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General Information

Chemicals and solvents were purchased as reagent grade and used without further
purification unless otherwise specified. Dry solvents were purchased from Acros Organics
(Thermo Fisher scientific, USA). The reaction pure water was freshly collected from
Thermo Scientific Barnstead GenPure Pro Water Purification System.

NMR spectra were recorded at ambient temperature (ca. 22 °C) on a Bruker 400 (or 600)
AVANCE III spectrometers. Chemical shifts are reported in 6 ppm, and multiplicities are
reported by peak identity (s = singlet, d = doublet, t = triplet, q = quartet, dd = doublet of
doublets, dt = doublet of triplets, m = multiplet) and coupling constant (J, Hz). NMR
spectra were processed and analyzed with TopSpin 3.5 and Mestrenova 14.3 software.

Semi-preparative HPLC was performed on a Shimadzu prominence HPLC system
(Shimadzu Corp., Japan) with a CBM20A communication bus module, a FRC-10A
fraction collector, two pumps LC-20AP, and a SPD-20A UV/VIS detector, using a
Shimadzu Shim-pack GIST C18-AQ column. LC-MS measurements were performed on
Thermo Scientific Q Exactive Plus Orbitrap LC-MS System, utilizing a Luna C18 column
(2 mm x 100 mm, 5 pm particle size, 100 A). External calibration using Thermo LTQ
Velos ESI Positive Ion Calibration Solution and Negative Ion Calibration Solution
(calibration performed daily before sample analysis to ensure mass accuracy <5 ppm). The
instrument control and data processing were conducted using Thermo Scientific Xcalibur
software. Conversions were quantified based on the area-under-the-curve (AUC) in the UV
chromatogram or in the total-ion-chromatogram (TIC).

The following HPLC methods were used in this setup:

General Gradient A: For the separation of dinucleoside diphosphate, the following linear
gradient was employed at a flow rate of 3 mL/min: from 0 to 1 minute: 5:95 v/v (MeCN:
0.05 M aqueous triethylammonium acetate (TEAA, pH 7.0)), from 1 to 30 minutes: 5:95
v/v to 30:70 v/v, back to the initial ratio of 5:95 v/v in 1 min.
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Fig. S1 Screening of trifluoromethylating reagents in this study.

Fig. S2 Isosurface plot of the electron density difference of the [PhICF;]"-UMP complex.
Blue and red iso-surfaces represent regions of electron accumulation and depletion,
respectively.
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Fig. S3 HPLC chromatogram of the reaction mixture obtained under optimized
conditions (Gradient A).
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1) TMSCF3/KF, MeCN, -45 °C, 24 h

2) NaCl ag/acetone (2:1), 0 °C, 1 min

Fig. S4 PhICF;Cl was synthesized according to the reported procedure.!

Procedure for the preparation of nucleoside monophosphate mono-
tetrabutylammonium salts: The nucleoside monophosphate (free acid form, 0.5 mmol,
1.0 equiv) was suspended in deionized water. To this mixture, a 25% aqueous solution of
tetrabutylammonium hydroxide (TBAOH, 0.5 mmol, 1.0 equiv) was added dropwise. The
resulting clear solution was stirred at room temperature for 30 min. Subsequently, the
mixture was frozen and lyophilized to afford the desired nucleoside monophosphate mono-
tetrabutylammonium salt as a white foam, which was used in the next step without further
purification.

Procedure for preparation of Ap,A and Up,U. To a solution of adenosine 5'-
monophosphate (or UMP, 0.02 mmol, 1.0 equiv) in 2 mL DMF was added PhICF;CI (0.01
mmol, 0.5 equiv). The reaction mixture was heated to 80 °C and stirred for 5 hours under
ambient atmosphere. Upon completion, the mixture was allowed to cool to room
temperature and diluted with deionized water. The resulting solution was directly subjected
to purification by RP-HPLC, eluting with the previously mentioned General Gradient A.
The fractions containing the target compound were pooled and lyophilized to
afford diadenosine diphosphate as the triethylammonium salt.

General procedure for other symmetrical dinucleoside diphosphates. A mixture of
[TBA][NMP] (0.02 mmol, 1.0 equiv) and PhICF;Cl (0.01 mmol, 0.5 equiv) in 1.0 mL
pyridine was stirred at 70 °C for 5 min. Then 100 pL H,O was added. The mixture was
cooled to room temperature and diluted with deionized water. The resulting solution was
directly subjected to purification by RP-HPLC using Gradient A. The fractions containing
the target compound were pooled and lyophilized to afford diadenosine diphosphate as the
triethylammonium salt.

General procedure for asymmetric dinucleoside diphosphates. A mixture of
[TBA][NMP] (0.01 mmol, 1.0 equiv) and PhICF;CI (0.01 mmol, 1.0 equiv) in 0.5 mL
pyridine was stirred at 70 °C for 5 min. Then another [TBA][N'MP] (0.01 mmol, 1.0 equiv)
in 0.5 mL pyridine was added. The mixture was stirred at 70 °C for 5 min. Then 100 pL
H,0 was added. The mixture was cooled to room temperature and diluted with deionized
water. The resulting solution was directly subjected to purification by RP-HPLC using
Gradient A. The fractions containing the target compound were pooled and lyophilized to
afford asymmetric diadenosine diphosphate as the triethylammonium salt.



PhICF;Cl: Yield = 57%. '"H NMR (600 MHz, Chloroform-d) & 8.14 (d, J = 7.9 Hz, 2H),
7.71 (td, J = 7.5, 1.1 Hz, 1H), 7.54 (tt, J = 7.5, 1.1 Hz, 2H). 'F NMR (565 MHz,
Chloroform-d) 6 -35.66.

Ap,A: Obtained in 68% yield as its triethylammonium salt. 'H NMR (400 MHz, D,0)
8.01 (s, 1H), 7.87 (s, 1H), 5.79 (d, J = 5.1 Hz, 1H), 4.40 (t, J = 5.1 Hz, 1H), 4.28 (t, J = 4.6
Hz, 1H), 4.20 (d, J = 9.0 Hz, 1H), 4.09 (s, 1H). 3'P NMR (162 MHz, D,0) § -11.29. MS
(ESI): m/z = 675.1068 [M - HJ-.

Ap,U: Obtained in 35% yield as its triethylammonium salt. "H NMR (400 MHz, D,0) &
8.31 (s, 1H), 8.06 (s, 1H), 7.51 (d, J = 8.1 Hz, 1H), 5.94 (d, J = 5.9 Hz, 1H), 5.68 (d, J =
4.8 Hz, 1H), 5.53 (d, J = 8.1 Hz, 1H), 4.62 (t, ] = 5.5 Hz, 1H), 4.38 (dd, J = 5.1, 3.5 Hz,
1H), 4.24 (s, 1H), 4.17 —3.99 (m, 7H). 3'P NMR (162 MHz, D,0) 8 -11.41. MS (ESI"): m/z
=652.0790 [M - H]..

Ap,G: Obtained in 25% yield as its triethylammonium salt. '"H NMR (400 MHz, D,0) 6
8.16 (s, 1H), 8.04 (d, J= 1.2 Hz, 1H), 7.78 (s, 1H), 5.89 (d, /= 4.7 Hz, 1H), 5.64 (d, J =
5.4 Hz, 1H), 4.49 (dt, J=9.4, 5.0 Hz, 2H), 4.33 (dt, J = 8.8, 4.7 Hz, 2H), 4.21 (d, J=13.3
Hz, 3H), 4.11 (d, J = 9.3 Hz, 2H). 3'P NMR (162 MHz, D,0) 3 -11.30. MS (ESI'): m/z =
691.1021 [M - HJ-.

Ap,C: Obtained in 35% yield as its triethylammonium salt. "H NMR (400 MHz, D,0)
8.32 (d, J =2.8 Hz, 1H), 8.09 (d, ] = 6.1 Hz, 1H), 7.60 (d, J = 7.7 Hz, 1H), 5.95 (dd, J =
6.0, 4.0 Hz, 1H), 5.73 (d, J = 7.7 Hz, 1H), 5.69 (dd, J = 3.9, 1.6 Hz, 1H), 4.68 — 4.59 (m,
1H), 4.38 (dt, J=5.1, 3.5 Hz, 1H), 4.26 (d, J = 3.9 Hz, 1H), 4.23 — 3.98 (m, 6H). 3'P NMR
(162 MHz, D,0) 6 -11.40. MS (ESI"): m/z=651.0955 [M - H]~.

Up,U: Obtained in 59% yield as its triethylammonium salt. 'H NMR (400 MHz, D,0) 3
7.76 (d, J = 8.1 Hz, 1H), 5.82 — 5.73 (m, 2H), 4.23 — 4.15 (m, 2H), 4.14 — 4.07 (m, 2H),
4.03 (q, J=2.9 Hz, 1H). 3'P NMR (162 MHz, D,0) & -11.48. MS (ESI'): m/z = 629.0523
[M - H]J.

Up,C: Obtained in 30% yield as its triethylammonium salt. 'H NMR (400 MHz, D,0) &
7.93 —7.88 (m, 1H), 7.82 — 7.75 (m, 1H), 6.04 (d, J = 7.9 Hz, 1H), 5.83 — 5.80 (m, 2H),
424 —4.11 (m, 10H). 3*'P NMR (162 MHz, D,0) 6 -11.47. MS (ESI"): m/z = 628.0674 [M
- HJ-.

Up,G: Obtained in 20% yield as its triethylammonium salt. "H NMR (400 MHz, D,0) &
8.30 (s, 1H), 7.93 (s, 1H), 7.63 (d, J = 8.1 Hz, 1H), 5.73 (dd, J = 12.6, 5.3 Hz, 2H), 5.66
(d, J=8.2 Hz, 1H), 4.37 (s, 1H), 4.18 —4.10 (m, 4H). 3'P NMR (162 MHz, D,0) 6 -11.43.
MS (ESI"): m/z = 668.0743 [M - H]~.



Cp,C: Obtained in 42% yield as its triethylammonium salt. '"H NMR (400 MHz, D,0)
7.87 (dd, J=17.5, 2.0 Hz, 1H), 6.00 (dd, J = 7.6, 1.9 Hz, 1H), 5.95 — 5.88 (m, 1H), 4.32 —
4.25 (m, 2H), 4.23 (d, J = 4.1 Hz, 2H), 4.15 (d, J = 11.7 Hz, 1H). 3'P NMR (162 MHz,
D,0) 8 -11.42. MS (ESI"): m/z = 627.0838 [M - H]~.

dCp,dC: Obtained in 38% yield as its tricthylammonium salt. "H NMR (400 MHz, D,0) 4
7.84 (d, J=7.7 Hz, 1H), 6.20 (t, J = 6.7 Hz, 1H), 5.98 (d, J = 7.6 Hz, 1H), 4.46 (s, 1H),
4.11 (d, J=12.7 Hz, 3H), 2.30 (dd, J = 8.7, 4.7 Hz, 1H), 2.16 (dt, J = 13.6, 6.8 Hz, 1H).
3IP NMR (162 MHz, D,0) 6 -11.38. MS (EST"): m/z = 595.0940 [M - HJ~.

dAp,dA: Obtained in 58% yield as its triethylammonium salt. "H NMR (400 MHz, D,0) &
8.10 (s, 1H), 7.97 (s, 1H), 6.22 (t, J = 6.6 Hz, 1H), 4.54 (d, /= 4.1 Hz, 2H), 4.11 (d, J =
10.6 Hz, 3H), 2.53 (dt, J = 13.3, 6.5 Hz, 2H), 2.39 (dt, J = 13.9, 5.7 Hz, 2H). 3'P NMR
(162 MHz, D,0) 6 -11.27. MS (ESI'): m/z=643.1169 [M - H]..

Ip,I: Obtained in 66% yield as its triethylammonium salt. 'H NMR (400 MHz, D,0) & 8.13
(s, 1H), 7.97 (s, 1H), 5.87 (d, ] = 5.3 Hz, 1H), 4.53 (t, ] = 5.2 Hz, 1H), 4.35 (t, ] = 4.6 Hz,
1H), 4.22 (d, J = 3.6 Hz, 1H), 4.19 — 4.06 (m, 2H). 3'P NMR (162 MHz, D,0) & -11.33.
MS (ESI): m/z=677.0737 [M - H].

Procedure for determination of the conversion-time profile: A mixture of
[TBA][UMP] (0.02 mmol, 1.0 equiv) and PhICF;Cl (0.01 mmol, 1.0 equiv) in 1.0 mL
pyridine-d5 was stirred at 70 °C. The reaction progress was monitored by withdrawing
aliquots at regular time intervals for 3'P NMR analysis, with trimethyl phosphate serving
as the internal standard.

For another reaction mixture, upon heating the reaction mixture to 70 °C for 3~5min, 50
uL of water (or D,O, H,'®0) was added. The mixture was then rapidly quenched by
immersion in an ice-water bath, followed by 3'P NMR analysis to calculate the conversion.

Table S1. The amount of added water and the final conversion.

entry H,0 (v/v%) conversion (%)
1 0.1 8
2 5 60
3 10 68
4 20 68

Procedure for preparation of the desulfurization of phosphorothioate
oligonucleotides. A solution of the phosphorothioate oligonucleotide (sequence: 5'-
d(ATCCAG*C)-3', 5 nmol) was prepared in a mixture of DMF and water (1:1 v/v, 200
uL). To this solution was added a solution of PhICF;Cl reagent in DMF (0.1 M, 10 pL).



The reaction mixture was stirred at room temperature for 3 hours. Subsequently, 1 puL of
the crude mixture was diluted with 100 uLL DEPC-treated water (deionized water treated
with 0.1% diethyl pyrocarbonate), and subjected to mass spectrometric analysis.
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Fig. S5. a. Schematic representation of the desulfurization of a phosphorothioate
oligonucleotide. b. ESI-MS spectrum of the reaction mixture. (Oligo-S: 5'-
d(ATCCAG*C)-3', HRMS: m/z: 692.4516 [M-3H]*, calcd. m/z: 692.4508, Oligo-O: 5'-
d(ATCCAGC)-3', HRMS: m/z: 687.1267 [M-3H]*, calcd. m/z: 687.1251)



Computational Details

All DFT calculations were carried out using the Gaussian 16 software package. The
geometry optimizations were performed using the B3LYP-D3(BJ) functional with a mixed
basis set of SDD for I atoms and the 6-31G(d) for the other atoms. Frequencies were
computed analytically at the same level of theory to confirm whether the structures are
minima (no imaginary frequencies) or transition states (only one imaginary frequency).
Selected transition-state structures were confirmed to connect the correct reactants and
products by intrinsic reaction coordinate (IRC) calculations. Single-point energies for the
optimized geometries were recalculated using wb97xd functional, SDD for I atoms and 6-
311+g(d,p) for all other atoms. 3D structures of the optimized geometries were generated
using CYLview. Electron density difference (EDD) analyses were performed using the
Multiwfn code.?
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