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General considerations 

 

Proton nuclear magnetic resonance (
1
H NMR) spectra were recorded on a Bruker DPX200 (200 MHz), 

a Bruker AV400 (400 MHz), or a Bruker AVII500 (500 MHz) spectrometer, as indicated. Carbon 

nuclear magnetic resonance (
13

C NMR) spectra were recorded on a Bruker AV400 (100 MHz) or on a 

Bruker AVII500 (125 MHz) spectrometer, as indicated. NMR Spectra were assigned using COSY, 

HMQC, and DEPT 135. All chemical shifts are quoted on the δ scale in ppm using residual solvent as 

the internal standard (
1
H NMR: CDCl3 = 7.26, CD3OD = 3.31; DMSO-d6 = 2.50; CD3CN = 1.94 and 

13
C NMR: CDCl3 = 77.0; CD3OD = 49.0; DMSO-d6 = 39.5; CD3CN = 1.94). Coupling constants (J) 

are reported to the nearest 0.5 Hz with the following splitting abbreviations: s = singlet, d = doublet, t 

= triplet, q = quartet.  

 

Infrared (IR) spectra were recorded on a Bruker Tensor 27 Fourier Transform spectrophotometer neat 

for both oils and solids. Absorption maxima (υmax) are reported in wavenumbers (cm
-1

). Low 

resolution mass spectra (LRMS) were recorded on a Waters Micromass LCT Premier TOF 

spectrometer Waters using electrospray ionization (ESI) and high resolution mass spectra (HRMS) 

were recorded on a Bruker MicroTOF ESI mass spectrometer. Nominal and exact m/z values are 

reported in Daltons.  

 

Thin layer chromatography (TLC) was carried out using Merck aluminium backed sheets coated with 

60F254 silica gel. Visualization of the silica plates was achieved using a UV lamp (λmax = 254 nm), 

and/or ammonium molybdate (5% in 2 M H2SO4), and/or potassium permanganate (5% KMnO4 in 

1 M NaOH with 5% potassium carbonate). 

 

Column chromatography was performed on a Biotage SP4 flash purification system using the 

indicated cartridges and solvent systems. 

 

Anhydrous solvents were obtained from Fluka or Acros with the exception of CH2Cl2 and THF, which 

were dried in an alumina column under nitrogen. All other solvents were used as supplied (Analytical 

or HPLC grade), without prior purification. Deionized water was used for chemical reactions. 

Reagents were purchased from Sigma-Aldrich and used as supplied, unless otherwise indicated. All 

reactions using anhydrous conditions were performed using flame-dried apparatus under an 

atmosphere of argon or nitrogen.  

 

Boronic ester 6 was prepared by Justin M. Chalker, as described previously
[1]

. 

 

DNA analysis was performed on an Agilent 1260 Infinity system using an Agilent Eclipse Plus C18 

column (4.6 x 100 mm, 3.5 µm). 0.1M triethylamine acetate (TEAA) in water (solvent A) and 0.1M 

TEAA in 80:20 acetonitrile:water (solvent B) were used as mobile phase. The mixtures were separated 

by a linear gradient as stated in the example. After this the column was washed and equilibrated (5 



min – 40->100% B; 10 min – 100% B; 15 min – 100->0% B; 20 min 0% B). The run was monitored 

by UV absorption at 260nm. Collected fractions were freeze-dried and analyzed by MALDI-TOF 

using 3-hydroxypicolinic acid (hpa) as matrix or by ESI. The hpa stock was prepared as a saturated 

solution in water:acetonitrile 1:1 and mixed with the sample 1:1 on the MALDI target. MALDI 

analysis was performed on a Waters Micromass MALDI micro MX using the manufacturer’s 

recommended settings. For ESI analysis, samples were dissolved in water and injected in a flow of 1:1 

Water:Methanol with 0.1mM NH4OAc. The analysis was performed on a Micromass LCT (ESI-TOF-

MS). The data was processed using MassLynx. 

Boronic esters used in this study 

 

 

Supplemental Figure S1 Boronic acid pinacol esters used in this study. 

For the synthesis of the different boronic esters, firstly two amine-containing boronic acid pinacol 

esters with different length linkers (see SI, with zero (S1) or two (S2) PEG units), starting from 

propargylamine or 2-(2-aminoethoxy)ethanol, were synthesized. The resulting amines were coupled to 

different carboxylic acids (mediated by carbodiimide), yielding the desired boronate esters. 

Synthesis of the short boronic ester amines for coupling 

 

 



tert-Butyl prop-2-yn-1-ylcarbamate
[2]

 

 
To a solution of di-tert-butyl dicarbonate (4.8 g, 22 mmol, 1.1 eq) in CH2Cl2 (20 mL) at 0°C was 

added dropwise propargylamine (1.3 mL, 1.1 g, 20 mmol, 1 eq) and subsequently triethylamine (5.6 

mL, 4.05 g, 40 mmol, 2 eq). The resulting solution was warmed to rt and allowed to stir for 2 h. Then 

the reaction was quenched with sat. NH4Cl (10 mL) and diluted with EtOAc (150 mL). The organic 

phase was washed with sat. NH4Cl, sat. NaHCO3 and brine; dried (MgSO4), filtered and solvents were 

removed in vacuo yielding the title compound (2.68 g, 17 mmol, 85%) as a clear oil. 
1
H NMR (400 MHz, CDCl3) d ppm 1.46 (s, 9 H, (CH3)3C) 2.22 (t, J=2.5 Hz, 1 H, CCH) 3.92 (m, 2 H, 

CH2) 4.72 (br. s., 1 H, NH); 
13

C NMR (101 MHz, CDCl3) d ppm 28.3 ((CH3)3C) 30.4 (CH2) 71.2 

(CCH) 79.8 ((CH3)3C) 80.0 (C) 155.3 (OCONH); LRMS m/z (ESI+): 178.09 [M+Na]
+
;
 
IR (neat): 

3301, 2979, 2933, 1692, 1510, 1455 cm
-1

. 
 

(E)-tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamate
[3]

 

 
To neat tert-butyl prop-2-ynylcarbamate was added Pinacolborane (1.4 mL, 1.23 g, 9.6 mmol, 1.5 eq), 

NEt3 (100 uL, 0.64 mmol, 0.1 eq) and ZrCp2HCl (165 mg, 0.64 mmol, 0.1 eq). The solution was 

stirred at 65°C for 16 h. After completion the reaction was allowed to cool to rt and was diluted with 

EtOAc (25 mL) and quenched with sat. NH4Cl. The mixture was further diluted with EtOAc (50 mL) 

and the organic layer was washed with sat. NH4Cl, sat. NaHCO3 and brine, dried (MgSO4), filtered 

and solvents were removed in vacuo. The product was purified by automated column chromatography 

(Biotag SNAP 50g cartridge 0-40% over 10 CV EtOAc in petrol) yielding the title compound as a 

yellow oil (1.27g, 4.5 mmol, 70%). 
1
H NMR (400 MHz, CDCl3) d ppm 1.26 (s, 12 H, (CH3)2COB) 1.44 (s, 9 H, (CH3)3C) 3.84 (s, 2 H, 

CH2) 4.67 (s, 1 H, NH) 5.57 (dd, J=18, 2 Hz, 1 H, CHB) 6.58 (d, J=18 Hz, 1 H, CHCH2); 
13

C NMR 

(101 MHz, CDCl3) d ppm 24.7 (CH2CCH2) 28.4 ((CH3)3C) 44.0 (CNHCH2) 79.4 (COB) 83.3 

((CH3)3C) 149.4 (CHB) 155.7 (OCONH); LRMS m/z (ESI+): 306.20 [M+Na]
+
; IR (neat): 3356, 2978, 

2932, 2361, 2341, 1697, 1643, 1519 cm
-1

. 

 

(E)-3-(4,4,5,5-tetra-Methyl-1,3,2-dioxaborolan-2-yl)prop-2-en-1-amine TFA salt (S1) 

 
(E)-tert-Butyl 3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allylcarbamate (250 mg, 0.88 mmol, 1 

eq) was dissolved in 10 mL 9:1 CH2Cl2:CF3COOH and stirred at rt for 1h. Then solvents were 

removed in vacuo and remaining CF3COOH was removed by coevaporation (3x Toluene, 3x CH2Cl2) 

yielding S1 (240 mg, 0.81 mmol, 92%) as a brown oil. 
1
H NMR (400 MHz, CDCl3) d ppm 1.23 (s, 12 H, (CH3)2COB) 3.64 (br. s., 2 H, CH2) 5.73 (d, J=18 

Hz, 1 H, CHB) 6.46 - 6.60 (m, 1 H, CHCH2) 8.21 (br. s., 3 H, NH); 
13

C NMR (101 MHz, 

CHLOROFORM-d) d ppm 24.6 ((CH3)2COB) 42.8 (CH2) 83.8 (COB) 116.1 ( J=293 Hz, CF3) 124.1 

(CHCHB) 142.1 (CHB) 162.1 ( J=36 Hz, CF3COOH; LRMS m/z (ESI
+
): 184.16 [M+H]

+
 IR (neat): 

2982, 1675, 1651, 1533 cm
-1

 HRMS m/z (ESI+): Found 184.1503 (M+H)
+
; C9H19BNO2 requires 

184.1503 

 



Synthesis of the long boronic ester amines for coupling 

 

tert-Butyl 2-(2-hydroxyethoxy)ethylcarbamate 

 
To a solution of di-tert-butyl dicarbonate (21.83 g, 100 mmol, 1 eq) in CH2Cl2 (70 mL) on ice was 

added 2-(2-aminoethoxy)ethanol (12.0 mL, 12.6 g, 120  mmol, 1.2 eq) dropwise, subsequently NEt3 

(27.8 mL, 20.24 g, 200 mM, 2 eq). The resulting mixture was stirred at rt for 3 h. The reaction was 

quenched with sat. NH4Cl, diluted with EtOAc (400 mL), washed with sat. NH4Cl (2x200 mL) and 

brine (200 mL), dried (MgSO4), filtered and solvents were removed in vacuo. The title compound was 

obtained as a clear oil (18.2 g, 88.7 mmol, 89%) and was used in the next step without further 

purification.   
1
H NMR (400 MHz, CDCl3) d ppm 1.42 (s, 9 H, Boc-H) 3.01 (s, 1 H, OH) 3.28 (d, J=5 Hz, 2 H, CH2) 

3.52 (dt, J=9.5, 5 Hz, 4 H, CH2) 3.65 - 3.73 (m, 2 H, CH2) 5.24 (s, 1 H, NH); 
13

C NMR (101 MHz, 

CDCl3) d ppm 28.4 ((CH3)3)) 40.3 (CH2) 61.5 (CH2) 70.3 (CH2) 72.2 (CH2) 79.3 (C(CH3)3) 156.2 

(CONH); LRMS m/z (ESI
+
): 228.13 [M+Na]

+
; IR (neat): 3343, 2977, 2361, 1691, 1525 cm

-1
. 

 

2-(2-(tert-Butoxycarbonylamino)ethoxy)ethyl methanesulfonate 

 
To a solution of tert-butyl 2-(2-hydroxyethoxy)ethylcarbamate (17.8 g, 87 mmol, 1 eq) in 100 mL 

CH2Cl2 at 0°C was added NEt3 (26.7 mL, 19.4 g, 191 mmol, 2.2 eq) and then dropwise CH3SO2Cl (7.4 

mL, 11  g, 96 mmol, 1.1 eq). The cloudy yellow solution was stirred on ice for 5 h and then quenched 

with sat. NH4Cl. The reaction was then diluted with EtOAc (400 mL), washed with sat. NH4Cl (200 

mL), NaHCO3 (200 mL) and brine (200 mL), dried (MgSO4), filtered and solvents were removed in 

vacuo. The product was purified by column chromatography (Biotage KP‐SIL SNAP 100 g cartridge 

0‐50% over 10CV EtOAc in petrol) yielding the title compound (18.35 g, 65 mmol, 75%) as an orange 

oil.   
1
H NMR (400 MHz, CDCl3) d ppm 1.42 (s, 9 H, Boc-H) 3.04 (s, 3 H, Ms-H) 3.30 (q, J=5 Hz, 2 H, 

CH2) 3.54 (t, J=5 Hz, 2 H, CH2) 3.68 - 3.75 (m, 2 H, CH2) 4.30 - 4.38 (m, 2 H, CH2) 4.92 (s, 1 H, NH); 
13

C NMR (101 MHz, CDCl3) d ppm 28.4 ((CH3)3C) 37.7 (CH3S) 40.2, 68.6, 68.8, 70.3 (CH2OS) 79.4 

(C(CH3)3) 155.9 (OCCNH); LRMS m/z (ESI
+
):  306.10 [M+Na]

+
;  IR (neat): 3402, 2978, 2936, 2874, 

2361, 2342, 1701, 1512 cm
-1

. 

tert-Butyl 2-(2-(prop-2-ynyloxy)ethoxy)ethylcarbamate 

 
To a solution of propargylic alcohol (5.24 mL, 5.05 g, 90 mmol, 3 eq) in 100 mL THF on ice was 

added NaH (2.16 g, 90 mmol, 3 eq) portion wise. The resulting suspension was stirred on ice for 30 

min then 2-(2-(tert-butoxycarbonylamino)ethoxy)ethyl methanesulfonate (8.5 g, 30 mmol, 1 eq) was 

added dropwise. The resulting suspension was stirred at rt for 19 h. The reaction was then quenched 

with sat. NH4Cl (10 mL) and solvents were removed in vacuo. The resultant red liquid was partitioned 

between H2O (50 mL) and EtOAc (350 mL). The organic phase was washed with sat. NH4Cl (100 



mL), sat. NaHCO3 (100 mL) and brine (100 mL), dried (MgSO4), filtered and solvents were removed 

in vacuo. The crude oil was purified by column chromatography (Biotage KP‐SIL SNAP 100 g 

cartridge 0‐50% over 10CV EtOAc in petrol) yielding the title compound (5.81 g, 24 mmol, 80%) as a 

clear oil. 
1
H NMR (400 MHz, CDCl3) d ppm 1.42 (s, 9 H, Boc-H) 2.44 (t, J=2.5 Hz, 1 H, CCH) 3.30 (q, J=5 Hz, 

2 H, CH2) 3.53 (t, J=5 Hz, 2 H, CH2) 3.59 - 3.65 (m, 2 H, CH2) 3.65 - 3.71 (m, 2 H, CH2) 4.19 (d, 

J=2.5 Hz, 2 H, CH2CCH) 4.99 (s, 1 H, NH);
 13

C NMR (101 MHz, CDCl3) d ppm 28.4 ((CH3)3C) 40.3 

(CH2), 58.4 (CH2CC) 69.0, 70.1, 70.3 (CH2) 74.7 (CCH) 79.2 (CCH) 79.5 (C(CH3)3) 156 (OCCNH); 

LRMS m/z (ESI
+
):  266.14 [M+Na]

+
; IR (neat): 3296, 2870, 1698, 1512 cm

-1
. 

(E)-tert-Butyl 2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy) 

ethylcarbamate
[3b]

 

 
To neat tert-butyl 2-(2-(prop-2-ynyloxy)ethoxy)ethylcarbamate (4.86 g, 20 mmol, 1 eq) was added 

pinacolborane (3.5 mL, 3.07 g, 22 mmol, 1.1 eq), NEt3 (270 uL, 202 mg, 2 mmol, 0.1 eq) and 

ZrCp2HCl (516 mg, 2 mmol, 0.1 eq). The solution was stirred at 65°C for 17 h. After completion the 

reaction was allowed to cool to rt and was diluted with EtOAc (25 mL) and quenched with sat. NH4Cl. 

The mixture was further diluted with EtOAc (150 mL) and the organic layer was washed with sat. 

NH4Cl (50 mL), sat. NaHCO3 (50 mL) and brine (50 mL), dried (MgSO4), filtered and solvents were 

removed in vacuo. The product was purified by automated column chromatography (Biotag SNAP 

100g cartridge 5‐50% over 10CV EtOAc in petrol) yielding the title compound as a yellow oil (6.5 g, 

17.5 mmol, 88%). 
1
H NMR (400 MHz, CDCl3) d ppm 1.24 (s, 12 H, pinacol-H) 1.42 (s, 9 H, Boc-H) 3.29 (s, 2 H, CH2) 

3.52 (s, 2 H, CH2) 3.55 - 3.62 (m, 4 H, CH2) 4.04 - 4.12 (m, 2 H, CH2) 5.05 (s, 1 H, NH) 5.67 (d, J=18 

Hz, 1 H, CHB) 6.60 (dd, J=18, 2.5 Hz, 1 H, CHCH2); 
13

C NMR (101 MHz, CDCl3) d ppm 24.7 

((CH3)3C) 28.4 ((CH2)2C) 40.4, 69.7, 70.3, 72.8  (CH2) 79.1 ((CH3)3C) 83.2 ((CH2)2C) 149.0 (CHB) 

156.0 (OCONH); LRMS m/z (ESI
+
): 394.25 [M+Na]

+
 IR (neat): 3360, 2978, 2931, 2869, 1713, 1645, 

1512 cm
-1

; HRMS m/z (ESI+): Found 394.2367 (M+Na)
+
; C18H34BNO3Na requires 394.2375. 

(E)-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy)ethanamine (S2) 

 
(E)-tert-Butyl-2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyloxy)ethoxy)ethylcarbamate 

(3.71 g, 10 mmol) was dissolved in 10% CF3COOH in CH2Cl2 (50 mL total). The solution was then 

stirred for 3 h. The solvents were removed in vacuo and CF3COOH was subsequently co-evaporated 

with toluene (2x30 mL) and CH2Cl2 (3x30 mL) yielding S2 (3.41 g, 8.9 mmol, 89%) as a brown oil. 
1
H NMR (400 MHz, CDCl3) d ppm 1.26 (s, 12 H, pinacol-H) 3.22 (s, 2 H, CH2) 3.61 (dd, J=6, 2.5 Hz, 

2 H, CH2) 3.67 (dd, J=6, 2.5 Hz, 2 H, CH2) 3.70 - 3.79 (m, 2 H, CH2) 4.10 (dd, J=5, 1.5 Hz, 2 H, CH2) 

5.61 - 5.73 (m, 1 H, CHB) 6.58 (dt, J=18, 5 Hz, 1 H, CHCH2) 7.73 (s, 3 H, NH);
 13

C NMR (101 MHz, 

CDCl3) d ppm 24.6 ((CH3)3C) 39.9, 66.4, 69.4, 70.1, 72.6 (CH2) 83.6 ((CH2)2C) 118.4 (CHCHB) 

148.1 (CHB); LRMS m/z (ESI
+
): 272.22 [M+H]

+
; IR (neat): 2984, 1783, 1673, 1646, 1519  cm

-1
; 

HRMS m/z (ESI+): Found 272.2031 (M+H)
+
; C13H27BNO4 requires 272.2030. 

 



Amide couplings 

3-(3-Methyl-3H-diazirin-3-yl)propanoic acid (S3)
[4]

 

 
To NH3 (150 mL) was added leuvenic acid (17.4 g, 150 mmol, 1 eq) at -78°C. The resulting clear 

solution was stirred at -50 to -40°C for 3.45 h. During this time a white precipitate was formed. The 

reaction mixture was then cooled to -78°C again and hydroxylamine-O-sulfonicacid (20.36 g, 180 

mmol, 1.2 eq) in MeOH (150 mL) was added dropwise over 20 min. The reaction mixture was stirred 

at -78°C for 1.10 h and then let come to rt overnight. Most MeOH was removed in vacuo and the 

residue was taken up in MeOH (50 mL). NEt3 was added and the resulting mixture was stirred at 0°C 

for 15 min. Solvents were removed in vacuo and the residue was taken up in MeOH (150 mL) and 

cooled to 0°C. NEt3 (60 mL) was added and then I2 was added in portions. The addition was continued 

until the colour of iodine persisted (total 33.2 g, 131 mmol). The reaction mixture was stirred at rt for 

20 min. Subsequently, the solvents were removed and the residue was partitioned between Et2O and 

water. The aqueous layer was acidified with 5M HCl and extracted with Et2O (2x150 mL). The 

combined organic layers were washed with 20% NaHSO3 and brine, dried (MgSO4) filtered and 

solvents were removed in vacuo yielding sufficiently pure S3 as a yellow oil (solidifies at -20°C; 7.82 

g, 61 mmol, 40% yield). 
1
H NMR (400 MHz, CDCl3) d ppm 1.02 (s, 3 H, CH3) 1.69 (t, J=7.5 Hz, 2 H, CH2) 2.21 (t, J=7.5 Hz, 

2 H, CH2) 11.11 (s, 1 H, CO2H); 
13

C NMR (101 MHz, CDCl3) d ppm 19.6 (CCH3), 25.0 

(CH3CN2CH2), 28.5, 29.3 (CH2CH2), 178.7 (COOH); LRMS m/z (ESI
-
): 125.06 [M-H]

-
; IR (neat): 

2960, 1709, 1586 cm
-1

. 
 

(E)-3-(3-Methyl-3H-diazirin-3-yl)-N-(2-(2-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)allyloxy)ethoxy)ethyl)propanamide (4) 

 
To a solution of S3 (769 mg, 6 mmol, 1.5 eq) in CH2Cl2 (20 mL) on ice was added N,N'-

dicyclohexylcarbodiimide (DCC; 1.32 g, 6.4 mmol, 1.6 eq). The resulting solution was stirred on ice 

for 30 min and then 4-dimethylaminopyridine (DMAP; 244 mg, 2 mmol, 0.5 eq) and N,N-

diisopropylethylamine (DIPEA; 1.4 ml; 1.03 g, 8 mmol, 2 eq) and S2 (1.54 g, 4 mmol, 1 eq) were 

added. The reaction mixture was stirred at rt overnight and then filtered (wash with EtOAc or Et2O) 

and diluted with EtOAc (100 mL). The organic phase was washed with sat. NH4Cl (50 mL), sat. 

NaHCO3 (50 mL) and brine (50 mL), dried (MgSO4), filtered and solvents were removed in vacuo. 

The residue was purified by automated column chromatography (Biotag SNAP 25 g cartridge 0‐10% 

over 10 CV MeOH in CH2Cl2) yielding 4 (738 mg, 2.1 mmol, 35%) as a brown oil. 
1
H NMR (400 MHz, CDCl3) d ppm 1.02 (s, 3 H, CH3CN2) 1.26 (s, 12 H, Pinacol-CH3) 1.73 (dd, J=9, 

7 Hz, 2 H, CN2CH2CH2) 2.01 (dd, J=9, 7 Hz, 2 H, CN2CH2CH2) 3.44 (q, J=5 Hz, 2 H, CH2) 3.54 (s, 2 

H, CH2) 3.58 - 3.62 (m, 4 H, CH2) 4.10 (dd, J=5, 2 Hz, 2 H, CH2) 5.71 (dt, J=18, 2 Hz, 1 H, CHB) 

6.20 (br. s., 1 H, NH) 6.62 (dt, J=18, 5 Hz, 1 H, CHCHB); 
13

C NMR (101 MHz, CDCl3) d ppm 19.8 

(CH3) 24.7 ((CH3)2C) 25.4 (CH3CNN) 30.1 (CH2) 30.6 (CH2) 39.3, 69.7, 69.8, 70.3 (CH2) 72.7 

(OCH2CH), 83.3 ((CH3)2C) 148.8 (CHB) 171.4 (CH2CONH); LRMS m/z (ESI
+
): 404.25 [M+Na]

+
; IR 

(neat): 3308, 2978, 2928, 2869, 1726, 1646, 1551 cm
-1

; HRMS m/z (ESI+): Found 404.2318 (M+Na)
+
; 

C18H32BN3O5Na requires 404.2330. 



 

(E)-3-(3-Methyl-3H-diazirin-3-yl)-N-(3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)allyl)propanamide (5) 

 
To a solution of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl; 422 mg, 

2.2 mmol, 2.2 eq) in CH2Cl2 (15 mL) on ice was added S3 (256 mg, 2 mmol, 2 eq). The resulting 

mixture was stirred on ice for 30 min and then 4-dimethylaminopyridine (DMAP; 49 mg, 0.4 mmol, 

0.4 eq) and N,N-diisopropylethylamine (DIPEA; 435 µL, 323 mg, 2.5 mmol, 2.5 eq) and S1 (297 mg, 

1 mmol, 1 eq) were added. The reaction mixture was stirred at rt overnight then quenched with NH4Cl 

(sat., 20 mL) and diluted with EtOAc (80 mL). The organic phase was washed with sat. NH4Cl (2x30 

mL), sat. NaHCO3 (30 mL) and brine (30 mL), dried (MgSO4), filtered and solvents were removed in 

vacuo. The residue was purified by automated column chromatography (Biotag SNAP 25g cartridge 

0‐10% over 10 CV MeOH in CH2Cl2) yielding 5 (266 mg, 0.91 mmol, 91%) as a brown oil. 
1
H NMR (400 MHz, CDCl3) d ppm 1.02 (s, 3 H, CH3CN2) 1.25 (s, 12 H, CH2) 1.69 - 1.82 (m, 2 H, 

CH2) 1.95 - 2.07 (m, 2 H, CH2) 3.87 - 4.00 (m, 2 H, CH2CH) 5.54 (dt, J=18, 2 Hz, 1 H, CHB) 5.69 (s, 

1 H, NH) 6.55 (dt, J=18, 5 Hz, 1 H, CHCHB); 
13

C NMR (101 MHz, CDCl3) d ppm 19.9 (CH3) 24.7 

(Pinacol-CH3), 25.6 (CN2) 30.5 33.9 42.9 (CH2) 83.4 ((CH3)2C) 148.2 (CHB) 171.1 (CONH);  LRMS 

m/z (ESI+): 316.19 [M+Na]
+
;  IR (neat): 3296, 3084, 2980, 2929, 2361, 2341, 1718, 1642, 1550 cm

-1
; 

HRMS m/z (ESI+): Found 316.1806 (M+Na)
+
; C14H24BN3NaO3 requires 316.1803. 

(E)-4-Benzoyl-N-(2-(2-((3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-

yl)allyl)oxy)ethoxy)ethyl)benzamide (6) 

 

To a solution of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl; 211 mg, 

1.1 mmol, 2.2 eq) in CH2Cl2 (10 mL) on ice was added 4-benzoylbenzoic acid (226 mg, 1 mmol, 2 

eq). The resulting solution was stirred on ice for 30 min and then 4-dimethylaminopyridine (DMAP; 

31 mg, 0.25 mmol, 0.5 eq) and N,N-diisopropylethylamine (DIPEA; 304 µL, 226 mg, 1.75 mmol, 3.5 

eq) and S2 (192 mg, 0.5 mmol, 1 eq) were added. The reaction mixture was stirred at rt overnight then 

quenched with NH4Cl (sat., 20 mL) and diluted with EtOAc (80 mL). The organic phase was washed 

with sat. NH4Cl (2x30 mL), sat. NaHCO3 (30 mL) and brine (30 mL), dried (MgSO4), filtered and 

solvents were removed in vacuo. The residue was purified by automated column chromatography 

(Biotag SNAP 25g cartridge 0‐5% over 10 CV MeOH in CH2Cl2) to give 6 (86 mg, 0.18 mmol, 36%) 
1
H NMR (400 MHz, CDCl3) d ppm 1.22 (s, 12 H, CH3) 3.58 - 3.74 (m, 8 H, CH2) 4.10 (dd, J=5, 2 Hz, 

2 H, CH2CH) 5.72 (dt, J=18, 2 Hz, 1 H, CHB) 6.62 (dt, J=18, 5 Hz, 1 H, CHCHCB) 6.92 (br. s., 1 H, 

NH) 7.45 - 7.53 (m, 2 H, CHCHCCO) 7.56 - 7.64 (m, 1 H, CHCHCH) 7.76 - 7.81 (m, 2 H, CHCCO) 

7.83 (m, J=8 Hz, 2 H, CHCHCCONH) 7.90 (m, J=8 Hz, 2 H, CHCCONH); 
13

C NMR (101 MHz, 

CDCl3) d ppm 24.7 (CH3) 39.8 (CH2CH) 69.7 (CH2) 69.7 (CH2) 70.3 (CH2) 72.7 (CH2) 83.3 (CCH3) 

119.7 (CHCHB) 127.0 (CHCCONH) 128.4 (CHCHCCO) 130.1 (CHCHCCONH and CHCCO) 132.8 

(CHCHCH) 137.1 (qAr-C) 137.8 (qAr-C) 139.9 (qAr-C) 148.8 (CHB) 166.6 (CONH) 196.0 (CO); 



LRMS m/z (ESI
+
): 480.26 [M+H]

+
; HRMS m/z (ESI+): Found 502.2359 (M+Na)

+
; C27H34BNO6Na 

requires 502.2376; IR (neat): 2978, 2361, 1645, 1538 cm
-1

. 

4-((E)-Phenyldiazenyl)-N-((E)-3-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)allyl)benzamide (7) 

 

To a solution of 4-(phenyldiazenyl)benzoic acid (226 mg, 1 mmol, 2 eq) in dry Tetrahydrofuran (10 

mL) was added N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC.HCl; 211 mg, 

1.1 mmol, 2.2 eq) at 0°C under N2. The resulting solution was stirred for 30 min at 0°C and then S1 

(149 mg, 0,5 mmol, 1 eq), N,N-diisopropylethylamine (DIPEA; 325 uL, 1.75 mmol, 3.5 eq) and 4-

dimethylaminopyridine (DMAP; 25 mg, 0.2 mmol, 0.4 eq) were added. The reaction mixture was 

allowed to warm to rt and stirred for 16 h. Solvents were removed in vacuo and the red oil was taken 

up in EtOAc (150 mL). The organic layer was washed with sat. NH4Cl (2 x 50 mL), sat. NaHCO3 (50 

mL) and brine (50 mL); dried (MgSO4), filtered and solvents were removed in vacuo. The red residue 

was purified by automated column chromatography (Biotage SNAP 10g; MeOH in CH2Cl2; 0% 5CV; 

0-5% 10CV) yielding 7 a deep red solid ( trans:cis ; 7:1; 76 mg, 0.2 mmol, 39%). Values for the minor 

cis isomer are given in italic. 
1
H NMR (400 MHz, CDCl3) d ppm 1.20 - 1.32 (m, (12+12x0.15)=14 H, 

CH3) 4.10 - 4.17 (m, (2x0.15) H, CH2)  4.18 - 4.25 (m, 2 H, CH2) 5.61 (dt, J=18, 2 Hz, 1x0.15 H, CH) 

5.68 (dt, J=18, 2 Hz, 1 H, CH) 6.35 (t, J=6 Hz, 1x0.15 H, NH) 6.48 (t, J=6 Hz, 1 H, NH) 6.62-6.67 (m, 

1x0.15 H, CH) 6.65 - 6.76 (m, 1 H, CH) 6.81 - 6.89 (m, 4x0.15 H, ArH) 7.13 - 7.19 (m, 1x0.15 H, 

ArH) 7.22 - 7.29 (m, 2x0.15 H, ArH)  7.45 - 7.59 (m, 3 H, ArH) 7.68 (d, J=9 Hz, 2x0.15 H, ArH) 7.88 

- 8.00 (m, 6 H, ArH); 
13

C NMR (101 MHz, CDCl3) d ppm 24.7 (CH3) 43.4 (CH2) 83.4 (CCH3) 119.1 

(CH) 120.2 (Ar-CH (minor)) 120.6 (Ar-CH (minor)) 122.9 (Ar-CH (major)) 123.0 (Ar-CH (major)) 

127.7 (Ar-CH (minor)) 127.9 (Ar-CH (major)) 128.8 (Ar-CH (minor)) 129.1 (Ar-CH (major)) 131.5 

(Ar-CH (major)) 136 (Ar-C) 148.1 (CH) 152.4 (Ar-C) 154.2 (Ar-C) 166.6 (CONH); LRMS m/z 

(ESI
+
): 414.18 [M+H]

+
; HRMS m/z (ESI+): Found 414.1960 (M+Na)

+
; C22H26BN3ONa requires 

414.1963;  IR (neat): 3316, 2928, 2360, 2341, 1640, 1541 cm
-1

. 

(E)-N-(3-(4,4,5,5-tetra-Methyl-1,3,2-dioxaborolan-2-yl)allyl)pyrene-2-carboxamide (10) 

 

To a solution of N-(3-dimethylaminopropyl)-N′-ethylcarbodiimide hydrochloride (EDC·HCl, 211 mg, 

1.1 mmol, 2.2 eq) in CH2Cl2 (10 mL) on ice was added pyrene-2-carboxylic acid (246 mg, 1 mmol, 2 

eq). The resulting solution was stirred on ice for 30 min and then 4-dimethylaminopyridine (DMAP; 

25 mg, 0.2 mmol, 0.4 eq) and N,N-diisopropylethylamine (DIPEA; 304 µL, 226 mg, 1.75 mmol, 3.5 

eq) and S1 (150 mg, 0.5 mmol, 1 eq) were added. The reaction mixture was stirred at rt overnight, then 

quenched with NH4Cl (sat., 20 mL) and diluted with EtOAc (80 mL). The organic phase was washed 

with sat. NH4Cl (2x30 mL), sat. NaHCO3 (30 mL) and brine (30 mL), dried (MgSO4), filtered and 

solvents were removed in vacuo. The residue was purified by automated column chromatography 

(Biotag SNAP 25g cartridge 0‐5% over 10 CV MeOH in CH2Cl2) yielding 10 (120 mg, 0.29 mmol, 

58%) as a yellow foam. 



1
H NMR (400 MHz, CDCl3) d ppm 1.29 (s, 12 H, CH3) 4.24 - 4.34 (m, 2 H, CH2) 5.76 (d, J=18 Hz, 1 

H, CHB) 6.53 (t, J=6 Hz, 1 H, NH) 6.78 (dt, J=18, 5 Hz, 1 H, CH2CH) 7.82 - 8.01 (m, 6 H, Ar-H) 8.11 

(t, J=7 Hz, 2 H, Ar-H) 8.44 (d, J=9 Hz, 1 H, Ar-H); 
13

C NMR (101 MHz, CDCl3) d ppm 24.7 (CH3) 

43.5 (CH2) 83.3 (CCH3) 119.2 (CHB) 124.0 (Ar-C) 124.1 (Ar-C) 124.2 (Ar-C) 124.4 (Ar-C) 125.5 

(Ar-C) 125.6 (Ar-C) 126.1 (Ar-C) 126.9 (Ar-C) 128.3 (Ar-C) 128.4 (Ar-C) 130.4 (Ar-C) 130.5 (Ar-C) 

130.9 (Ar-C) 132.3 (Ar-C) 148.4 (CH2CH) 169.7 (CONH); LRMS m/z (ESI
+
): 434.20 [M+Na]

+
; 

HRMS m/z (ESI+): Found 434.1888 (M+Na)
+
; C26H26BNNaO3 requires 434.1903; IR (neat): 2977, 

1637, 1534  cm
-1

. 

Small molecule cross-couplings 

5-Phenyl-2‘-deoxyuridine (1)
[5]

 

 
5-Iodo-2’-deoxyuridine (53 mg, 0.15 mmol, 1 eq), phenylboronic acid (28 mg, 0.23 mmol, 1.5 eq) and 

K2CO3 were assembled in a 15 mL vial. 2 mL ddH2O, 0.5 mL MeCN and Pd*L1 (150 µL of a 0.05 M 

stock, 7.5 µmol, 5 mol%) were added. The vial was flushed with argon, closed and heated to 55°C for 

5 h. The reaction mixture was allowed to cool down to rt, acidified with 2 M HCl (2 drops) and 

extracted with CH2Cl2 (3x10 mL). The combined organic phases were washed with brine, dried over 

MgSO4 and the solvent was removed in vacuo. The crude product was purified by column 

chromatography (CH2Cl2 >9:1 CH2Cl2:MeOH) yielding 1 as colorless oil (36 mg, 0.12 mmol, 80%). 
1
H NMR (400 MHz, CD3OD) d ppm 2.97 (ddd, J=13, 6, 4 Hz, 1 H, C

2’
H) 3.06 (dt, J=13, 7 Hz, 1 H, 

C
2’

H) 4.33 - 4.47 (m, 2 H, C
5’

H2) 4.63 (q, J=3 Hz, 1 H, C
4’

H) 5.06 - 5.13 (m, 1 H, C
3’

H) 5.94 (br. s., 1 

H, 5’-OH) 6.08 (br. s., 1 H, 3’-OH) 7.05 (t, J=7 Hz, 1 H, C
1’

H) 8.07 - 8.14 (m, 1 H, Ph-H) 8.14 - 8.21 

(m, 2 H, Ph-H) 8.32 - 8.40 (m, 2 H, Ph-H) 9.01 (s, 1 H, C
6
H); 

13
C NMR (101 MHz, CD3OD) d ppm 

49.7 (C
1’

H) 70.6 (C
5’

H) 79.9 (C
3’

H) 94.1 (C
1’

H) 97.2 (C
4’

H) 123.1 (Ar-C) 136.8 (Ph-CH) 137.5 (Ph-

CH) 137.8 (Ph-CH) 142.8 (Ar-C) 147.7 (C
6
H) 159.6 (Ar-C) 171.7 (Ar-C) cm

-1
; LRMS m/z (ESI+): 

327.12 [M+Na]
+
, 343.10 [M+K]

+
; HRMS m/z (ESI+): Found 327.0953 (M+Na)

+
; C15H16N2NaO5 

requires 327.0951. 

 

N-(2-(2-((E)-3-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-

1,2,3,4-tetrahydropyrimidin-5-yl)allyloxy)ethoxy)ethyl)-3-(3-methyl-3H-diazirin-3-

yl)propanamide (2) 

 
5-Iodo-2’-deoxyuridine (38 mg, 0.1 mmol, 1 eq) and K2CO3 (41 mg, 0.3 mmol, 3 eq) were dissolved 

in 4 mL 3:1 H2O:MeCN in a 10 mL vial. To the stirred solution was added Pd*L1 (100 µL of a 0.05 

M stock, 5 µmol, 5 mol%) and subsequent 4 (57 mg, 0.15 mmol, 1.5 eq). The reaction mixture was 

stirred at 55°C for 2h after which TLC indicated complete conversion. The solvents were removed in 



vacuo and the residue was dissolved in MeOH (30 mL), filtered and purified by automated column 

chromatography (Biotag SNAP 10 g cartridge 0‐20% over 20 CV MeOH in CH2Cl2) yielding 2 (41 

mg, 85 µmol, 85%) as a yellow oil. 
1
H NMR (400 MHz, CD3OD) d ppm 1.00 (s, 3 H, CH3CN2CH2) 1.61 - 1.68 (m, 2 H, CN2CH2CH2) 

2.10 (dd, J=8, 7 Hz, 2 H, CN2CH2CH2) 2.22 - 2.36 (m, 2 H, C
2’

H2) 3.37 (t, J=5 Hz, 2 H, NCH2CH2) 

3.54 - 3.58 (m, 2 H, NCH2CH2) 3.63 (s, 4 H, OCH2CH2O) 3.77 (dd, J=12, 3 Hz, 1 H, C
5’

H2) 3.85 (dd, 

J=12, 3 Hz, 1 H, C
5’

H2) 3.95 (q, J=3 Hz, 1 H, C
4’

H) 4.12 (dd, J=6, 1 Hz, 2 H, CH2CHCH) 4.44 (dt, 

J=6, 4 Hz, 1 H, C
3’

H) 6.30 (t, J=6 Hz, 1 H, C
1’

H) 6.38 (d, J=16 Hz, 1 H, CH2CHCH) 6.57 (dt, J=16, 6 

Hz, 1 H, CH2CH) 8.22 (s, 1 H, C
6
H); 

13
C NMR (101 MHz, CD3OD) d ppm 19.9 (CH3CN2) 26.5 (CN2) 

31.4 (CN2CH2CH2) 31.7 (CN2CH2CH2) 40.6 (NCH2CH2O) 41.8 (C2’) 62.8 (C5’) 70.7 (NCH2CH2O) 

71.4 (OCH2CH2O) 72.1 (C4’) 73.2 (CH2CHCH) 86.9 (C1’) 89.2 (C3’) 112.6 (C5) 125.1 (CH2CHCH) 

127.9 (CH2CHCH) 139.4 (C6) 151.7 (CO) 164.5 (CO) 174.8 (CO); LRMS m/z (ESI
+
): 504.24 

[M+Na]
+
 IR (neat): 3400, 3062, 2926, 2871, 2493, 2429, 2361, 2342, 1683, 1644 cm

-1
; HRMS m/z 

(ESI+): Found 504.2067 (M+Na)
+
; C21H31N5NaO8 requires 504.2065. 

 

N-((E)-3-(1-((2R,4S,5R)-4-hydroxy-5-(hydroxymethyl)tetrahydrofuran-2-yl)-2,4-dioxo-1,2,3,4-

tetrahydropyrimidin-5-yl)allyl)-3-(3-methyl-3H-diazirin-3-yl)propanamide (3) 

 
5-Iodo-2’-deoxyuridine (28.3 mg, 0.08 mmol, 1 eq) and K2CO3 (33.2 mg, 0.24 mmol, 3 eq) were 

dissolved in 4 mL 3:1 H2O:MeCN in a 10 mL vial. To the stirring solution was added Pd*L1 (80 µL 

of a 0.05 M stock, 4 µmol, 5 mol%) and subsequent 3 (35.2 mg, 0.12 mmol, 1.5 eq). The reaction 

mixture was stirred at 50°C for 4h. The solvents were removed in vacuo and the residue was dissolved 

in MeOH (30 mL), filtered and purified by automated column chromatography (Biotag SNAP 10 g 

cartridge 0‐20% over 20 CV MeOH in CH2Cl2) yielding an inseparable mix of 5c and starting material 

(30 mg, 76 µmol, 95%, 60% 3 as determined by NMR) as a yellow oil. 
1
H NMR (400 MHz, CDCl3) d ppm 1.01 (s, 3 H, CH3CN2CH2) 1.64 - 1.70 (m, 2 H, CN2CH2CH2) 2.07 

- 2.15 (m, 2 H, CN2CH2CH2) 2.18 - 2.34 (m, 4 H, C
2’

H2) 3.35 (s, 1 H) 3.74 (ddd, J=12, 7, 3 Hz, 2 H, 

C
5’

H2) 3.79 - 3.85 (m, 2 H, C
5’

H2) 3.87 (d, J=6 Hz, 2 H, C
4’

H) 3.93 (q, J=3 Hz, 2 H, CH2CHCH) 4.38 - 

4.44 (m, 2 H, C
3’

H) 4.87 (s, 12 H) 6.20 - 6.31 (m, 3 H, C
1’

H, CH2CHCH) 6.39 - 6.52 (m, 1 H, 

CH2CHCH) 8.15 (s, 1 H, C
6
H) 8.53 (s, 1 H, C

6
H); 

13
C NMR (101 MHz, CDCl3) d ppm 19.9 (CH3CN2) 

31.4 (CN2CH2CH2) 31.7 (CN2CH2CH2) 41.8 (C2’) 41.9 (C2’) 42.9 (CH2CHCH) 62.6 (C5’) 62.8 (C5’) 

72.1 (C4’) 72.2 (C4’) 86.8 (C1’) 87.1 (C1’) 89.2 (C3’) 89.2 (C3’) 112.8 (C5) 124.0 (CH2CHCH) 127.8 

(CH2CHCH) 139.0 (C6) 147.4 (C6) 151.7 (CO) 174.5 (CO); LRMS m/z (ESI
+
): 432.15 [M+K]

+
 IR 

(neat): 3727, 3325, 3068, 2928, 2261, 2341, 1680, 1638, 1548 cm
-1

; HRMS m/z (ESI+): Found 

416.1545 (M+Na)
+
; C17H23N5NaO6 requires 416.1541 

Catalyst preparation 

 



To 2-aminopyrimidine-4,6-diol (65 mg, 0.5 mmol, 2 eq, R = H) or 2-(dimethylamino)pyrimidine-4,6-

diol ( 78 mg, 0.5 mmol, 2 eq, R = Me) in a 5 mL volumetric flask was added H2O (3 mL) and NaOH 

(10 M stock, 100 µL, 1 mmol, 4 eq). The solution was stirred for ~5 min at rt until all solids were 

dissolved. Then Pd(OAc)2 (55 mg, 0.25 mmol, 1 eq) was added and the flask was stoppered and stirred 

at 65°C for 60 min. The stirring bar was removed and the solution was adjusted to 5 mL with H2O to 

give a 50 mM stock solution.  

ODN crosscoupling 

General reaction conditions 

Unless otherwise noted, 100 µM ODN1-4, 50 mM Tris pH 8.5, 10-50 µM Pd(OAc)2LX2 and 10 mM 

boronic ester were combined in an eppendorf tube and shaken for 4h at 37°C in an incubator. Then the 

reaction was spun down (2 min, 16000 x g) and the supernatant was analyzed by HPLC and MS. 

Sometimes precipitation is observed after 24h in the catalyst stock solution. In these cases, probably 

due to lower actual concentration, the reaction proceeds better with 1 eq (100 µM) Pd(OAc)2LX2. 

ODN1a 

 

ODN1a elutes at 26.69 min. The peak at 27.29 is a small molecule impurity. Gradient is 5%-20% B in 

30 min. 

 Benz 2

m/z
1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950

%

0

100

20111221_2 23 (0.765) Cm (20:29) TOF LD+ 
2.19e31816.8

1817.8

1818.8

 

Calc 1816.3 found 1816.8 

 



ODN1b 

 

Product elutes at 20.4 min. Gradient is 5%-20% B in 20 min.  

 azoB

m/z
1300 1400 1500 1600 1700 1800 1900 2000

%

0

100

20111218_A12_2 57 (1.901) Cm (54:63) TOF LD+ 
3.40e31728.7

1730.6
1782.5

 

Calc 1728.2 found 1728.7 

ODN1c 

 

Product elutes at 16 min. Gradient is 0%-30% B in 30 min. 

 Gluc 1

m/z
1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950

%

0

100

20111221_4 28 (0.932) Cm (28:33) TOF LD+ 
1.25e31683.8

1684.8

1685.8

 



Calc 1683.2 found 1683.8 

 

ODN1d 

 

Product elutes at 30.6 min. Gradient is 5%-20% B in 35 min. 

 T

m/z
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

%

0

100

Copy of 20110724_9 big 18 10 (0.333) Cm (6:10) TOF LD+ 
2.86e31717.4

1689.4
1719.4

 
Calc 1718.2 found 1717.4 

 

ODN1e 

 

Product elutes at 12.3 min. Gradient is 5%-40% B in 20 min. 

 



m/z
1200 1250 1300 1350 1400 1450 1500 1550 1600 1650

%

0

100

20111215_F6 6 (0.200) Cm (2:14) TOF LD+ 
4.18e31531.6

1532.6

 

ODN1e reaction with 3-furane boronic acid 

 

Product elutes at 15.8 min, the product of deiodination at 12.6 min. Gradient is 5%-20% B in 20 min. 

 

 

ODN1f 

 

Product elutes after 26 min. Gradient is 5%-20% B in 30 min. 



m/z
1500 1550 1600 1650 1700 1750

%

0

100

20111003_P 9 (0.300) TOF LD+ 
18216681630

16021459
14751504

1568
1527

1631

1632

17061669

1670

1707

1708
1709 1733 1781 1789

 

Calc 1630.2 found 1630.3 

ODN1g 

 

The reaction was performed in 40% MeCN. Product elutes at 27.3 min. Gradient is 5%-30% B in 30 

min. 

 

m/z
1200 1250 1300 1350 1400 1450 1500 1550 1600 1650 1700 1750 1800 1850 1900 1950 2000 2050 2100 2150

%

0

100

20120104_D10_pyr1 31 (1.032) TOF LD+ 
1.48e31749.10

1201.66
1247.87 1367.92 1475.291397.27

1491.20
1747.89

1591.56

1750.98

 

Calc 1748.2 found 1749.1 

ODN1 Paladium adduct observed in PO4 buffer 

When performing the cross-coupling of 5 to ODN1d in phosphate buffer the same species can be 

observed in the MALDI of the crude reaction mixture.  



J4E23C

m/z
1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

%

0

100

20110724_1 17 (0.565) Cm (17:19) TOF LD+ 
4431466

1013 1070 1464
12321169 1354

1265

1691

1468 1520 1582 1690 1712
1830

 

m/z
1680 1690 1700 1710 1720 1730 1740 1750

%

0

100

20110724_1 16 (0.531) TOF LD+ 
2511691.3

1690.4
1709.11693.3

1707.0
1713.1 1720.2

1746.3
1730.3

 

ODN1 reaction intermediates by ESI-MS 

The PdOAc2L12 species for this reaction was prepared as describe previously, but substituting NaOH 

with NH4OH (33%). The reaction was conducted as described in the general reaction conditions, but 

using 10 mM NH4OAc buffer (pH 8.5) and 100 µM Pd PdOAc2L12 (1 eq relative to ODN1). The 

reaction was allowed to proceed for 30 min at 37°C. Then, particulates were removed by 

centrifugation (2 min, 16k x g) and 10 µL of the reaction mixture were injected into the LCT (ESI-) 

with the autosampler using a flow of 50:50 H2O:MeOH (200 µL/min). While more Pd containing 

species can be observed, these could not be unambiguously identified.  

 

ODN2 (no IdU control) 

ODN2 elutes at 31.8 min. Gradient is 0%-20% B in 40 min. 

Before reaction: 



 

After the reaction: 

 

ODN3b 

The Product elutes at 18.4 min. ODN was separated on a gradient of 5%-20% B in 20 min. 

 F4

m/z
3700 3800 3900 4000 4100 4200 4300 4400 4500 4600

%

0

100

20120120_F4 29 (0.964) TOF LD- 
1914232

4228
4176

4093
4253

4312 4372

 

Calc. 4232 found 4232 

ODN3c 

The Product elutes at 16.9 min. ODN was separated on a gradient of 0%-40% B in 30 min. 

 



 

m/z
3500 3600 3700 3800 3900 4000 4100 4200 4300 4400

%

0

100

20130312_LL_ODN3 gluc 16 (0.533) TOF LD+ 
5944187

 

Calc. 4187 found 4187 

 

ODN3d 

The Product elutes at 15.3 min. ODN was separated on a gradient of 5%-20% B in 20 min. 

 D3

m/z
3500 3600 3700 3800 3900 4000 4100 4200 4300 4400

%

0

100

20120110_D3 19 (0.634) TOF LD- 
1.25e34222

4194 4275

 

Calc. 4222 found 4222 

ODN3f 

The Product elutes at 14.2 min. ODN was separated on a gradient of 5%-20% B in 20 min. 



 P short diaz

m/z
3500 3600 3700 3800 3900 4000 4100 4200 4300 4400

%

0

100

20120111_E3_P 62 (2.066) TOF LD- 
9834135

4106

3998
3967

3644
3593

38233733

4173
41894245 4306 4364

 

Calc. 4135 found 4135 

ODN4 control reactions 

Control reactions were set up as described in the general procedure omitting one component where 

stated. Boronic ester 2 was used for these experiments. 

ODN was separated on a gradient of 0%-20% B in 40 min. The starting material elutes at 36.4 min and 

the product at 40.5 min.  

Starting material: 

 

No Boronic ester: 

 

No Palladium: 



 

All components: 

 

ODN4 – Phosphate and Tris buffer comparison 

Reactions were conducted as described in the general procedure but in 100mM PO4 pH 8.5 buffer 

with Boronic ester 2. The starting material elutes at 26.2 min and the product at 29.3 min. ODN was 

separated on a gradient of 0%-30% B in 40 min. 

PO4 after 3h: 

 

Tris after 3h: 

 

PO4 overnight: 



 

Tris overnight: 

 

ODN4d 

ODN was separated on a gradient of 15%-25% B in 30 min 
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Calc. 7964 found 7960 

ODN4f 

ODN was separated on a gradient of 0%-20% B in 40 min 
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Calc. 7875 found 7877 

ODN5f 

ODN was separated on a gradient of 10%-30% B in 20 min. 
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Calc. 4291 found 4290  

(other peaks correspond to a Na
+
 adduct (4321) or loss of N2 (4263) and the corresponding Na

+
 adduct 

(4286)) 

ODN6f 

ODN was separated on a gradient of 10%-30% B in 20 min. 
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Calc. 1628 found 1628 

dsDNA crosscoupling 

ODN3 was annealed with the appropriate complementary strand (CTACTGCATCGGT; predicted 

melting temperature 43°C) by cooling a 150µM solution of each ODN in annealing buffer (10 mM 

TRIS pH 7.5, 100 mM NaCl) from 90°C to 4°C at 1°C per minute in a PCR block. The resulting 

dsODN was used as substrate for the crosscoupling reaction under the standard conditions (100 µM 

dsODN, 100 µM PdOAc2L22, 10 mM 5, 50 mM TRIS pH 8.5) and was shaken at 37°C for 16h. The 

resulting mixture was analyzed by PAGE (15%, 0.5x TBE; stained with Sybr safe), HPLC (10%-30% 

buffer B in 20 min) or denaturing HPLC (column was heated at 50°C; 10%-20% B in 30 min). 

Chromatograms and gel are shown below. 



 

Supplemental Figure S 2. a. HPLC chromatogram of dsODN3 after annealing (retention time: 12.6 min). b. 

HPLC chromatogram of the crosscoupling reaction on dsODN3. Main peak retention time is 12.5 min, but the 

peak is broad and a smaller peak with smaller retention time can be observed. c. Denaturing HPLC 

chromatogram of the dsODN3. 2 Peaks with almost identical area can be observed at retention times of 10 min 

and 12 min, representing the two ssODN. d. Denaturing HPLC chromatogram of the crosscoupling reaction of 

dsODN3. 3 main peaks are observed at 9.5 min, 11.5 min and 14.6 min. The peak at 9.5 corresponds to the 

unreactive ODN, while 11.5 is the IdU containing ODN and 14.6 the crosscoupling product. Yield of the 

crosscoupling product, when comparing to the unmodified ODN is 21%. e. PAGE gel showing the ssODN3 in 

lane 1 and dsODN3 after the crosscoupling reaction. The dsODN is largely still hybridized, but a faint band at the 

hight of the ssODN can be seen, indicating some melting during the reaction. 



PCR probe generation 

Following template (T1: GCT GCC TGG ACT GAC CTC ACA TGA CCT TAC GCG  CAG AGA 

CCT AGA CAG TGC TTC AGG) and Primers (ODN4d and P2: GCT GCC TGG ACT GAC CTC 

ACA TGA CC) were used. The PCR was performed with Vent exo
-
 (NEB, M0257S) using the 

manufacturers recommended buffers and dNTP concentrations. Temperature cycle for the PCR was as 

follows (55°C, 20 sec; 72°C, 30 sec; 95°C, 15 sec) and was repeated 40x. The PCR product was 

purified by phenol extraction and ethanol precipitation. 

 

Supplemental Figure S3 PAGE (15%, 0.5% TBE) analysis of the PCR. Primer (lane 1) and template (lane 2; ssDNA) 

are shown as control. The obtained product molecular weight and yield are not affected by the presence of primer 

modification (compare lane 3 (IdU; ODN4 as primer) and lane 4 (ODN4d as primer).  

Photocrosslinking 

Nuclear extract was prepared using the NE-PER kit (Pierce, 78833) from two confluent 145 mm petri-

dishes HeLa cells using the manufacture recommended procedure. Obtained nuclear extract was 

dialyzed into cross linking buffer (25 mM TRIS pH 7.5, 100 mM NaCl, 1 mM EDTA, 2 mM MgCl2, 

0.5 mM DTT, 20% glycerol and one Complete Protease Inhibitor (Pierce, without EDTA) per 50 mL) 

for 3h. The obtained extract was pre-cleared with Captavidin beads (50 µL, life technology, C-21386), 

by incubation for 1:30 h at 4°C. The beads were removed by centrifugation and Probes were added (3 

nmol, purified from PCR). The mixture was incubated for 20 min on ice and then irradiated for 30 min 

at 311 nm (caprobox; Caprotec) for silac experiments or at 365 nm using a handheld UV lamp (8W). 

The solution was adjusted to 1M NaCl and Dynabeads® MyOne™ Streptavidin T1 (200 µL, life 

technology, 65601) were added. Binding was performed on at room temperature for 1.30 h under 

constant agitation. The beads were immobilized on DynaMag™- Spin Magnet (life technology, 

12320D), and washed with wash buffer (10 mM TRIS, 1 mM EDTA, 1 M NaCl) three times and with 

wash buffer + 6 M Urea two times. The proteins were released by boiling in Laemli loading buffer for 

10 min and separated on a 4-12% gradient gel (NuPAGE® Novex® 4-12% Bis-Tris Gel, Invitrogen). 

The gel was either visualized by silver stain (Pierce Silver Stain Kit, Thermo Scientific, 24612) or 

transferred to PVDF membrane using the iBlot (Invitrogen). The membrane was then blocked (3% 

BSA in TBS-T) for 30 min at room temperature, washed 5 times with TBS-T and then incubated with 

ExtrAvidin® –Alkaline Phosphatase (Sigma, E2636) for 1h at room temperature. The membrane was 

then again washed with TBS-T (5x) and water (3x) before visualizing with the BCIP/NBT Liquid 

Substrate System (Sigma, B1911).  



For SILAC experiments the hmC containing probe was incubated and cross-linked with unlabeled cell 

lysate and the C containing probe with isotope labeled cell lysate (Arg10 and Lys8) for the forward 

experiment. For the reverse experiment, heavy and light cells were switched. After crosslinking the 

mixtures were pooled and processed together as described above. After SDS-PAGE the gel was 

stained with coomassie blue, cut in slices and tryptic digest was performed as described elsewhere 

(http://www.ccmp.ox.ac.uk/protocols-and-tools). 

Streptavidin blot 

 

 

 

Supplementary Results 

SILAC experiments were carried out twice, the first time where the DNA probe containing CTP was 

incubated with extracts prepared from cells labeled with heavy amino acid isotopes (heavy), whereas 

extracts from unlabeled cells (light) were incubated with the dhmCTP containing DNA probe. In the 

second experiment, extracts prepared from heavy labeled cells were incubated with the hmCTP DNA 

probe and unlabeled cell extracts with the CTP DNA probe. This allowed the SILAC mass 

spectrometry analysis to be performed in forward and reverse ratios, and proteins differentially present 

would be expected to exert inverted abundance ratios between the two SILAC experiments 

(Supplementary Tables 2 A and B). This strategy allowed the elimination of potential “false 

positives”, and led to the selection of DNA interacting proteins identified and quantified with 

complementary abundance ratios (Supplementary Table 1).  A number of DNA-binding proteins were 

identified including p20-CGGBP, p52/p100, DHX 9, DDX3X and LIG3 (Supplementary Table 1). 

CGG triplet repeat-binding protein 1 (P20-CGGBP) binds sequence-specifically to the double-

stranded trinucleotide repeat 5'-d(CGG)-3’.
[6]

 Interestingly, the binding is inhibited by complete or 

partial cytosine-specific DNA methylation of the binding motif in the promoter of the fragile X mental 

retardation 1 (FMR1) gene,
[7]

 whilst we observed enrichment of p20-CGGBP in hmC versus C 

containing DNA probes (Supplementary Table 1). 

Supplemental Figure S4 Biotin western blot of the photo-crosslinking reaction in HeLa nuclear extract using hmC or 

C containing probes (lane 2 and 3) and the control without UV irradiation (lane 4). Only upon irradiation covalent 

DNA-Protein conjugates are observed. 

 

http://www.ccmp.ox.ac.uk/protocols-and-tools


  

Supplementary Table 1: DNA interacting proteins enriched by either C or hmC DNA probes 

Protein Names Uniprot PEP 
Ratio H/L 

Normalized 

Ratio H/L 

Variability 

[%] 

Ratio 

H/L 

Count 

hmC Ref 

54 kDa nuclear 

RNA- and DNA-

binding protein 

Q15233 

0.00 1.6 110 166 Heavy 
[8]

 
0.00 0.7 115 44 Light 

100 kDa DNA-

pairing protein 
P23246-1 

0.00 1.8 112 116 Heavy 
[8a]

 
0.00 0.3 97 23 Light 

ATP-dependent 

RNA helicase A 
Q08211 

0.00 2.0 81 41 Heavy 
[9]

 
0.00 0.2 238 8 Light 

ATP-dependent 

RNA helicase 

DDX3X 

O00571 

0.00 1.5 111 18 Heavy 
[10]

 
0.00 0.5 133 10 Light 

DNA ligase 3 P49916-1 
0.00 1.3 54 3 Heavy 

[11]
 

0.00 0.6 90 15 Light 

20 kDa CGG-

binding protein 
Q9UFW 

0.01 1.9 - 1 Heavy 
[6]

 
0.00 0.4 174 2 Light 

 

DNA ligase 3 (LIG3) is involved in mitochondrial DNA maintenance, interacts with DNA-repair 

protein XRCC1 and can correct defective DNA strand-break repair and sister chromatid exchange 

following treatment with ionizing radiation and alkylating agents.
[11a, 11d]

 We observed enriched LIG3 

in the presence of hmCTP DNA, indicating a preference for modified nucleotides (Supplementary 

Table 2).   

The ATP-dependent helicases DHX9 and DDX3X were also found to be enriched with hmC 

containing DNA probes (Supplementary Table 2). Both enzymes unwind DNA and are part of mRNP 

complexes involved in target gene activation.
[9-10, 12]

  

In addition, we found the two components of the SFPQ-NONO complex, which is a heterotetramer of 

two 52 kDa (NONO) and two 100 kDa (SFPQ) subunits. NONO is a component of spliceosome and 

U5.4/6 snRNP complexes. The SFPQ-NONO heteromer may be involved in DNA unwinding by 

modulating the function of topoisomerase I/TOP1, but also in DNA nonhomologous end joining 



(NHEJ) required for double-strand break repair and V(D)J recombination and may stabilize paired 

DNA ends.
[8]

   

Nothing is known for these proteins identified in our SILAC screen in terms of specific recognition of 

hmC modifications, but our results indicate potential functional connections that warrant further 

investigation in hmC associated DNA modification biology, in particular in CpG islands.  
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Supplementary Table 2 

 

ODN-to-protein conjugates identified by tandem mass spectrometry and quantified using SILAC. (A) 

hmC=light; C=heavy; (B) hmC=light; C=heavy. Protein accession numbers are given for the Uniprot 

database; PEP: posterior error propability; H: heavy; L: light. 

See associated excel update spreadsheet. 
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