Figure 1) were purchased from commercial

sources unless otherwise noted and used as received. The substrates 1 were prepared according to
our previous paper.! 'TH NMR, *C NMR, *'P NMR and 'F NMR spectra were recorded on Bruker
AM-500 instruments. High-resolution mass spectra (HRMS-ESI) were obtained on an Agilent
Technologies 6230 Accurate Mass TOF LC/MS instrument or an AB SCIEX 4600 QTOF MS
instrument. All on-DNA reactions were performed in 1.5 mL or 5 mL Eppendorf tubes. On-DNA
reaction were analyzed by LC-MS. Typically, samples were dissolved in an appropriate amount of
distilled and deionized water (ddH2O) and injected into a reverse-phase chromatography column
(Xbridge Oligonucleotide BEH C18 column, 1.7 pm, 2.1x50 mm). The elution was carried out as
followings: 5-95% solvent B over 4.5 min, 0.4 mL/min, A = 260 nm; solvent A: 0.75% v/v
hexafluoroisopropanol/ 0.038% v/v triethylamine in methanol/water = 5/95; solvent B: 0.75% v/v
hexafluoroisopropanol/ 0.038% v/v triethylamine in methanol/water = 90/10. The effluents were
analyzed by a Waters G2 TOF electrospray mass spectrometer in negative ion mode. Ignoring UV
coefficient difference for all DNA products and assuming 100% of DNA total recovery, the yield of
DNA products was determined from UV absorbance trace (260 nm) peak area using the equation

below:

% UV duct
Yield (product, %) = o UV (product)

= x 1009
% UV (DNA starting material before reaction) &

Caution: Sulfuryl fluoride (SO2F>, MW = 102 g/mol, p =4.17 g/cm3, bp =-55.20 °C) is a toxic gas
that can resistant to hydrolysis up to 150 °C. The use of SO2F> must be executed in a well ventilated

fumehood. The excess SO,F> can be quenched by basic aqueous medium.
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II. Experimental Procedures and Characterizations:

Table S1. Screening of the reaction conditions

Pd(OAC), (5 mol %)

S T o L.
PhO " Hff,;?a CHACN Ph
. B e condtien

entry Derivation from the standard conditions Yield (%)*
11 none 93 (87)!
2 without Pd(OAc): and dppf, 80 °C 0
3 without dppf, 80 °C 5
4 dppp (instead of dppf), 80 °C 48
5 BINAP (instead of dppf), 80 °C 53
6 Xphos (instead of dppf), 80 °C 58
7 Xantophos (instead of dppf), 80 °C 75
8 Pd(PPhs): (instead of Pd(OAc)2 and dppf), 80 °C 55
9 Pd(OAc)2 (10 mol%) and dppf (20 mol%), 80 °C 95
10 Pd(OAc): (2 mol%) and dppf (4 mol%), 80 °C 90
11 in the absence of argon, 80 °C 45
12 60 °C 92
13 40°C 11
14 2a (2 equiv), CH3;CN-H:O (4:1) as solvent, 80 °C 93
15 DMEF as solvent, 80 °C 59
16 DMA as solvent, 80 °C 62
17 1,4-dioxane as solvent, 80 °C 47
18 Et:N as base, 80 °C 90
19 Na»COs as base, 80 °C 34

[@Standard conditions: 1a (0.2 mmol), 2a (0.25 mmol), DIPEA (0.4 mmol), Pd(OAc): (5 mol %)/dppf
(10 mol %) in CH3CN (1 mL) were stirred at 80 °C for Sh under argon. Plyield determined by LC-MS.

[solated yield.

General Procedure for the Synthesis of Aryl Fluorosulfates

A 100 mL flask equipped with a magnetic stir bar was charged with the relative phenol (5 mmol, 1
equiv), EtsN or DIPEA (10 mmol, 2 equiv) and DCM (25 mL). Sealed with a rubber septum, the
flask was evacuated to low vacuum and backfilled with sulfuryl fluoride gas by a balloon. The
resulting mixture was stirred at room temperature for 3~5 h. Upon completion, volatiles were

removed in vacuo. The crude product was purified by flash chromatography on silica gel to give the

desired aryl fluorosulfate.




Yellow solid, 95% yield. '"H NMR (500 MHz, DMSO-ds) § 12.96 (s, 1H), 8.40 — 8.34 (m, 2H), 7.90
—7.85 (m, 2H), 7.65 (d, J=2.3 Hz, 1H), 7.35 (s, 1H), 7.18 (d, /= 2.3 Hz, 1H). >*C NMR (126 MHz,
DMSO) 6 183.08, 163.32, 162.01, 156.91, 153.57, 152.30, 131.57, 130.05, 122.60, 110.88, 107.86,
105.15, 101.92. 'F NMR (376 MHz, DMSO) § 40.56, 39.74. HRMS (ESI): Calcd for C1sHoF209S5:
[M+H]" 434.9656, found: m/z 434.9650.

Standard Conditions: Procedure for the Phosphorylation of Fluorosulfates

A 25 mL flask equipped with a magnetic stir bar was charged with the relative fluorosulfate 1 (0.2
mmol), P(O)H compound 2 (0.25 mmol), Pd(OAc): (5 mol %), dppf (10 mol %), DIPEA (0.4 mmol)
and CH3CN (1 mL). Sealed with a rubber septum, the flask was evacuated to low vacuum and
backfilled with argon at room temperature. Then the resulting mixture was stirred at 80 °C for 5h.
Upon completion, volatiles were removed in vacuo. The crude product was purified by flash

chromatography on silica gel to give the desired product 3.

One-Pot Synthesis: Procedure for the Phosphorylation of Phenols

A 25 mL flask equipped with a magnetic stir bar was charged with the relative phenol (0.2 mmol),
DIPEA (0.4 mmol) and CH3CN (1 mL). Sealed with a rubber septum, the flask was evacuated to
low vacuum and backfilled with sulfuryl fluoride gas by a balloon. The resulting mixture was stirred
at room temperature for 3 h. Upon completion, the sulfuryl fluoride gas balloon was removed and
the flask was purged with argon for 3 times. After that, TMSOH (0.6 mmol) was added and stirred
for 30 min to remove the fluoride ion, followed by addition of P(O)H compound 2 (0.25 mmol),
Pd(OAc), (5 mol %), dppf (10 mol %), DIPEA (0.4 mmol). Sealed with a rubber septum, the flask
was evacuated to low vacuum and backfilled with argon at room temperature. Then resulting
mixture was stirred at 80 °C for Sh. Upon completion, volatiles were removed in vacuo. The crude
product was purified by flash chromatography on silica gel to give the desired product 3.
(o]

O P(OE),
O 3a

Colorless oil, 87% yield, (90% for one-pot). '"H NMR (500 MHz, CDCls) § 7.92 — 7.85 (m, 2H),
7.70 —7.67 (m, 2H), 7.62 — 7.59 (m, 2H), 7.49 — 7.44 (m, 2H), 7.42 — 7.38 (m, 1H), 4.23 — 4.05 (m,
4H), 1.35 (t,J= 7.1 Hz, 6H). These data are in agreement with literature data.”

o

/©/'|'=(05t)2

3b
Colorless oil, 92% yield, (91% for one-pot). 'H NMR (500 MHz, CDCl3) § 7.70 (dd, J=12.9, 7.8
Hz, 2H), 7.29 — 7.26 (m, 2H), 4.22 — 3.99 (m, 4H), 2.40 (s, 3H), 1.31 (t,J= 7.0 Hz, 6H). These data

are in agreement with literature data.’
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o)

P(OEt),
AT

3c
Colorless oil, 90% yield. 'H NMR (500 MHz, CDCl;) & 7.78 — 7.70 (m, 2H), 7.01 — 6.91 (m, 2H),
4.17-3.97 (m, 4H), 3.85 (s, 3H), 1.31 (t,J= 7.0 Hz, 6H). These data are in agreement with literature
data.*

(o)

/[::Ijhoenz
NC

3d
Colorless oil, 84% yield, (90% for one-pot). '"H NMR (500 MHz, CDCl;) § 7.92 (dd, J=12.9, 7.8
Hz, 2H), 7.76 (dd, J = 8.1, 2.8 Hz, 2H), 4.24 — 4.06 (m, 4H), 1.34 (t, J = 7.0 Hz, 6H). These data

are in agreement with literature data.’

(o)

/L::IJHOEnZ
ci

3e
Colorless oil, 93% yield, (88% for one-pot). "H NMR (500 MHz, CDCl5) & 7.75 (dd, J = 12.5, 8.0
Hz, 2H), 7.45 (dd, J = 8.0, 2.1 Hz, 2H), 4.23 — 4.00 (m, 4H), 1.32 (t, J = 7.0 Hz, 6H). These data

are in agreement with literature data.’

o)

/[::TJWOEnZ
Br

3f
Colorless oil, 90% yield, (87% for one-pot). '"H NMR (500 MHz, CDCl;) § 7.67 (dd, J=12.7, 8.2
Hz, 2H), 7.61 (dd, J = 8.3, 3.4 Hz, 2H), 4.20 — 4.02 (m, 4H), 1.32 (t, J = 7.0 Hz, 6H). These data

are in agreement with literature data.’

o)

/[::]jhoenz
HOOC

39
White solid, 93% yield. '"H NMR (500 MHz, CDCl3) § 11.23 — 11.03 (m, 1H), 8.19 (dd, J=8.1, 3.5
Hz, 2H), 7.93 (dd, J = 13.0, 7.9 Hz, 2H), 4.27 — 4.09 (m, 4H), 1.34 (t, /= 7.0 Hz, 6H). These data

are in agreement with literature data.’

o)

/o\[::]jhoenz

3h
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Colorless oil, 82% yield, (80% for one-pot). '"H NMR (500 MHz, CDCl3) & 7.40 — 7.31 (m, 3H),
7.11 —7.05 (m, 1H), 4.19 — 4.03 (m, 4H), 3.84 (s, 3H), 1.32 (t, /= 7.1 Hz, 6H). These data are in

agreement with literature data.®

o)

Br. : _P(OE),

3i
Colorless oil, 93% yield, '"H NMR (500 MHz, CDCl3) § 7.94 (d, J = 12.5 Hz, 1H), 7.74 (dd, J =
12.4,7.5 Hz, 1H), 7.68 (dd, J= 8.1, 1.7 Hz, 1H), 7.35 (dt, J=9.1, 4.5 Hz, 1H), 4.19 — 4.07 (m, 4H),
1.34 (t,J = 6.9 Hz, 6H). These data are in agreement with literature data.’
o]

NC\©/ P(OEt),

3j
Colorless oil, 85% yield, (82% for one-pot). '"H NMR (500 MHz, CDCl5) & 8.08 (dd, J=13.3, 1.7
Hz, 1H), 8.06 — 8.01 (m, 1H), 7.82 (dq, J= 7.8, 1.2 Hz, 1H), 7.60 (td, J= 7.7, 3.5 Hz, 1H), 4.25 —
4.06 (m, 4H), 1.34 (t, J = 7.0 Hz, 6H). These data are in agreement with literature data.°
(o]

F30\©/ P(OE),

3k
Colorless oil, 92% yield, (89% for one-pot).'"H NMR (500 MHz, CDCl3) & 8.07 (d, J = 13.6 Hz,
1H), 8.00 (dd, J=13.0, 7.6 Hz, 1H), 7.81 (d, /= 7.9 Hz, 1H), 7.61 (td, J=7.7, 3.7 Hz, 1H), 4.24 —

4.06 (m, 4H), 1.34 (t,J = 7.1 Hz, 6H). These data are in agreement with literature data.’

SN0 o

P(OE),

3l
Colorless oil, 80% yield. '"H NMR (500 MHz, CDCls) & 7.82 (ddd, J = 14.9, 7.6, 1.8 Hz, 1H), 7.54
—7.47 (m, 1H), 7.05 — 6.98 (m, 1H), 6.98 — 6.91 (m, 1H), 4.24 — 4.07 (m, 4H), 3.90 (s, 3H), 1.33 (t,
J=7.1 Hz, 6H). These data are in agreement with literature data. These data are in agreement with
literature data.'!

CN 9
P(OEt),

3m
Colorless oil, 67% yield. '"H NMR (500 MHz, CDCl3) § 8.12 (dd, J= 14.1, 7.4 Hz, 1H), 7.84 — 7.77
(m, 1H), 7.73 — 7.62 (m, 2H), 4.32 — 4.13 (m, 4H), 1.38 (t, J = 7.0 Hz, 6H). These data are in

agreement with literature data.'?
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Q
P(OEt),

3n
Colorless oil, 53% yield. 'H NMR (500 MHz, DMSO-ds) & 7.89 (ddd, J = 14.9, 7.8, 1.6 Hz, 1H),
7.60 (td, J=7.8,7.4, 1.3 Hz, 1H), 7.53 (tt, J= 8.4, 1.7 Hz, 1H), 7.35 (tdd, /= 7.4, 2.6, 1.3 Hz, 1H),
4.09 —3.95 (m, 4H), 1.51 (s, 9H), 1.24 (t, J= 7.1 Hz, 6H). 3C NMR (126 MHz, DMSO) § 155.02,
154.92, 135.76, 135.70, 132.80, 132.78, 127.89, 127.77, 127.63, 126.21, 126.14, 126.04, 61.97,
61.93,37.14,37.12,32.05, 16.53, 16.48.*'P NMR (202 MHz, DMSO) & 19.88. HRMS (ESI): Calcd
for C14H2305P: [M+H]" 271.1463, found: m/z 271.1458.

9
P(OE),

30
Colorless oil, 58% yield. "H NMR (500 MHz, CDCl3) § 7.26 (t, 1H), 7.08 (dd, J= 7.6, 4.7 Hz, 2H),
4.16 (dp, J=10.0, 7.2 Hz, 2H), 4.05 (dp, J = 10.0, 7.2 Hz, 2H), 2.64 (d, /= 1.6 Hz, 6H), 1.32 (t, J
= 7.1 Hz, 6H). These data are in agreement with literature data.'?
o)

m'ﬁ(oa)z

N
3p

Colorless oil, 90% yield, (82% for one-pot). "H NMR (500 MHz, CDCls) § 8.97 (dd, J = 6.6, 2.0
Hz, 1H), 8.77 (dt, J=4.5, 2.1 Hz, 1H), 8.13 (ddt, J=13.3, 7.8, 1.9 Hz, 1H), 7.43 (dt, /= 8.1, 4.1
Hz, 1H), 4.24 — 4.07 (m, 4H), 1.34 (t, J = 7.1 Hz, 6H). These data are in agreement with literature
data.!

(o)

11
X P(OEY),
| N
3q
Colorless oil, 90% yield, (93% for one-pot). '"H NMR (500 MHz, CDCl5) § 8.78 (d, J= 4.6 Hz, 1H),

7.95(t,J=17.2 Hz, 1H), 7.79 (tdd, /= 7.6, 5.5, 1.5 Hz, 1H), 7.41 (dd, J = 8.5, 4.3 Hz, 1H), 4.29 —
4.14 (m, 4H), 1.32 (t, J = 7.1 Hz, 6H). These data are in agreement with literature data.'®

N N 9
P(OEt),

3r
Colorless oil, 91% yield, (83% for one-pot). 'H NMR (500 MHz, DMSO) § 9.02 (dd, J = 4.2, 1.8
Hz, 1H), 8.47 (dt, J= 8.3, 2.1 Hz, 1H), 8.29 — 8.19 (m, 2H), 7.71 (ddd, J = 8.1, 7.1, 3.5 Hz, 1H),
s7



7.63 (dd, J = 8.3, 4.2 Hz, 1H), 4.17 (dqd, J = 8.7, 7.1, 3.8 Hz, 4H), 1.24 (t, J = 7.1 Hz, 6H). 13C
NMR (126 MHz, DMSO) 8 151.36, 147.86, 147.81, 137.18, 136.26, 136.20, 133.55, 133.52, 129.46,
128.43, 128.35, 127.98, 126.46, 126.33, 122.54, 62.33, 62.28, 16.79, 16.74. >'P NMR (202 MHz,
DMSO) § 16.00. HRMS (ESI): Caled for Ci3Hi7NOsP: [M+H]* 266.0946, found: m/z 266.0934.

0 o
MeO P(OEt),

S s

3s
Colorless oil, 83% yield, (70% for one-pot)."H NMR (500 MHz, DMSO-ds) & 8.00 (dd, J=5.1, 3.0
Hz, 1H), 7.42 (t,J=4.8 Hz, 1H), 4.10 (dqd, J = 8.6, 7.0, 1.3 Hz, 4H), 3.85 (s, 3H), 1.26 (t, /= 7.0
Hz, 6H). *C NMR (126 MHz, DMSO) & 161.03, 161.01, 138.47, 138.35, 135.64, 134.11, 133.91,
133.80, 133.08, 132.93, 62.65, 62.60, 53.16, 16.67, 16.62. *'P NMR (202 MHz, DMSO) & 9.20.

HRMS (ESI): Calcd for C1oH160sPS: [M+H]" 279.0456, found: m/z 279.0445.
(o)

/©,'|'=(o-ipr)2
Ph

3aa
Colorless oil, 82% yield, (75% for one-pot)."H NMR (500 MHz, CDCl3) § 7.92 — 7.85 (m, 2H), 7.69
—17.65 (m, 2H), 7.63 —7.58 (m, 2H), 7.50 — 7.44 (m, 2H), 7.43 — 7.35 (m, 1H), 4.72 (dp, J=7.8, 6.2
Hz, 2H), 1.39 (d, J = 6.2 Hz, 6H), 1.26 (d, J = 6.2 Hz, 6H). These data are in agreement with
literature data.'®

(o)

/@, Ill-‘(O—nBu)z
Ph

3ab
Colorless oil, 90% yield, (84% for one-pot)."H NMR (500 MHz, DMSO-ds) & 7.88 — 7.80 (m, 2H),
7.82—7.76 (m, 2H), 7.76 — 7.71 (m, 2H), 7.51 (dd, J= 8.4, 6.9 Hz, 2H), 7.47 — 7.40 (m, 1H), 4.06
—3.92 (m, 4H), 1.60 (dq, J = 8.5, 6.5 Hz, 4H), 1.41 — 1.30 (m, 4H), 0.87 (t, J = 7.4 Hz, 6H). '*C
NMR (126 MHz, DMSO) 6 144.46, 144.44,139.41, 132.44, 132.36, 129.56, 128.80, 128.32, 127.47,
127.44, 127.35, 126.82, 65.68, 65.63, 32.40, 32.36, 18.71, 13.84. *'P NMR (202 MHz, DMSO) &
17.96. HRMS (ESI): Calcd for C20H2303P: [M+H]" 347.1776, found: m/z 347.1763.
o)

O'ﬁ(o-isu)z
Ph

3ac
Colorless oil, 87% yield, (82% for one-pot). '"H NMR (500 MHz, DMSO-d) & 7.88 — 7.77 (m, 4H),
7.76 —7.71 (m, 2H), 7.51 (dd, J = 8.4, 6.9 Hz, 2H), 7.47 — 7.40 (m, 1H), 3.77 (qt, /= 9.8, 6.6 Hz,
4H), 1.89 (dh, J = 13.2, 6.6 Hz, 2H), 0.90 (d, J = 6.7 Hz, 12H). '*C NMR (126 MHz, DMSO) §
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144.46, 144.44, 139.40, 132.45, 132.37, 129.58, 128.83, 128.24, 127.50, 127.45, 127.38, 126.73,
71.80, 71.75, 29.17, 29.12, 18.99. *'P NMR (202 MHz, DMSO) § 17.75. HRMS (ESI): Calcd for
Ca0H505P: [M+H]" 347.1776, found: m/z 347.1770.

0

/@Ill’(o—tBu)z
Ph

3ad
Colorless oil, 80% yield, (73% for one-pot). '"H NMR (500 MHz, DMSO-dj) & 7.80 — 7.74 (m, 4H),
7.73 — 7.68 (m, 2H), 7.49 (dd, J = 8.4, 6.9 Hz, 2H), 7.44 — 7.38 (m, 1H), 1.42 (s, 18H). *C NMR
(126 MHz, DMSO) & 143.49, 143.47, 139.64, 133.70, 132.16, 132.07, 131.99, 129.50, 128.60,
127.38, 127.09, 126.97, 82.22, 82.16, 30.56, 30.53. *'P NMR (202 MHz, DMSO) § 9.76. HRMS
(ESI): Calcd for C20H2303P: [M+H]" 347.1776, found: m/z 347.1768.

(o)

/@,B(O-Bn)z
Ph

3ae
Colorless oil, 52% yield, (47% for one-pot)."H NMR (500 MHz, DMSO-ds) & 7.89 — 7.82 (m, 4H),
7.75 —7.70 (m, 2H), 7.51 (dd, J= 8.5, 6.9 Hz, 2H), 7.45 — 7.41 (m, 1H), 7.40 — 7.31 (m, 10H), 5.10
(d,J=8.0 Hz, 4H). *C NMR (126 MHz, DMSO) § 144.71, 144.68, 139.36, 136.86, 136.81, 132.55,
132.47, 129.59, 128.95, 128.88, 128.71, 128.25, 127.79, 127.57, 127.47, 127.45, 126.28, 67.50,
67.46. *'P NMR (202 MHz, DMSO) § 18.96. HRMS (ESI): Calcd for CasHa4OsP: [M+H]" 415.1463,

found: m/z 415.1456.
o 1)
R
fogs
Ph

3af

Colorless oil, 93% yield, (97% for one-pot). '"H NMR (500 MHz, DMSO-dj) & 7.88 — 7.78 (m, 6H),
7.72 = 7.66 (m, 2H), 7.62 — 7.57 (m, 1H), 7.54 (ddd, J=8.5, 6.5, 3.4 Hz, 2H), 7.48 (dd, /=84, 6.9
Hz, 2H), 7.43 — 7.37 (m, 1H), 4.06 — 3.97 (m, 2H), 1.29 (t, J = 7.0 Hz, 3H). *C NMR (126 MHz,
DMSO) 6 144.28, 144.26, 139.45, 132.88, 132.74, 132.72, 132.43, 132.35, 131.80, 131.75, 131.67,
131.57,130.48, 129.54, 129.34, 129.23, 128.78, 127.58, 127.48, 127.46, 61.31, 61.26,40.51, 40.43,
40.34, 40.26, 40.17, 40.09, 40.00, 39.93, 39.84, 39.67, 39.51, 16.85, 16.80. *'P NMR (202 MHz,
DMSO) § 29.52. HRMS (ESI): Calced for Co0H200,P: [M+H]" 323.1201, found: m/z 323.1197.
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(o)

E\}

o
Ph

3ag
White solid, 90% yield, (91% for one-pot)."H NMR (500 MHz, Chloroform-d) § 7.75 (tt, J = 17.1,
8.1 Hz, 8H), 7.65 — 7.56 (m, 4H), 7.53 — 77.45 (m, 6H), 7.42 (t, J= 7.3 Hz, 1H). These data are in

agreement with literature data.'”
Me
o, I
o
Ph
Me

3ah

White solid, 91% yield, (88% for one-pot).'H NMR (500 MHz, DMSO-ds) § 7.81 (dd, J = 8.2, 2.4
Hz, 2H), 7.72 — 7.63 (m, 4H), 7.57 — 7.50 (m, 4H), 7.47 (dd, J = 8.4, 6.9 Hz, 2H), 7.42 — 7.37 (m,
1H), 7.34 (dd, J = 8.2, 2.6 Hz, 4H), 2.34 (s, 6H). *C NMR (126 MHz, DMSO) § 143.86, 143.84,
142.53, 142.51, 139.45, 132.98, 132.62, 132.54, 132.16, 132.04, 131.96, 130.64, 129.85, 129.80,
129.75, 129.54, 128.75, 127.45, 127.42, 127.32, 21.55. 3'P NMR (202 MHz, DMSO) § 25.58.
HRMS (ESI): Caled for CogHosOP: [M+H]" 383.1563, found: m/z 383.1558

3ai
White solid, 90% yield. '"H NMR (500 MHz, CDCls) § 8.83 (d, J = 8.2 Hz, 2H), 8.06 — 7.97 (m,
2H), 7.93 (d, J= 7.9 Hz, 2H), 7.77 (dd, J=11.8, 7.7 Hz, 2H), 7.69 (d, J= 7.4 Hz, 2H), 7.62 (d, J =
7.6 Hz, 2H), 7.53 (t,J = 7.3 Hz, 2H), 7.51 — 7.36 (m, 4H), 7.41 — 7.28 (m, 5H). *C NMR (126 MHz,
CDCl3) 6 139.89, 134.07, 133.32, 132.98, 128.97, 128.83, 128.18, 127.99, 127.52, 127.30, 126.62,
124.30.3'P NMR (202 MHz, CDCl3) & 36.35. HRMS (ESI): Calcd for C3:H24OP: [M+H]* 455.1565,
found: m/z 455.1559.

s10



Yellow solid, 90% yield, (93% for one-pot). 'H NMR (500 MHz, DMSO-ds) & 12.57 (s, 1H), 8.27
(dd, J= 8.1, 3.5 Hz, 2H), 7.83 (dd, J=12.7, 7.9 Hz, 2H), 7.49 (d, J = 14.5 Hz, 1H), 7.25 (s, 1H),
6.97 (d,J=14.0 Hz, 1H), 4.03 (dddt, /= 14.8,9.3,7.1, 2.7 Hz, 8H), 1.21 (dt, /= 10.0, 7.0 Hz, 12H).
3C NMR (126 MHz, DMSO) § 183.48, 163.90, 160.37, 160.20, 156.21, 156.01, 137.48, 136.02,
134.36, 134.33, 133.63, 132.37, 132.29, 132.16, 127.56, 127.44, 113.23, 113.15, 112.87, 112.85,
111.11, 111.02, 107.96, 62.94, 62.90, 62.57, 62.53, 40.57, 40.47, 40.40, 40.31, 40.23, 40.14, 39.97,
39.90,39.81,39.64,39.47,16.66, 16.61. *'P NMR (202 MHz, DMSO) § 16.13, 14.46. HRMS (ESI):
Caled for C23H2000P: [M+H]" 511.1287, found: m/z 511.1280.

W

P
7N\
EtO OEt 3u

White solid, 92% yield, (83% for one-pot). '"H NMR (500 MHz, DMSO-dc) § 7.46 — 7.35 (m, 3H),
4.52 (s, 1H), 4.05 — 3.90 (m, 4H), 3.53 (t, /= 8.5 Hz, 1H), 2.85 (dt, J = 9.3, 4.6 Hz, 2H), 2.32 (dd,
J=14.0,4.0 Hz, 1H), 2.23 (ddd, J=13.8, 10.6, 3.9 Hz, 1H), 1.86 (dddd, /=23.8, 12.1, 8.9, 4.1 Hz,
3H), 1.60 (dddd, J=12.2, 9.8, 6.9, 3.2 Hz, 1H), 1.45 — 1.35 (m, 3H), 1.35 — 1.24 (m, 2H), 1.22 (td,
J=17.0, 1.1 Hz, 8H), 0.67 (s, 3H). *C NMR (126 MHz, DMSO) § 145.45, 137.47, 137.35, 132.19,
132.10, 128.88, 128.81, 126.38, 126.19, 126.07, 124.89, 80.44, 61.93, 61.89, 50.09, 44.53, 43.20,
38.34,36.97, 30.32, 29.22, 26.93, 26.03, 23.22, 16.69, 16.64, 11.64. *'P NMR (202 MHz, DMSO)
5 18.68. HRMS (ESI): Calcd for C22H3404P: [M+H]" 393.2195, found: m/z 393.2188.

g
N %

3v o

Brown solid, 85% yield, (81% for one-pot). '"H NMR (500 MHz, DMSO-ds) & 12.60 (s, 1H), 8.27
(d, /J=17.7 Hz, 1H), 7.96 (d, J= 8.0 Hz, 1H), 7.92 — 7.80 (m, 2H), 7.59 (dd, J= 14.3, 10.7 Hz, 2H),
7.46 (ddt, J=15.3, 7.4, 3.8 Hz, 3H), 7.37 (ddd, /= 11.3, 6.4, 2.3 Hz, 1H), 7.24 (t, /= 9.0 Hz, 1H),
4.33 (s, 2H), 4.00 (dt, J = 14.8, 7.3 Hz, 4H), 3.87 (s, 1H), 3.80 (s, 1H), 3.58 (d, J = 16.4 Hz, 4H),
3.43 (dt,J=19.8, 5.1 Hz, 2H), 3.18 — 3.13 (m, 2H), 1.21 (dt, J = 10.6, 7.0 Hz, 6H). *C NMR (126
MHz, DMSO) & 169.32, 164.58, 159.87, 155.90, 145.32, 136.96, 135.35, 134.03, 133.96, 132.58,
132.29, 132.05, 129.83, 129.75, 129.55, 129.43, 129.19, 129.06, 128.38, 128.05, 126.56, 125.92,
124.09, 116.50, 116.33, 62.14, 62.09, 46.99, 46.69, 45.83, 45.36, 41.98, 41.69, 41.39, 36.92, 16.65,
16.60. F NMR (471 MHz, DMSO) § -119.77. *'P NMR (202 MHz, DMSO) § 18.04, 18.01. HRMS
(ESI): Calcd for C3,H35sFN4OgP: [M+H]" 621.2278, found: m/z 621.2272.
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o)
p-OEt

N\
O
Ph

4
Colorless oil, 35% yield. 'H NMR (500 MHz, DMSO) § 7.92 (d, J = 11.5 Hz, 4H), 7.76 (d, J=7.6
Hz, 2H), 7.54 (t,J= 7.5 Hz, 2H), 7.47 (t,J = 7.3 Hz, 1H), 4.36 —4.27 (m, 2H), 1.35 (t,J=7.0 Hz,
3H). 3C NMR (126 MHz, DMSO) & 146.02, 145.99, 139.01, 132.65, 132.56, 129.66, 129.19,
127.96, 127.83, 127.60, 124.14, 123.89, 122.54, 122.30, 64.70, 64.65, 16.62, 16.57. *'P NMR (202
MHz, DMSO0) § 17.06 (d, J=1031.4 Hz). °F NMR (376 MHz, DMSO) § -63.25 (d, J=1031.4 Hz).
HRMS (ESI): Calcd for C14HisFO2P: [M+H]" 265.0794, found: m/z 265.0787.

2

o
Ph

5
Colorless oil, 15% yield. '"H NMR (500 MHz, DMSO-de) & 7.81 — 7.74 (m, 4H), 7.73 — 7.68 (m,
2H), 7.49 (dd, J = 8.4, 6.9 Hz, 2H), 7.44 — 7.37 (m, 1H), 3.96 — 3.87 (m, 2H), 1.19 (t, J=7.1 Hz,
3H). '3C NMR (126 MHz, DMSO) & 143.67, 143.64, 139.66, 132.18, 132.10, 131.22, 129.76,
129.54, 128.64, 127.39, 127.18, 127.07, 61.20, 61.16, 40.55, 40.46, 40.38, 40.29, 40.21, 40.12,
40.05, 39.95, 39.88, 39.79, 39.62, 39.45, 16.75, 16.70. *'P NMR (202 MHz, DMSO) § 14.99, 14.98.
HRMS (ESI): Caled for C14H1603P: [M+H]" 263.0837, found: m/z 263.0823.

9
EtO-P-OEt

6
To a mixture of 3f (87 mg, 0.3 mmol), Pd(OAc), (6.7 mg, 0.03 mmol) and Cul (11 mg, 0.06 mmol)

in triethylamine (Et3N) (1.5 mL) was added (trimethylsilyl)acetylene (85 pL mL, 0.6 mmol). The
reaction mixture was stirred under argon atmosphere at 60 °C for 6 h. After filtration, the filtrate
was evaporated under reduced pressure, and dissolved in MeOH (1.5 mL). After that K,CO3 (124
mg, 0.9 mmol) was added. The mixture was stirred at room temperature for 3 h. After filtration, the
filtrate was evaporated under reduced pressure. The crude product was diluted with dichloromethane,
and was washed with water, and the dichloromethane layer was dried over MgSOs. After the solvent
was removed, the residue was purified by flash chromatography to give 46 mg of 6 as colorless oil
in 65% yield. '"H NMR (500 MHz, CDCl3) § 7.83 — 7.75 (m, 2H), 7.62 — 7.54 (m, 2H), 4.25 — 4.03
(m, 4H), 3.26 (s, 1H), 1.33 (t, J = 7.0 Hz, 6H). These data are in agreement with literature data.'®
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I1I. The stability of 1a in the presence of TMSOH.
Procedure: To a solution of 1a (0.2 mmol) in CH3CN (1 mL) was added TMSOH (0.6

mmol) and DIPEA (0.4 mmol). The mixture was stirred at room temperature and

analysis by LC-MS at 0.5h, 1h and 3h.

ZYY-210310-TMSOH-1 Sm (Mn, 2x3) 3: Diode Array
) 195 Range: 1.176e+2
1.0e+24 2267438 Area
Bl Time Height Area Area%|
E 1.95 114861144 2267437.75 100.00
8.0e+17
6.0e+14 0.5h
[P E
< 40e+1]
2.0e+1-
0.0%
il“"!""\"""“\"“l""[“"""\"""“1"“I""\
-0.00 0.50 1.00 1.50 2.00 2.50 3.00
ZYY-210310-TMSOH-2 Sm (Mn, 2x3) 3: Diode Array
195 Range: 1.118e+2
1.0e+2 2146876 Area
k| Time Height Area Area%
3 1.95 110252280 2146875.75 100.00
8.0e+17
E 1h
6.0e+1
5 &
< 3
4.0e+14
2.0e+1
0.0 AN
L e e B L B
-0.00 0.50 1.00 1.50 2.00 2.50 3.00
ZYY-210310-TMSOH-3 Sm (Mn, 2x3) 3: Diode Array
195 Range: 8.323e+1
7.0e+1 1509315 Area
Time Height Area Area%|
6.0e+1 1.95 81271712 1509315.00 100.00
5.0e+1
40e+1 3h
2 30e+
2.0e+1
1.0e+1
0.0
-1.0e+ 1Yy e i e | i R e T e — Time
-0.00 0.50 1.00 1.50 2.00 2.50 3.00

Figure 1. LC-MS analysis of the stability of 1a in the presence of TMSOH and DIPEA.

s13



IV. Synthesis of enantiomerically pure P-chiral 3aj.

(Rp)-(=)-menthyl benzylphosphinate

Synthesis of (Rp)-(—)-menthyl benzylphosphinate. (the synthesis was according to the literature

procedures with slightly modification'®*!) A solution of (=)-menthol (50 g, 0.32 mol) and pyridine
(25 mL, 0.32 mol) in hexane (150 mL) was added dropwise to dichlorophenylphosphine (44 mL g,
0.32 mol) in hexane (150 mL) at 0°C. After stirring at room temperature for12 hours, the resulting
pyridine hydrochloride was removed by filtration, and water (100 mL) was added slowly at 0°C.
The two layers were separated, and the organic phase was washed with aqueous sodium bicarbonate
solution (50 mL), dried over anhydrous Na>SQOs, filtrated, and concentrated under reduced pressure
to give 79 g of menthyl hydrogenophenylphosphinate with about 38% diastereomeric excess. The
crude product was then diluted in hexane (10 mL) and stored at -40°C for 48h. The first batch was
collected. After a second crystallization in hexane, 12.3 g (14% yield) of (Rp)-(—)-menthyl

benzylphosphinate was obtained. "H NMR (500 MHz, CDCls) § 7.66 (d, J = 552.5 Hz, 1H), 7.81 —
7.72 (m, 2H), 7.56 — 7.49 (m, 1H), 7.44 (td, J=7.5, 3.2 Hz, 2H), 4.22 (qd, J = 10.5, 4.5 Hz, 1H),
2.20 — 2.07 (m, 2H), 1.69 (brs, 1H), 1.66 — 1.56 (m, 1H), 1.49 — 1.43 (m, 2H), 1.17 (td, J = 12.2,
10.9 Hz, 1H), 0.98 (qd, J = 13.6, 3.8 Hz, 1H), 0.89 (d, /= 7.0 Hz, 3H), 0.83 (d, J = 6.6 Hz, 3H),
0.79 (d, J = 6.9 Hz, 3H). *'P NMR (202 MHz, CDCls) § 24.70. These data are in agreement with

literature data.21
Me
11 “‘\[ :
/'\

0’ P@

3aj
3aj (white solid, 85 % yield) was synthesized by using the one-pot procedure. '"H NMR (500 MHz,
CDCl3) 6 7.80 — 7.79 (m, 2H), 7.68 — 7.62 (m, 2H), 7.52 — 7.46 (m, 1H), 7.45 — 7.38 (m, 2H), 7.22
(dd, J = 8.0, 3.2 Hz, 2H), 4.27 — 4.17 (m, 1H), 2.37 (s, 3H), 2.18 — 2.06 (m, 2H), 1.66 — 1.59 (m,
2H), 1.47 - 1.30 (m, 2H), 1.20 (td, J=12.2, 10.8 Hz, 1H), 1.02 — 0.91 (m, 1H), 0.88 (d, /= 7.1 Hz,
2H), 0.83 (d, J= 6.4 Hz, 3H), 0.54 (d, /= 6.9 Hz, 3H). *'P NMR (202 MHz, DMSO) § 16.13, 14.46.
3P NMR (202 MHz, CDCls) § 29.77. These data are in agreement with literature data.?
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V. Synthesis of DNA conjugated phosphine oxide D2.

N HN_ HaN

{w 7» LVHCW o\w Mo
o)

/N\FO
NN
H o o [o} H [o} E H o H [o] H
Hon H oH H oH oH oH Hou Hon H

P_ 07 N\AO O Qo HO—p—0 HO—, P——O HO—P—0 HO— P—O HO—P—0 HO—p—0 HO—p—0" "HOH
& on 3 J S J 4 6 J o
HN
HO HO, OH
OH . = AHDHW”_
o P—oH. B P\?OH N = NH,
H

Ps—o P
P OO0y o "o o Yo
i Q\/ @ Q\/ H
H

RS Y 1 L0
NN o=k NN NN
SRRt é( é(

N"MNH, NH. o

Chemical Formula: C154H215N520101P17
Exact Mass: 4934.8826
Molecular Weight: 4937.2310

Figure 2. Structure of headpiece DNA (HP-DNA)

Synthesis of DNA conjugated aryl fluorosulfate D1:

To a solution of DNA headpiece (100 nmol, 1 mM in water) in borate buffer 300 pL (250 mM, pH
= 9.4), was added a mixture of DMA solution of HATU (100 pL, 200 m M in DMA), DIPEA (100
puL, 400 mM in DMA) and acid (100 pL, 200 mM in DMA). The resultant mixture was vortexed
and incubated at 25 °C for 8 hours. Add 5 M NaCl solution (10% by volume) and cold ethanol (2.5
times by volume, ethanol stored at -20 °C) to the resultant supernatant. The mixture was vortexed
and incubated at -80 °C for at least 30 minutes. The sample was centrifuged for 30 minutes at 4°C
in a microcentrifuge at 12,000 rpm to remove the supernatant. The resulting pellet (precipitate) was

re-dissolved in ddH»O. Yield of D1 93.5%.

Synthesis of DNA conjugated phosphine oxide D2:

To the DNA conjugated aryl fluorosulfate D1 (5 nmol, 5 uL, 1 mM in water), was added 500 equiv.
of phosphines oxide (5 pL, 500 mM in DMF) followed by 500 equiv. of DIPEA (5 pL, 500 M in
DMF), 20 equiv. of Pd(OAc), (5 puL, 20 mM in DMF), 40 equiv. of dppf (5 uL, 40 mM in DMF)
and 75puL ddH,0O. The mixture was vortexed and incubated at 80 °C for 2 hours. After reaction, 30
equiv. of scavenger sodium diethyldithiocarbamic acid (compared with Pd(OAc), 3 pL, 1 M in
ddH»0) were added to the mixture, and the reaction mixture was heated at 60 °C for 30 minutes.
The mixture was centrifuged at 4 °C for 10 min at 12,000 rpm, and the resultant supernatant was
collected. Add 5 M NaCl solution (10% by volume) and cold ethanol (2.5 times by volume, ethanol
stored at -20 °C) to the resultant supernatant. The mixture was vortexed and incubated at -80 °C for
at least 30 minutes. The sample was centrifuged for 30 minutes at 4°C in a microcentrifuge at 12,000
rpm to remove the supernatant. The resulting pellet (precipitate) was re-dissolved in ddH>O (300
uL) for LC-MS detection.

73.04% UV (product)

Yield of D2: 78.1% =
eld o % 93.52% UV (DNA starting material before reaction)

X 100%
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LC-MS analysis of D1

ZYY-210311-HP (1) PDA Ch1 260nm@1.2nm!
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ZYY-210311-HP 257 (2.278)
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LC-MS analysis of D2
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ZYY-210312-DMF-2 327 (2.889)
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