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Instrumentation and Reagents 
 
Instrumentation 
1H- and 13C-NMR spectra were recorded on Varian Mercury 400 MHz NMR or Varian Inova 300 MHz 
spectrometer. 1H- and 13C-NMR spectra were internally referenced to the residual solvent signal. Matrix-
assisted laser desorption/ionization-time of flight (MALDI-TOF) mass spectra (MS) were acquired using a 
Bruker MALDI Microflex LRF instrument using an AnchorChipTM target. The 3-hydroxypicolinic acid 
matrix was prepared with the addition of diammonium hydrogen citrate and trifluoroacetic acid (TFA) 
following the manufacturer’s manual. Reverse-phase HPLC was performed on a SunFire preparative C18 
column (250 x 10 mm). The flow rate was maintained throughout at 1.5 mL/min, with detection at l =260 
nm. The obtained mass spectra were analyzed with MestReNova software (v. 14). Liquid chromatography 
MS and high-resolution MS analysis were performed by Vincent Coates Foundation Mass Spectrometry 
Laboratory at Stanford University. Fluorescence studies were performed on a Fluorolog 3-11 instrument 
(Jobin Yvon-SPEX). EGFP mRNA expression in HeLa cells was measured with Tecan Infinite M1000 
plate reader at the High-throughput Biosciences Center at Stanford University.  
 
Chemical Reagents 
Chemical reagents were purchased from Sigma-Aldrich, Ambeed, Oakwood Chemicals, and Combi-blocks 
and were used without further purification. Vinyl chloroformate was purchased from Fluorochem. (4-
chloropyridin-3-yl)methanol was purchased from Enamine. TCO-OH equatorial and axial were purchased 
from Axis Pharm. 2DPBM1, 2DPBM-S1, and HBC2 were synthesized following published procedures. The 
precursor carboxylic acids and DMSO stocks of 1 or 2M NAI-N3

3 and AEGAI4 were prepared according 
to the published procedures. Phosphine solutions in DMSO were freshly prepared or routinely checked with 
31P NMR for oxidation. 
 
Nucleic Acids 
Cy5-tRF-3005 (5’-Cy5-AUC CUG CCG ACU ACGCCA-3’, RNA) was ordered from Stanford Protein and 
Nucleic Acid Facility (PAN). RNA oligomers were purified by high performance liquid chromatography 
(HPLC) or polyacrylamide gel electrophoresis (PAGE). eGFP mRNA (CleanCap® EGFP mRNA (5moU), 
L-7201) was ordered from Trilink Biotechnologies. RNA concentrations were measured using a NanoDrop 
One microvolume UV-Vis spectrophotometer. When available, molar concentrations were calculated based 
on Cy5 absorbance. 
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NMR Experiments 
 

Measurement of hydrolysis half-life of acylation agents  
In an NMR tube, the imidazole carbamate compounds (final concentration 10 mM) were dissolved in a 1:1 
mixture of DMSO-d6 and D2O at room temperature, and hydrolysis was over monitored by NMR. The half-
lives were approximated by fitting the obtained data to an exponential decay curve with the following 
equation, f(x)=Ae-bx and t1/2 = ln(2)/b. 

 
Chemical deacylation of RNA 2’-ester or carbonate mimics  
RNA 2’-ester or carbonate mimic compounds and TCO-OH (equatorial) were prepared as 62.8 mM DMSO-
d6 stocks. THPP and TPPMS were prepared as 628 mM and 126 mM DMSO-d6 stocks, respectively. In an 
NMR tube, 50 µL of the acyl compound stock was added to 650 µL D2O, and an NMR spectrum was 
collected for t = 0. To initiate de-acylation, 50 µL of the phosphine (2 or 10 equiv.) or TCO-OH (1 equiv.) 
stock was added. The resulting solution was mixed, incubated at room temperature for phosphines or 37℃ 
for TCO-OH, and monitored with NMR.  

 
Hydrolytic stability of RNA 2’-ester or carbonate mimics 
In an NMR tube, 50 µL of the 62.8 mM of RNA 2’-ester or carbonate mimic solution (DMSO-d6) was 
added to 700 µL D2O. The resulting mixture was mixed, incubated at 37℃, and monitored with NMR.  
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Figure S1. NMR analysis of hydrolysis rate of imidazole carbamate acylating agents. (A) Stacked NMR plots of A-3 
in 1:1 DMSO-d6:D2O. Hydrolysis is monitored with the color-coded methyl peaks (blue: carbamate, 1.67 ppm; red: 
alcohol, 1.34 ppm) in the indicated red box. Hydrolysis half-life was approximately 30 minutes. (B) Stacked NMR 
plots of hydrolysis of A-5 in 1:1 DMSO-d6:D2O. Hydrolysis is monitored with the color-coded methyl peaks (blue: 
carbamate, 1.58 ppm; red: alcohol, 1.30 ppm) in the indicated red box. Hydrolysis half-life was approximately 30 
hours. (C) Stacked NMR plots of hydrolysis of A-6 in 1:1 DMSO-d6:D2O. Hydrolysis is monitored with the color-
coded methyl peaks (blue: carbamate, 1.60 ppm; red: alcohol, 1.30 ppm) in the indicated red box. Hydrolysis half-life 
well exceeded 48 hours. (D) Stacked NMR plots of hydrolysis of A-7 in 1:1 DMSO-d6:D2O. Hydrolysis is monitored 
with the color-coded methyl peaks (blue: carbamate, 1.63 ppm; red: alcohol, 1.30 ppm) in the indicated red box. 
Hydrolysis half-life was approximately 40 hours. *: imidazole carbamates, #: hydrolyzed alcohol product, X: mixture 
of * and #  
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Figure S2. NMR analysis of hydrolytic stability of adducts: RNA 2’-esters or carbonate mimics. (A) Structures of 
RNA 2’-ester or carbonate mimics. (B) Hydrolytic stability of carbonate mimics. 4.2 mM of RNA 2’-carbonate mimics 
were incubated in D2O at 37℃ and analyzed with NMR at the indicated times. (C) Hydrolytic stability of ester mimics. 
4.2 mM of RNA 2’-ester mimics were incubated in D2O at 37℃ and analyzed with NMR at the indicated times. *: 
carbonate or ester mimic, #: hydrolysis products, X: mixture of * and #. 
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Figure S3. NMR analysis of deacylation of RNA 2’ A-1 carbonate model adducts. (A) THPP induced deacylation. 
Reversal is monitored with the color-coded methine peaks (blue: carbonate, 5.27 ppm; red: alcohol, 5.03 ppm) in the 
indicated red box. Upon phosphine addition, the azido group is reduced rapidly by 8 minutes as shown by shift in the 
aromatic peaks (7-9 ppm). (B) LC/MS confirmation of the SM-A-1 amino intermediate during phosphine induced 
deacylation. 5.8 mM of NMR-3 was treated with 38.3 mM of THPP in water for 5 minutes at room temperature, then 
diluted with water, and analyzed with LC/MS. (C) TCO-OH eq induced deacylation. Reversal is monitored with the 
color-coded methylene peaks (blue: carbonate, 4.33 ppm; red: alcohol, 3.68 ppm) in the indicated red box. *: SM-A-
1, *’: SM-A-1 amino intermediate, #: released alcohol, #’: released product 1 (structure above), #’’:  released product 
2 (structure above), T: TCO-OH, CHO: cycloheptane carboxaldehyde, X: mixture of */*’ and #. 
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Figure S4. NMR analysis of deacylation of RNA 2’ A-2 carbonate model adducts. (A) THPP-induced deacylation. 
Reversal is monitored with the color-coded methine peaks (blue: carbonate, 5.19 ppm; red: alcohol, 5.03 ppm) in the 
indicated red box. (B) TCO-OH equatorial induced deacylation. Reversal is monitored with the color-coded methine 
peaks (blue: carbonate, 5.19 ppm; red: alcohol, 5.03 ppm) in the indicated red box. No reaction with TCO-OH is 
observed, and the released alcohol # is likely from background carbonate hydrolysis. *: SM-A-2, #: released alcohol, 
T: TCO-OH, H: alcohol A-2-OH, $: impurities from THPP stock. 
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Figure S5. NMR analysis of deacylation of RNA 2’ A-3 and 6 carbonate model adducts. (A) TPPMS induced 
deacylation of SM-A-3. (B) TPPMS induced deacylation of SM-A-6. (C) TCO-OH ax induced deacylation of SM-A-
3. (D) TCO-OH ax induced deacylation of SM-A-6. Reversal is monitored with the color-coded methylene peaks in 
the indicated red box. *: SM-A-3 or 6, #: released alcohol, X: mixture of * and #, #’: released pyridinone methide, T: 
TCO-OH axial, M: unidentified intermediate, CHO: cycloheptane carboxaldehyde, P: TPPMS and phosphine oxide.  
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Figure S6. NMR analysis of deacylation of RNA 2’-ester model adducts. (A) Deacylation of SM-NAI-N3 with THPP. 
Reversal is monitored with the color-coded methine peaks (blue: ester, 5.33 ppm; red: alcohol, 5.00 ppm) in the 
indicated red box. Upon phosphine addition, the azido group is reduced rapidly by 0.5 h as shown by the disappearance 
of the azidomethylene peak at 4.88 ppm (amino intermediate not observed due to overlap with D2O). (B) Deacylation 
of SM-AEGAI with THPP. Reversal is monitored with the color-coded methine peaks (blue: ester, 5.20 ppm; red: 
alcohol, 5.00 ppm) in the indicated red box. Upon phosphine addition, the azido group is reduced rapidly by 0.5 h as 
shown by the disappearance of the methylenes near the azide at 3.76 and 3.51 ppm (amino intermediate not observed 
due to overlap with THPP). *: RNA 2’-ester mimics, #: released alcohol, #’: released lactam products, #’’: unidentified 
minor product, X: mixture of *’ and #, $: impurities from THPP stock. 

  



 9 

Cy5-tRF-3005 Oligonucleotide Cloaking & Uncloaking 
 
General RNA polyacylation (cloaking) procedure 
6 μM RNA (36 ng/μL) was treated with 0.1 M acylating probe (1 M stock in DMSO) in 70% DMSO RNase-
free water solution for 4 h at room temperature in a total volume of 50 μL. The polyacylated RNA was then 
purified via ethanol precipitation via the following procedure: the reaction was quenched with addition of 
200 ul RNase-free water to dilute away DMSO. To the diluted mixture, 25 μL of 3 M NaOAc pH 5.2, 0.5 
μL of 20 mg/mL glycogen, and 1031 μL of absolute EtOH were added. The mixture was preciptiated at -
80 °C overnight. The RNA pellet was obtained by centrifuging (21000 RCF) for 60 min at 4 °C and 
removing the supernatant. The pellet was washed with 75% EtOH and centrifuged (21000 RCF) for 5 min 
at room temperature. The supernatant was removed, and the RNA was air dried for 20 minutes, dissolved 
in RNase-free water, and stored at -20 °C until analysis by MALDI-TOF MS. 
 
General RNA deacylation (uncloaking) procedure 
1 μM polyacylated RNA (ca. 6 ng/μL) was treated with 0.5-5 mM uncloaking agents (phosphine, tetrazine, 
and TCO-OH 10X stocks in DMSO) in 300 mM Tris-HCl buffer pH 7.5 (10% DMSO) in a total volume of 
100 μL. The reaction was incubated for 1 to 4 h at 37 °C. The uncloaked RNA was purified via ethanol 
precipitation as described above. To quench the reaction mixture, 10 μL of 3 M NaOAc pH 5.2, 0.5 μL of 
20 mg/ml glycogen, and 414 μL of absolute EtOH were added. The remaining steps are identical to the 
RNA cloaking method above.  
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Figure S7. Polyacylation efficiency of the novel acylating agents with model RNA oligonucleotide (Cy5-tRF-3005). 
(A) MALDI-TOF spectrum of T-1 polyacylated RNA. 6 μM RNA was treated with 0.2 M of acylating agent in a 2:8 
water:DMSO for 4 h at 37 ℃. (B) MALDI-TOF spectrum of A-1 polyacylated RNA. 6 μM RNA was treated with 0.1 
M of cloaking agent in a 2:8 water:DMSO for 4 h at 37 ℃. The azido groups are observed as amino groups due to 
reduction during MALDI-TOF analysis.5–7 (C) MALDI-TOF spectrum of A-4 polyacylated RNA. 6 μM RNA was 
treated with 0.1 M of cloaking agent in a 4:6 water:DMSO for 4 h at 37 ℃. (D) MALDI-TOF spectrum of A-5 
polyacylated RNA. 6 μM RNA was treated with 0.1 M of cloaking agent in a 3:7 water:DMSO for 4 h at 37 ℃. (E) 
MALDI-TOF spectrum of A-6 polyacylated RNA. 6 μM RNA was treated with 0.1 M of cloaking agent in a 3:7 
water:DMSO for 4 h at 37 ℃. (F) MALDI-TOF spectrum of A-7 polyacylated RNA. 6 μM RNA was treated with 0.1 
M of cloaking agent in a 3:7 water:DMSO for 4 h at 37 ℃. Black numbers indicate the number of adducts per RNA. 
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Figure S8. Deacylation efficiency of the novel acylating agents with model RNA oligonucleotide, Cy5-tRF-3005. 
Refer to Fig. S7 for starting points. (A) MALDI-TOF spectrum of T-1 polyacylated RNA reversed with THPP. 1 μM 
of cloaked RNA was treated with 1 mM Py2-Tz in 300 mM Tris-HCl buffer pH 7.5 (20% DMSO) for 16 h at 37 ℃. 
(B) MALDI-TOF spectrum of A-1 polacylated RNA reversed with THPP. 1 μM of cloaked RNA was treated with 5 
mM THPP in 300 mM Tris-HCl buffer pH 7.5 (10% DMSO) for 4 h at 37 ℃. (C) MALDI-TOF spectrum of A-3 
polyacylated RNA incubated in buffer without uncloaking agents. 1 μM of cloaked RNA was incubated in 50 mM 
Tris-HCl buffer pH 7.5 (10% DMSO) for 4 h at 37 ℃. (D) & (E) MALDI-TOF spectra of A-7 polyacylated RNA 
reversed with TPPMS. 1 μM RNA was treated with 0.5 mM TPPMS in 50 mM Tris-HCl buffer pH 7.5 (10% DMSO) 
for 1h (D) or 5 mM TPPMS in 300 mM Tris-HCl buffer pH 7.5 (10% DMSO) for 4 h (E) at 37 ℃. (F) MALDI-TOF 
spectra of A-7 polyacylated RNA reversed with TCO-OH eq. 1 μM RNA was treated with 5 mM TCO-OH eq in 50 
mM Tris-HCl buffer pH 7.5 (10% DMSO) for 4 h at 37 ℃. Black numbers indicate the number of adducts. 
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mRNA Polyacylation Experiments 
 
General mRNA polyacylation (cloaking) procedure 
35 ng/μL EGFP mRNA was treated with 50 mM A-3 (0.25 M stock in DMSO) in 20% DMSO MOPS 
SHAPE buffer (100 mM MOPS pH 7.5, 6 mM MgCl2, 100 mM NaCl) in a total volume of 20 μL. The fine 
cloudy suspension was incubated for 3 h at room temperature, which clears over time. The cloaked RNA 
was purified by ethanol precipitation. The reaction was quenched by the addition of 9 volumes (180 μL) of 
precipitation solution (0.33 M NaOAc, pH 5.2, glycogen 0.2 mg/mL) and 30 volumes (600 μL) of absolute 
EtOH. The resulting mixture was incubated at -80 °C overnight. The remaining steps are identical to RNA 
oligonucleotide cloaking above. For mRNA cloaked for in vitro translation, the cloaked RNA was purified 
using RNA Clean & Concentrator™-5 (Zymo Research) following the manufacturer’s protocol due to 
glycogen inhibiting translation. 
 
In vitro deacylation (uncloaking) procedure 
23.3 ng/μL EGFP mRNA was treated with 10 mM uncloaking agent (phosphines and TCO-OH 10X stocks 
in DMSO) in 20% DMSO 2X PBS pH 7.4 for 4 h at 37 °C in total volume of 17.5 μL. The cloaked RNA 
was purified with ethanol precipitation or RNA Clean & Concentrator™-5. 
 
mRNA in vitro translation 
mRNA was expressed in vitro with wheat germ extract (WGE, Promega L4380) with optimization of KOAc 
concentration following the manufacturer’s protocol. On a 384 well plate, 200 ng of EGFP mRNA was 
expressed in reaction volume of 25 μL including additional 2 μL of 1 M KOAc. The reaction was incubated 
at 25 ℃ for 3 hours. The resulting fluorescence signals were recorded on a Fluoroskan AscentTM Microplate 
Fluorometer (λex = 485 nm, λem = 538 nm) at 25 °C. 
      For directly uncloaking in WGE, 200 ng of cloaked EGFP mRNA was added to WGE translation 
mixture at the volume of 21 μL and then 4 μL of 6.25X uncloaking agent in water was added. The reaction 
was incubated at 25 ℃ for 3 hours, and the fluorescence was measured as above. 
 
mRNA transfection and cellular uncloaking 
In a 96-well plate, HeLa cells were seeded overnight at a concentration of 1.5x104 cells per well. The cells 
were incubated in supplemented DMEM culture medium (10% FBS, Gibco, 100 U/ml 
Penicillin/Streptomycin, Thermo Fisher Scientific) at 37 °C and 5% CO2 with 95% humidity. Old medium 
was aspirated away and replenished with 100 μL of fresh culture medium. mRNA lipofectamine complex 
(100 ng mRNA in 2 μL water, 10 μL of OptiMEM medium (Gibco), 0.3 μL of LipofectamineTM 
messengerMAXTM (Thermo Fisher Scientific) was prepared following the manufacturer’s protocol. The 
transfection mixture was added dropwise to each well containing culture media and incubated for 16 h. 
EGFP fluorescence was measured with a microplate reader Tecan Infinite M1000 (λex 488 ± 5 nm, λem 507 
± 5 nm). Fluorescence from cells treated with only lipofectamine was subtracted as the background, and 
the resulting values were normalized to untreated mRNA or DMSO mock treated conditions. All 
experiments were conducted with at least 3 replications. 
      For in cellulo uncloaking, the seeded cells were washed with DMEM media (no FBS or antibiotics) and 
then transfected for 4 h in DMEM media. The transfection medium was aspirated away and replenished 
with 100 μL of culture medium (1% DMSO) with 1 or 2 mM phosphine or TCO-OH. The cells were 
incubated for an additional 4 h until measurement.  
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Figure S9. Modulation of EGFP mRNA expression in HeLa cells with reversible polyacylation. (A) Optimization of 
A-3 concentration for EGFP mRNA acylation in water. 35 ng/μL EGFP mRNA was treated with 2.5-10 mM A-3 in 
8:2 water:DMSO for 1 h at room temperature. The cloaked mRNA was transfected into HeLa cells via lipofection for 
16 h, and the resulting fluorescence was measured with a microplate reader. (B) Agarose (7.5%) gel electrophoresis 
of A-3 cloaked EGFP mRNA. Nucleic acids were visualized with SBYR gold. Ld indicates DNA ladder. EGFP mRNA 
is 996 nt long. (C) Optimization of A-3 concentration for EGFP mRNA acylation in MOPS SHAPE buffer. 35 ng/μL 
EGFP mRNA was treated with 10-40 mM A-3 in 8:2 buffer:DMSO for 2 h at room temperature. (D) Optimization of 
DMSO% for A-3 acylation of EGFP mRNA in MOPS SHAPE buffer. 35 ng/μL EGFP mRNA was treated with 50 
mM A-3 in buffer with 20-40% DMSO for 3 h at room temperature. (E) In vitro phosphine screening with NAI-N3 
cloaked EGFP mRNA. 35 ng/μL EGFP mRNA was treated with 0.1 M NAI-N3 in 9:1 MOPS SHAPE buffer:DMSO 
for 10 minutes. For in vitro deacylation, 23.3 ng/μL of cloaked EGFP mRNA was treated with 10 mM uncloaking 
agent in 8:2 2X PBS pH 7.4:DMSO for 4 h at 37 °C. (F) In vitro uncloaking of EGFP mRNA cloaked with A-3 in 
water. 35 ng/μL EGFP mRNA was treated with 10 mM A-3 in 8:2 water:DMSO for 1 h at room temperature. 23.3 
ng/μL of cloaked EGFP mRNA was treated with 10 mM uncloaking agent in 1:1 PBS pH 7.4:DMSO for 4 h at 37 °C. 
(G) Cellular uncloaking of EGFP mRNA cloaked with A-3 in water. 35 ng/μL EGFP mRNA was treated with 10 mM 
A-3 in 8:2 water:DMSO for 1 h at room temperature. HeLa cells were transfected with the cloaked EGFP mRNA for 
12 h and subsequently treated with uncloaking agents for 8 h. Error bars represent standard deviation. Orange: 
untreated RNA, green: cloaked RNA, purple: uncloaked RNA. 
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Figure S10. Control of EGFP mRNA translation with A-3. (A) Cellular expression of in vitro uncloaked EGFP mRNA. 
23.3 ng/μL of A-3 cloaked EGFP mRNA was treated with 10 mM uncloaking agent in 2x PBS pH 7.4 (20% DMSO) 
for 4 h at 37 °C. (B) In vitro translation of uncloaked EGFP mRNA. A-3 cloaked and subsequently uncloaked EGFP 
mRNA was expressed with WGE for 3 hours at 25 °C. (C) Direct activation of A-3 cloaked EGFP mRNA in WGE. 
A-3 cloaked EGFP mRNA in WGE was treated with various reversal agents for 3 hours at 25 °C. (D) Cellular control 
of EGFP mRNA expression. A-3 cloaked mRNA was transfected into HeLa cells for 4 hours and subsequently treated 
with various reversal agents for 4 hours. Error bars represent standard deviation and p-values: *** p < 0.001, ** p < 
0.01, * p < 0.05, ns. – not significant. Orange: untreated RNA, green: cloaked RNA, purple: uncloaked RNA. 
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Figure S11.  Agarose (1%) gel electrophoresis of A-3 cloaked and uncloaked EGFP mRNA. Nucleic acids were 
visualized with SBYR gold. EGFP mRNA is 996nt long. UT: untreated mRNA, A-3: cloaked mRNA, A-3+TPPMS: 
uncloaked mRNA by treating with 2mM TPPMS. 
 

 
Figure S12.  Cellular control of EGFP mRNA expression. A-3 cloaked mRNA was transfected into HeLa cells for 4 
hours; cells were subsequently treated with 2mM THPP for 4 hours and then replaced with normal growth media for 
additional 17 h incubation before testing with plate reader. 
 

 
Figure S13.  Microscopy images of HeLa cells following transfection of cloaked mRNA and phosphine 
treatment to activate EGFP expression. Cells were transfected with 10ng mRNA for 4 h and treated with 2mM 
THPP for 3 h before fixation and imaging. UT: untreated mRNA, A-3: cloaked mRNA, A-3+THPP: uncloaked 
mRNA. 
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Model studies 
 
Acylation of DNA with A-3 

 
 
Figure S14.  (a) PAGE (20%) gel electrophoresis of DNA and 5', 3'-ends phosphorated DNA reacting with 
0.1M A-3 in 70% DMSO/H2O at room temperature for 4 h. The appearing shifted bands indicate that some 
acylation occur at DNA. (b) MALDI-TOF spectrum of A-3 reacted DNA and 5', 3'-ends phosphorated DNA. 
Red number indicates the number of adducts.  

 
HPLC trace of nucleotides 

 

 
 
 

Determination of the extinction coefficient of A-3 
 
An aqueous solution of known concentration of A-3 was prepared. The corresponding UV absorbance at 
260 nm was recorded. The solution was diluted into various concentration and the corresponding 
absorbance was recorded. Finally, the absorbance was plotted against the concentration by following the 
Beer-Lambert’s law. The slope of the fitted straight line resulted in the extinction coefficient of the 
compound at 260 nm.  
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Figure S15: Straight line fitting for the determination of the molar extinction coefficient of A-3. 
 
 
Reaction of 3'-UMP with A-3 

 

 
Figure S16. HPLC trace of the assay with 3'-UMP and A-3 after 14 h reaction time. Conditions: 21 mM 
nucleotide, 250 mM acylating reagent, r.t., Total reaction vol = 30 µL; 	 50 % DMSO content. The assay solution 
was diluted with water and methanol before injection to HPLC. 

 

Figure S17. ESI-MS of the fraction eluted at t =32.5 min, from the assay with 3'-UMP and A-3. m/z, calculated 
for C17H20N6O11P, [M+H]+ : 515.35, found: 515.36. 
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Figure S18. HRMS of the fraction eluted at t =41 min, from the assay with 3'-UMP and A-3. m/z, calculated for 
C25H26N19O13P, [M+H]+ : 705.1418, found: 705.1426. 
 
Reaction of 3'-AMP with A-3 
 

 
Figure S19. HPLC trace of the assay with 3'-AMP and A-3 after 14 h reaction time. Conditions: 21 mM nucleotide, 
250 mM acylating reagent, r.t., Total reaction vol = 30 µL; 	 50 % DMSO content. The assay solution was diluted with 
water and methanol before injection to HPLC. 

 

 

Figure S20. HRMS of the fraction eluted at t =32 min, from the assay with 3'-AMP and A-3. m/z, calculated 
for C18H21N9O9P, [M+H]+ : 538.1200, found: 538.1189. 
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Figure S21. HPLC traces from acylation assays involving A-3 and mononucleotide after 14 h reaction time 

 
 

Table S1. Results from assays with mononucleotide and A-3, as expressed in conversion to product based on HPLC 
chromatogram (%).a,b 

Entry substrate monoacylated product (%) bisacylated product (%) 

1 3'-UMP 21 3 

2 3'-AMP 30 n.d.* 
 

a As detected by the absorbance from HPLC trace at 260 nm. The extinction coefficient of A-3 
(e260 = 9640 M-1cm-1) was taken into consideration during the yield calculation. 
b Conditions: 21 mM	nucleotide, 250 mM acylating reagent, r.t., Total reaction vol = 30 µL; 	 50 % DMSO 
content. The assay solution was diluted with water and methanol before injection to HPLC. 

*n.d. = not detected 

Reaction of 9-methyl adenine with A-3 
 

 
Figure S22. HPLC trace of the assay with 9-methyl adenine and A-3 after 14 h reaction time. Conditions: 21 
mM	nucleotide, 250 mM acylating reagent, r.t., Total reaction vol = 30 µL; 	 50 % DMSO content. The assay 
solution was diluted with water and methanol before injection to HPLC. 
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Reaction of 1-methyl uracil with A-3 
 

 

Figure S23. HPLC trace of the assay with 1-methyl uracil and A-3 after 14 h reaction time. Conditions: 
21 mM	nucleotide, 250 mM acylating reagent, r.t., Total reaction vol = 30 µL; 	 50 % DMSO content. The 
assay solution was diluted with water and methanol before injection to HPLC. 
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Synthetic Procedures 
Synthesis of T-1 

 
 
Ethyl 5-(2-bromoethoxy)picolinate (T-1-1) 
In a 100 mL round-bottom flask, 20 mL of abs. EtOH was added to methyl 5-hydroxypicolinate (2.50 g, 
16.3 mmol) and potassium carbonate (4.51 g, 32.7 mmol). To the reaction vessel, 14.1 mL of 1,2-
dibromoethane (30.1 g, 163 mmol) was added. The reaction was stirred 70 °C for 2 d. The reaction was 
cooled to room temperature and filtered through a celite pad. EtOH was evaporated under vacuum, and the 
remaining residues were diluted with 60 mL DCM. The organic layer was washed with 2 x 30 mL of water 
and 10 mL of brine, dried with MgSO4, and concentrated under vacuum. The crude product was purified 
via flash chromatography (DCM to 2% MeOH in DCM). 

Off-white powder, 2.62 g, 59% yield 
1H NMR (400 MHz, CDCl3) δ 8.38 (d, J = 2.8 Hz, 1H), 8.07 (d, J = 8.7 Hz, 1H), 7.24 (dd, J = 8.7, 2.9 Hz, 
1H), 4.41 (q, J = 7.2 Hz, 2H), 4.36 (t, J = 6.1 Hz, 2H), 3.64 (t, J = 6.1 Hz, 2H), 1.39 (t, J = 7.1 Hz, 3H).  
13C NMR (101 MHz, CDCl3) δ 164.79, 156.73, 141.21, 138.37, 126.51, 120.74, 68.30, 61.76, 28.27, 
14.43. 
ESI-MS: [M+H] calculated: 274.0; observed mass: 274.0 
 
(5-(2-bromoethoxy)pyridin-2-yl)methanol (T-1-2) 
In 25 mL round-bottom flask, T-1-1 (632 mg, 2.31 mmol) and anhydrous calcium chloride (1.02 g, 9.22 
mmol) was suspended in 15 mL of 1:1 THF:EtOH. The heterogenous solution was stirred at room 
temperature for 30 minutes and then chilled on an ice bath. Sodium borohydride (218 mg, 5.76 mmol) was 
added in portions, and the reaction was warmed up to room temparture and stirred overnight. To quench 
the reaction, 50 mL of saturated aqueous ammonium chloride solution was added. The solution was then 
extracted with 3 x 50 mL DCM. The organics were combined, dried with Na2SO4, concentrated under 
vacuum. The obtained product was used without further purification. 
 
Yellow oil, 325 mg, 90% yield 
1H NMR (400 MHz, CDCl3) δ 8.27 (d, J = 2.8 Hz, 1H), 7.25 (dd, J = 8.6, 2.8 Hz, 1H), 7.20 (d, J = 8.5 Hz, 
1H), 4.71 (s, 2H), 4.35 (t, J = 6.1 Hz, 2H), 3.66 (t, J = 6.1 Hz, 2H).  
13C NMR (101 MHz, CDCl3) δ 153.81, 152.10, 135.94, 123.52, 121.51, 68.58, 63.89, 28.80. 
ESI-MS: [M+H] calculated: 232.0; observed mass: 231.9 
 
(5-(vinyloxy)pyridin-2-yl)methanol (T-1-OH) 
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In 25 mL round-bottom flask, T-1-2 (503 mg, 2.17 mmol) was dissolved in 11 mL of anhydrous DMSO. 
Potassium tert-butoxide (486 mg, 4.34 mmol) was added in one portion, and the reaction was stirred at 
room temperature for 2 h. To quench the reaction, 55 mL of DCM was added. The solution was washed 
with 3 x 25 mL of water and 25 mL of brine. The organic layer was dried with MgSO4 and concentrated 
under vacuum. The crude product was purified via flash chromatography (3:1 to 1:1 hexanes:ethyl acetate). 
 
Yellow oil, 145 mg, 44% yield 
1H NMR (500 MHz, CDCl3) δ 8.33 (dd, J = 2.8, 0.7 Hz, 1H), 7.35 (dd, J = 8.5, 2.8 Hz, 1H), 7.24 (dd, J = 
8.5, 0.7 Hz, 1H), 6.63 (dd, J = 13.6, 6.0 Hz, 1H), 4.81 (dd, J = 13.7, 2.1 Hz, 1H), 4.74 (s, 3H), 4.53 (dd, J 
= 6.0, 2.0 Hz, 1H), 3.42 (s, 1H). 
13C NMR (101 MHz, CDCl3) δ 154.01, 152.29, 147.73, 138.53, 125.56, 121.34, 96.65, 64.08. 
ESI-MS: [M+H] calculated: 152.1; observed mass: 152.1 
 
See below for 2-chloroimidazole carbamate activation (T-1) 
 

Synthesis of A-1  

 
 
(4-azidopyridin-3-yl)methanol (A-1-OH) 
In a 25 mL round-bottom flask, (4-chloropyridin-3-yl)methanol (461 mg, 3.21 mmol) and sodium azide 
(417 mg, 6.41 mmol) was dissolved in 7 mL of 1:1 water:EtOH. The reaction was refluxed for 3 d. The 
reaction mixture was cooled to room temperature and saturated with sodium chloride. The aqueous solution 
was extracted with 4 x 10 mL ethyl acetate. The organic layer was dried with MgSO4 and concentrated 
under vacuum. The crude product was purified via flash chromatography (ethyl acetate). 

Off-white powder, 420 mg, 88% yield 
1H NMR (500 MHz, CDCl3) δ 8.48 (s, 1H), 8.43 (d, J = 5.4 Hz, 1H), 7.04 (d, J = 5.4 Hz, 1H), 4.63 (s, 
2H). 
13C NMR (126 MHz, CDCl3) δ 150.11, 149.94, 147.01, 127.54, 112.90, 58.67. 
NMR values are in agreement with published data.8 
 
See below for 2-chloroimidazole carbamate activation (A-1) 
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Synthesis of A-2 

 
 
1-(6-azidopyridin-3-yl)ethan-1-one (A-2-1) 
In a 100 mL round-bottom flask, 1-(6-chloropyridin-3-yl)ethan-1-one (1250 mg, 8.03 mmol) and sodium 
azide (627 mg, 9.64 mmol) were dissolved in 5.3 mL anhydrous DMSO. The reaction was stirred at 50 °C 
for 1 d. To quench the reaction, the reaction mixture was cooled to room temperature, and 50 mL of water 
was added. The resulting solution was extracted with 3 x 50 mL of ethyl acetate. The organics were 
combined, washed with 3 x 50 mL of water and 50 mL of brine, dried with MgSO4, and concentrated under 
vacuum. The crude product was purified via flash chromatography (3:1 to 1:1 hexanes:ethyl acetate). 
 
White powder, 656 mg, 50% yield 
1H NMR (500 MHz, CDCl3) δ 9.43 (dd, J = 1.6, 1.0 Hz, 1H), 8.22 (dd, J = 9.3, 1.5 Hz, 1H), 8.08 (dd, J = 
9.3, 1.0 Hz, 1H), 2.74 (s, 3H). 
13C NMR (126 MHz, CDCl3) δ 193.09, 149.34, 130.81, 128.12, 127.30, 115.99, 26.73. 
ESI-MS: [M+H] calculated: 163.1; observed mass: 163.1 
 
1-(6-azidopyridin-3-yl)ethan-1-ol (A-2-OH) 
In a 50 mL round-bottom flask, A-2-1 (300 mg, 1.85 mmol) was dissolved in 9.5 mL of MeOH and chilled 
on an ice bath. Sodium borohydride (35 mg, 0.925 mmol) was added in one portion, and the reaction mixture 
was stirred at 0 °C for 30 minutes. To quench the reaction, 20 mL of water was added. MeOH was 
evaporated under vacuum, and the resulting aqueous solution was extracted with 5 x 20 mL of ethyl acetate. 
The organics were combined and washed with 10 mL of brine. The brine layer was back extracted with 2 
x 10 mL of ethyl acetate. All organics were combined, dried with MgSO4, and concentrated under vacuum. 
The crude product was purified via flash chromatography (3:1 to 1:1 hexanes:ethyl acetate). 
 
White powder, 261 mg, 86% yield 
1H NMR (500 MHz, CDCl3) δ 8.86 (q, J = 1.1 Hz, 1H), 7.99 (dd, J = 9.2, 1.1 Hz, 1H), 7.67 (dd, J = 9.3, 
1.6 Hz, 1H), 5.16 – 5.07 (m, 1H), 2.46 (d, J = 4.0 Hz, 1H), 1.62 (d, J = 6.5 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 148.33, 135.75, 131.29, 121.75, 115.63, 67.23, 25.19. 
ESI-MS: [M+H] calculated: 165.1; observed mass: 165.1 
 
See below for 2-chloroimidazole carbamate activation (A-2) 
  



 24 

Synthesis of A-3, 4, and 5 

 
1-(5-azidopyridin-2-yl)ethan-1-one (A-3-1) 
In a 25 mL round-bottom flask, 1-(5-fluoropyridin-2-yl)ethan-1-one (200 mg, 1.44 mmol) and sodium azide 
(280 mg, 4.31 mmol) was dissolved in 2 mL of anhydrous DMSO. The reaction was stirred at 50 °C 
overnight. To quench the reaction, the reaction mixture was cooled to room temperature, and 15 mL of 
water was added. The resulting solution was extracted with 3 x 15 mL of ethyl acetate. The organics were 
combined, washed with 3 x 15 mL of water and 15 mL of brine, dried with MgSO4, and concentrated under 
vacuum. The crude product was purified via flash chromatography (20:1 hexanes:ethyl acetate). 
 
Off-white powder, 145 mg, 62% yield 
1H NMR (400 MHz, CDCl3) δ 8.37 (dd, J = 2.7, 0.7 Hz, 1H), 8.06 (dd, J = 8.5, 0.7 Hz, 1H), 7.45 (dd, J = 
8.5, 2.6 Hz, 1H), 2.69 (s, 3H). 
13C NMR (101 MHz, CDCl3) δ 198.91, 150.33, 140.72, 140.33, 126.31, 122.99, 25.84. 
ESI-MS: [M+H] calculated: 163.1; observed mass: 163.1 
 
1-(5-azidopyridin-2-yl)ethan-1-ol (A-3-OH) 
In a 25 mL round-bottom flask, A-3-1 (135 mg, 0.833 mmol) was dissolved in 4.5 mL of MeOH and chilled 
on an ice bath. Sodium borohydride (15.75 mg, 0.416 mmol) was added in one portion, and the reaction 
mixture was stirred at 0 °C for 30 minutes. To quench the reaction, 10 mL of water was added. MeOH was 
evaporated under vacuum, and the resulting aqueous solution was extracted with 3 x 10 mL of ethyl acetate. 
The organics were combined, washed with 10 mL of brine, dried with MgSO4, and concentrated under 
vacuum. The obtained product was used without further purification. 
 
Yellow oil, 126 mg, 93 % yield 
1H NMR (500 MHz, CDCl3) δ 8.28 (dd, J = 2.6, 0.8 Hz, 1H), 7.36 (dd, J = 8.4, 2.6 Hz, 1H), 7.30 (dt, J = 
8.4, 0.7 Hz, 1H), 4.89 (s, 1H), 3.79 (d, J = 4.6 Hz, 1H), 1.49 (d, J = 6.6 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 159.95, 139.71, 135.98, 127.03, 120.55, 69.00, 24.37. 
ESI-MS: [M+H] calculated: 165.1; observed mass: 165.1 
 
See below for 2-chloroimidazole carbamate activation (A-3) 
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1-(5-azidopyridin-2-yl)ethyl 1H-1,2,4-triazole-1-carboxylate (A-4) 

In a 4 mL vial, A-3-OH (50 mg, 0.305 mmol) and 1,1′-carbonyl-di-(1,2,4-triazole) (100 mg, 0.610 mmol) 
were dissolved in 1 mL of anhydrous THF. The reaction was stirred at room temperature for 2 h. The 
reaction mixture was diluted with 15 mL of DCM, washed with 3 x 10 mL of water, dried with MgSO4, 
and concentrated under vacuum. The obtained product was used without further purification and prepared 
as 0.5 or 1 M stocks in anhydrous DMSO, aliquoted, and stored at -80 °C. 
 
Brown oil, 70 mg, 87% yield 
1H NMR (500 MHz, CDCl3) δ 8.85 (s, 1H), 8.34 (dd, J = 2.7, 0.8 Hz, 1H), 8.08 (s, 1H), 7.49 – 7.44 (m, 
1H), 7.39 (dd, J = 8.4, 2.7 Hz, 1H), 6.17 (q, J = 6.7 Hz, 1H), 1.82 (d, J = 6.7 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 154.16, 153.89, 147.06, 145.85, 141.14, 137.20, 126.91, 121.80, 78.15, 
20.37. 
ESI-MS: [M+H] calculated: 260.1; observed mass: 260.1 
HRMS [+ Scan]; calculated m/z for C10H9N7O2 [M+H] 260.0896; observed mass 260.0889 
 
1-(5-azidopyridin-2-yl)ethyl 1H-imidazole-1-carboxylate (A-5) 
In a 10 mL round-bottom flask, A-3-OH (60 mg, 0.365 mmol) and 1,1′-carbonyldiimidazole (119 mg, 0.731 
mmol) were dissolved in 2.5 mL of anhydrous DCM. The reaction was stirred at room temperature for 2 h 
under argon. The reaction mixture was diluted with 15 mL of DCM, washed with 3 x 10 mL of water and 
1 x 10 mL brine. The organic layer was dried with MgSO4 and concentrated under vacuum. The crude 
product was purified via flash chromatography (5:1 to 1:1 hexanes:ethyl acetate). The product was prepared 
as 0.5 or 1 M stocks in anhydrous DMSO, aliquoted, and stored at -80 °C. 
 
Off-white solid, 83 mg, 88% yield 
1H NMR (400 MHz, CDCl3) δ 8.35 (dd, J = 2.2, 1.2 Hz, 1H), 8.17 (t, J = 1.1 Hz, 1H), 7.45 (dd, J = 1.7, 1.3 
Hz, 1H), 7.42 – 7.36 (m, 2H), 7.07 (dd, J = 1.7, 0.9 Hz, 1H), 6.09 (q, J = 6.6 Hz, 1H), 1.77 (d, J = 6.7 Hz, 
3H). 
13C NMR (101 MHz, CDCl3) δ 154.64, 148.22, 141.19, 137.29, 137.13, 130.90, 126.86, 121.76, 117.30, 
76.99, 20.34. 
ESI-MS: [M+H] calculated: 259.1; observed mass: 259.2 
HRMS was attempted, but only the parent alcohol (A-3-OH) was detected likely due to fragmentation 
after ionization.   
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Synthesis of A-6 and 7  

 
1-(4-azidopyridin-3-yl)ethan-1-ol (A-6-OH) 
1-(4-chloropyridin-3-yl)ethan-1-ol was prepared following a published procedure.9 In a 25 mL round-
bottom flask, (4-chloropyridin-3-yl) ethan-1-ol (520 mg, 3.30 mmol) and sodium azide (643 mg, 9.90 mmol) 
was dissolved in 11 mL of 1:1 water:EtOH. The reaction was refluxed for 3 d. The reaction mixture was 
cooled to room temperature and saturated with sodium chloride. The aqueous solution was extracted with 
4 x 15 mL ethyl acetate. The organic layer was dried with MgSO4 and concentrated under vacuum. The 
crude product was purified via flash chromatography (2:1 hexanes:ethyl acetate to ethyl acetate). 

White powder, 347 mg, 64% yield 
1H NMR (400 MHz, CDCl3) δ 8.63 (s, 1H), 8.46 (d, J = 5.4 Hz, 1H), 7.04 (d, J = 5.4 Hz, 1H), 5.06 (q, J = 
6.5 Hz, 1H), 1.51 (d, J = 6.6 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 149.80, 148.70, 145.56, 131.66, 112.76, 64.80, 23.77. 
ESI-MS: [M+H] calculated: 165.1; observed mass: 165.1 
 
See below for 2-chloroimidazole carbamate activation (A-6) 
 
1-(4-azidopyridin-3-yl)ethyl 1H-1,2,4-triazole-1-carboxylate (A-7) 
In a 10 mL vial, A-6-OH (50 mg, 0.305 mmol) and 1,1′-carbonyl-di-(1,2,4-triazole) (100 mg, 0.610 mmol) 
were dissolved in 2 mL of anhydrous DCM. 59 µL of DIPEA was added, and the reaction was stirred at 
room temperature overnight. The reaction mixture was diluted with 15 mL of DCM, washed 3 x 10 mL of 
water and 1 x 10 mL brine. The organic layer was dried with MgSO4 and concentrated under vacuum. The 
crude product was purified on a short silica column with DCM wash to remove impurities and ethyl acetate 
to elute the desired product. The product was prepared as 0.5 or 1 M stocks in anhydrous DMSO, aliquoted, 
and stored at -80 °C. 
 
Yellow oil, 24 mg, 30% yield 
1H NMR (500 MHz, CDCl3) δ 8.82 (s, 1H), 8.69 (s, 1H), 8.57 (d, J = 5.5 Hz, 1H), 8.07 (s, 1H), 7.11 (d, J 
= 5.5 Hz, 1H), 6.34 (q, J = 6.7 Hz, 1H), 1.79 (d, J = 6.7 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 153.92, 151.17, 148.84, 146.87, 146.48, 145.82, 125.88, 113.07, 72.16, 
20.64. 
ESI-MS: [M+H] calculated: 260.1; observed mass: 260.1 
HRMS [+ Scan]; calculated m/z for C10H9N7O2 [M+H] 260.0896; observed mass 260.0889 
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General procedure for 2-chloroimidazole carbamate activation 
In 25 mL round-bottom flask, 2-chloroimidazole (300 mg, 2.92 mmol) and DIPEA (1.13 g, 8.77 mmol) 
were dissolved in 6 mL of anhydrous THF and chilled on ice. Triphosgene (434 mg, 1.46 mmol) was added 
in portions. The ice bath was removed, and the reaction was stirred under Ar at room temperature for 30 
minutes. The benzyl alcohol derivative (0.731 mmol) dissolved in 1.5 mL of THF was added dropwise. The 
reaction was stirred under Ar at room temperature for an additional 60 minutes. HCl salt precipitates were 
filtered away, and the volatiles were evaporated under vacuum. The remaining residue was dissolved in 20 
mL of DCM and washed with 3 x 10 mL of water and 10 mL of brine. The organic layer was dried with 
MgSO4 and concentrated under vacuum. The crude product was purified via flash chromatography using a 
hexanes ethyl acetate gradient. The acylating agents were prepared as 0.5 or 1M stocks in anhydrous DMSO, 
aliquoted, and stored at -80 °C. 
 
(5-(vinyloxy)pyridin-2-yl)methyl 2-chloro-1H-imidazole-1-carboxylate (T-1) 
Chromatography gradient: 3:1 to 1:1 hexanes:ethyl acetate 
Brown oil, 58% yield 
1H NMR (500 MHz, CDCl3) δ 8.38 (d, J = 2.7 Hz, 1H), 7.47 (d, J = 1.6 Hz, 1H), 7.44 (d, J = 8.5 Hz, 1H), 
7.36 (dd, J = 8.5, 2.7 Hz, 1H), 6.91 (d, J = 1.6 Hz, 1H), 6.63 (dd, J = 13.6, 6.0 Hz, 1H), 5.47 (s, 2H), 4.87 
(dd, J = 13.6, 1.8 Hz, 1H), 4.59 (dd, J = 6.0, 1.8 Hz, 1H). 
13C NMR (126 MHz, CDCl3) δ 153.16, 147.86, 147.73, 146.98, 139.91, 139.22, 133.21, 128.81, 124.65, 
120.45, 97.70, 70.05. 
ESI-MS: [M+H] calculated: 280.0; observed mass: 280.1 
HRMS [+ Scan]; calculated m/z for C12H10ClN3O3 [M+H] 280.0489; observed mass 280.0485 
 
(4-azidopyridin-3-yl)methyl 2-chloro-1H-imidazole-1-carboxylate (A-1) 
Chromatography gradient: 1:1 to 1:3 hexanes:ethyl acetate 
Off-white powder, 57% yield 
1H NMR (400 MHz, CDCl3) δ 8.64 (s, 1H), 8.62 (d, J = 5.5 Hz, 1H), 7.42 (d, J = 1.9 Hz, 1H), 7.17 (d, J = 
5.5 Hz, 1H), 6.92 (d, J = 1.9 Hz, 1H), 5.40 (s, 2H). 
13C NMR (101 MHz, CDCl3) δ 151.99, 151.89, 148.56, 147.58, 133.23, 128.97, 120.47, 120.33, 113.27, 
63.35. 
ESI-MS: [M+H] calculated: 279.0; observed mass: 279.0 
HRMS [+ Scan]; calculated m/z for C10H8ClN6O2 [M+H] 279.0397; observed mass 279.0391 
 
1-(6-azidopyridin-3-yl)ethyl 2-chloro-1H-imidazole-1-carboxylate (A-2) 
Chromatography gradient: 8:3 to 2:3 hexanes:ethyl acetate 
White powder, 44% yield 
1H NMR (500 MHz, CDCl3) δ 8.95 (dt, J = 1.6, 0.8 Hz, 1H), 8.11 (dd, J = 9.3, 1.0 Hz, 1H), 7.76 (dd, J = 
9.4, 1.7 Hz, 1H), 7.46 (d, J = 1.9 Hz, 1H), 6.96 (d, J = 1.9 Hz, 1H), 6.21 (q, J = 6.7 Hz, 1H), 1.88 (d, J = 
6.7 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 148.51, 147.06, 133.03, 130.63, 129.38, 129.33, 123.77, 120.28, 116.88, 
74.08, 21.40. 
ESI-MS: [M+H] calculated: 293.1; observed mass: 293.2 
HRMS [+ Scan]; calculated m/z for C11H9ClN6O2 [M+H] 293.0554; observed mass 293.0547 
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1-(5-azidopyridin-2-yl)ethyl 2-chloro-1H-imidazole-1-carboxylate (A-3) 
Chromatography gradient: 10:1 to 1:3 hexanes:ethyl acetate 
Yellow oil, 61% yield 
1H NMR (500 MHz, CDCl3) δ 8.35 (dd, J = 2.6, 0.9 Hz, 1H), 7.49 (d, J = 1.9 Hz, 1H), 7.43 (dd, J = 8.4, 
0.9 Hz, 1H), 7.39 (dd, J = 8.4, 2.6 Hz, 1H), 6.93 (d, J = 1.9 Hz, 1H), 6.08 (q, J = 6.6 Hz, 1H), 1.77 (d, J = 
6.7 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 154.46, 147.32, 141.18, 137.18, 133.11, 128.87, 126.90, 121.86, 120.48, 
77.62, 20.37. 
ESI-MS: [M+H] calculated: 293.1; observed mass: 293.2 
HRMS was attempted, but but only the parent alcohol (A-3-OH) was detected likely due to fragmentation 
after ionization. 
 
1-(4-azidopyridin-3-yl)ethyl 2-chloro-1H-imidazole-1-carboxylate (A-6) 
Chromatography gradient: 2:1 to 1:3 hexanes:ethyl acetate 
Yellow oil, 65% yield 
1H NMR (400 MHz, CDCl3) δ 8.66 (s, 1H), 8.57 (d, J = 5.5 Hz, 1H), 7.46 (d, J = 1.8 Hz, 1H), 7.11 (d, J = 
5.5 Hz, 1H), 6.94 (d, J = 1.8 Hz, 1H), 6.27 (q, J = 6.6 Hz, 1H), 1.73 (d, J = 6.7 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 151.12, 148.87, 147.05, 146.20, 133.09, 128.99, 126.24, 120.35, 113.04, 
71.52, 20.96. 
ESI-MS: [M+H] calculated: 293.1; observed mass: 293.1 
HRMS [+ Scan]; calculated m/z for C11H9ClN6O2 [M+H] 293.0554; observed mass 293.0547 
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Synthesis of NMR probes 
 

 
 
(1,3-dioxolan-2-yl)methyl ((4-azidopyridin-3-yl)methyl) carbonate (SM-A-1) 
In a 2 mL vial, 192 µL of 0.5 M A-1 solution in DMSO (0.096 mmol) and 17.2 µL of (1,3-dioxolan-2-
yl)methanol (20 mg, 0.192 mmol) were added with a pipette. The reaction was stirred at room temperature 
overnight. The reaction mixture was diluted with 10 mL of DCM. The organic layer was washed with 3 x 
10 mL of water and then 10 mL of brine, dried with MgSO4, and concentrated under vacuum. The crude 
product was purified via flash chromatography (1:1 hexanes:ethyl acetate to ethyl acetate). 
 
Yellow oil, 8.8 mg, 33% yield 
1H NMR (500 MHz, CDCl3) δ 8.58 – 8.54 (m, 2H), 7.09 (d, J = 5.5 Hz, 1H), 5.19 – 5.10 (m, 2H), 4.20 (d, 
J = 3.8 Hz, 2H), 4.04 – 3.97 (m, 2H), 3.95 – 3.88 (m, 2H). 
ESI-MS: [M+H] calculated: 281.1; observed mass: 281.1 
HRMS [+ Scan]; calculated m/z for C11H12N4O5 [M+H] 281.0886; observed mass 281.0879 
 

 
 
(1,3-dioxolan-2-yl)methyl (1-(6-azidopyridin-3-yl)ethyl) carbonate (SM-A-2) 
In a 2 mL vial, 115 µL of 0.5 M A-2 solution in DMSO (0.058 mmol) and 25.8 µL of (1,3-dioxolan-2-
yl)methanol (30 mg, 0.288 mmol) were added with a pipette. The reaction was stirred at 37 °C overnight. 
The reaction mixture was diluted with 10 mL of water. The resulting solution was extracted with 3 x 10 mL 
ethyl acetate. The organics were combined, washed with 3 x 10 mL of water and then 10 mL of brine, dried 
with MgSO4, and concentrated under vacuum. The crude product was purified via flash chromatography 
(4:1 to 1:1 hexanes:ethyl acetate). 
 
Clear oil, 6.8 mg, 40% yield 
1H NMR (400 MHz, CDCl3) δ 8.87 (dt, J = 1.7, 0.9 Hz, 1H), 8.04 (dd, J = 9.3, 1.0 Hz, 1H), 7.68 (dd, J = 
9.3, 1.6 Hz, 1H), 5.86 (q, J = 6.6 Hz, 1H), 5.14 (t, J = 3.8 Hz, 1H), 4.24 – 4.13 (m, 2H), 4.06 – 3.86 (m, 
5H), 1.71 (d, J = 6.6 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 154.11, 148.42, 130.93, 123.07, 116.26, 100.79, 73.08, 67.55, 65.47, 65.45, 
21.76. 
ESI-MS: [M+H] calculated: 295.1; observed mass: 295.2 
HRMS [+ Scan]; calculated m/z for C12H14N4O5 [M+H] 295.1042; observed mass 295.1035 
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(1,3-dioxolan-2-yl)methyl (1-(5-azidopyridin-2-yl)ethyl) carbonate (SM-A-3) 
In a 2 mL vial, 115 µL of 0.5 M A-3 solution in DMSO (0.058 mmol) and 25.8 µL of (1,3-dioxolan-2-
yl)methanol (30 mg, 0.288 mmol) were added with a pipette. The reaction was stirred at 37 °C overnight. 
The reaction mixture was diluted with 10 mL of water. The resulting solution was extracted with 3 x 10 mL 
ethyl acetate. The organics were combined, washed with 3 x 10 mL of water and then 10 mL of brine, dried 
with MgSO4, and concentrated under vacuum. The crude product was purified via flash chromatography 
(4:1 to 1:1 hexanes:ethyl acetate). 
 
Yellow oil, 5.8 mg, 34% yield 
1H NMR (500 MHz, CDCl3) δ 8.31 (dd, J = 2.7, 0.9 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 7.35 (dd, J = 8.4, 
2.6 Hz, 1H), 5.78 (q, J = 6.7 Hz, 1H), 5.16 (t, J = 3.9 Hz, 1H), 4.22 – 4.13 (m, 2H), 4.04 – 3.88 (m, 4H), 
1.63 (d, J = 6.7 Hz, 3H). 
13C NMR (126 MHz, CDCl3) δ 156.40, 154.45, 140.75, 136.48, 126.81, 121.05, 101.02, 67.36, 65.42, 65.41, 
20.86. 
ESI-MS: [M+H] calculated: 295.1; observed mass: 295.2 
HRMS [+ Scan]; calculated m/z for C12H14N4O5 [M+H] 295.1042; observed mass 295.1036 
 

 
 

(1,3-dioxolan-2-yl)methyl (1-(4-azidopyridin-3-yl)ethyl) carbonate (SM-A-6) 
In a 2 mL vial, 120 µL of 0.5 M A-6 solution in DMSO (0.060 mmol) and 26.6 µL of (1,3-dioxolan-2-
yl)methanol (31 mg, 0.298 mmol) were added with a pipette. The reaction was stirred at room temperature 
overnight. The reaction mixture was diluted with 10 mL of water. The resulting solution was extracted with 
3 x 10 mL ethyl acetate. The organics were combined, washed with 3 x 10 mL of water and then 10 mL of 
brine, dried with MgSO4, and concentrated under vacuum. The crude product was purified via flash 
chromatography (4:1 to 1:1 hexanes:ethyl acetate). 
 
Yellow oil, 9.2 mg, 53% yield 
1H NMR (400 MHz, CDCl3) δ 8.61 (s, 1H), 8.51 (d, J = 5.5 Hz, 1H), 7.06 (dd, J = 5.5, 0.6 Hz, 1H), 5.96 – 
5.89 (m, 1H), 5.14 (t, J = 3.8 Hz, 1H), 4.16 (dd, J = 3.8, 2.9 Hz, 2H), 4.03 – 3.95 (m, 2H), 3.95 – 3.88 (m, 
2H), 1.58 (d, J = 6.7 Hz, 3H). 
13C NMR (101 MHz, CDCl3) δ 154.24, 150.51, 148.76, 145.76, 127.72, 117.47, 112.80, 100.94, 70.52, 
67.34, 65.43, 21.24. 
ESI-MS: [M+H] calculated: 295.1; observed mass: 295.2 
HRMS [+ Scan]; calculated m/z for C12H14N4O5 [M+H] 295.1042; observed mass 295.1035  
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Synthesis of NMR-NAI-N3 and NMR-AEGAI 
 

 
 
In a 2 mL vial, 1,1′-carbonyldiimidazole (50.1 mg, 0.309 mmol) was added. Carboxylic acid (0.281 mmol) 
dissolved in 0.6 mL of THF was added dropwise. The reaction was stirred at room temperature for 1 h. 25.1 
µL of (1,3-dioxolan-2-yl)methanol (29 mg, 0.281 mmol) were added with a pipette. The reaction was stirred 
at room temperature overnight. The reaction mixture was diluted with 10 mL of ethyl acetate. The resulting 
solution was washed with 3 x 5 mL of water and then 5 mL of brine, dried with MgSO4, and concentrated 
under vacuum. The crude product was purified via flash chromatography using a hexanes ethyl acetate 
gradient. 
 
(1,3-dioxolan-2-yl)methyl 2-(azidomethyl)nicotinate (SM-NAI-N3) 
Chromatography gradient: 2:1 hexanes:ethyl acetate 
Clear oil, 56% yield 
1H NMR (500 MHz, CDCl3) δ 8.77 (dd, J = 4.8, 1.8 Hz, 1H), 8.32 (dd, J = 7.9, 1.8 Hz, 1H), 7.37 (dd, J = 
7.9, 4.8 Hz, 1H), 5.27 (t, J = 4.0 Hz, 1H), 4.89 (s, 2H), 4.40 (d, J = 3.9 Hz, 2H), 4.14 – 3.89 (m, 4H). 
13C NMR (126 MHz, CDCl3) δ 165.23, 156.90, 152.64, 139.26, 124.83, 123.00, 101.10, 65.47, 64.93, 54.39. 
ESI-MS: [M+H] calculated: 265.1; observed mass: 265.2 
HRMS [+ Scan]; calculated m/z for C11H12N4O4 [M+H] 265.0937; observed mass 265.0929 
 
(1,3-dioxolan-2-yl)methyl 2-(2-azidoethoxy)acetate (SM-AEGAI) 
Chromatography gradient: 4:1 hexanes:ethyl acetate 
Clear oil, 24% yield 
1H NMR (500 MHz, cdcl3) δ 5.16 (t, J = 4.0 Hz, 1H), 4.21 (d, J = 4.2 Hz, 4H), 4.05 – 3.88 (m, 4H), 3.75 
(dd, J = 5.5, 4.6 Hz, 2H), 3.45 (t, J = 5.0 Hz, 2H). 
13C NMR (126 MHz, cdcl3) δ 169.85, 101.04, 70.52, 68.42, 65.41, 64.32, 50.88. 
ESI-MS: [M+H] calculated: 232.1; observed mass: 232.2 
HRMS was attempted, but no result was obtained. 
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NMR and MS spectra 
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Openlynx Report - parkhs Page 2 
Sample: 1 Vial:1:23 ID:N7P72_post_column_SQD2-1
File:parkhs417-1_SQD2 Date:06-Feb-2019 Time:13:49:08
Description: Method:C:\MassLynx\DI_ACN_ESI_dualCVcn50-2000_posneg_PDA.olp

Printed: Wed Feb 06 13:55:28 2019
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Openlynx Report - parkhs Page 4 
Sample: 1 Vial:2:44 ID:N7P71_post_wu_SQD2
File:parkhs411-1_SQD2 Date:31-Jan-2019 Time:19:32:37
Description: Method:C:\MassLynx\C18_15min_ESI_dualCVcn50-2000_posneg_PDA.olp

Printed: Thu Jan 31 19:49:38 2019
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