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1. Chemical synthesis

General chemistry information. Room temperature is considered 27−30 °C. Reaction 

conditions are described in detail in the sections below. All commercial reagents and 

solvents from suppliers were used without further purification.

TLC and column chromatography: Thin-layer chromatography (TLC) was perform using 

TLC Silica gel 60 GF254 precoated aluminium plates and the developed plates were 

visualized using Vilber Lourmat UV lamp. Normal phase flash column chromatography 

was run using silica gel 40 – 63 microns. The desired fractions from column 

chromatography (confirmed by TLC) were  collected and concentrated under vaccuum to 

afford the product. 

NMR: All NMR data were collected at ambient temperature. All NMR solvents were 

purchased from Cambridge Isotoped. NMR spectra were processed with MestReNova 

software. 1H-NMR spectra were obtained on Bruker 400, 500 or 600 MHz spectrometers. 

Proton chemical shifts were reported in ppm. Proton data were reported as chemical shifts, 

multiplicity (singlet (s), triplet (t), multiplet (m), …), coupling constants [Hz] and 

integration. 13C-NMR spectra were obtained on Bruker 100, 125, 150 MHz spectrometer. 

Carbon chemical shifts were reported in ppm.

Infrared Spectroscopy: Infrared spectra were recorded on FTIR 8201 PC Shimadzu 

spectrometer, and select νmax were reported in cm-1.

Mass Spectrometry: Mass spectrometry was conducted by Shimadzu LCMS 8040, using 

ESI. The HRMS was conducted by Water Xevo G2-XS Qtof.



Scheme S1. Synthesis of asymmetric imidazole-4,5-dicarboxamide derivatives

Analytical Characterization Data

 2-Methyl-imidazole-4,5-dicarboxylic acid (2a). Obtained as pale 

yellow solid; Yield 6.76 g, 80%; M.p. 255-256 oC; IR (cm-1): 3531, 1379; 1H-NMR (400 

MHz, DMSO-d6) δ (ppm): 2.49 (s, 3H); 13C-NMR (100 MHz, DMSO-d6) δ (ppm): 159.80, 

146.28, 128.34, 11.68, MS-ESI: C6H6N2O4 m/z [M-H]ˉ 169.02 (Calcd.), 168.75 (found). 

This compound has been reported.1

1 M. A. Brusina, D. N. Nikolaev, S. M. Ramsh and L. B. Piotrovskii, Russian Journal of Organic 

Chemistry, 2016, 52(10), 1528–1530.



 Imidazole-4,5-dicarboxylic acid (2b): Obtained as pale yellow solid; Yield 6.25 g, 

80%; M.p. 264-266 oC; IR (cm-1): 3172, 1382; 1H-NMR (600 MHz, DMSO-d6) δ (ppm): 9.11 (s, 

1H, H2); 13C-NMR (150 MHz, DMSO-d6) δ (ppm): 159.26, 135.47, 128.63; MS-ESI: C5H4N2O4 

m/z [M-H]ˉ 155.01 (Calcd.), 155.16 (found). This compound has been reported.1 

3,8-Dimethyl-5,10-dioxo-5H,10H-diimidazo[1,5-a:1',5'-

d]pyrazine-1,6-dicarbonyl dichloride (3a). Obtained as pale brown solid; Yield 1.82 g, 

83%; M.p. > 300 oC; IR (cm-1): 1757, 1344, 758. This compound has been reported.2

5,10-dioxo-5H,10H-diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarbonyl 

dichloride (3b) Obtained as pale brown solid; Yield 1.62 g, 80%; IR (cm-1): 1597, 1381, 759. 

This compound has been reported.3

N1,N6-bis(2,5-dichlorophenyl)-3,8-dimethyl-5,10-dioxo-

5H,10H-diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4a1) Obtained as yellow solid; 

Yield 0.95 g, 80%; M.p. 254-256 oC (decomposed); IR (cm-1): 3080, 1674, 1236. 

2 T.-V. Phan, P. N. H. Huynh, T.-P. Nguyen, T.-T. Vu, M.-T. Le, B. G. D. Nguyen, P. Truong and 

K.-M. Thai, New Journal of Chemistry, 2023, 47, 20718-20722.
3 A. V. Wiznycia, P. W Baures, Journal of Organic Chemistry, 2002, 67(20), 7151-7154.



N1,N6-bis(4-chlorophenyl)-3,8-dimethyl-5,10-dioxo-

5H,10H-diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4a2) Obtained as yellow solid; 

Yield 0.78 g, 75%; M.p. 251-253 oC (decomposed); IR (cm-1): 3262, 1674, 1298.

N1,N6-bis(2-chlorophenyl)-3,8-dimethyl-5,10-dioxo-

5H,10H-diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4a3) Obtained as yellow 

solid; Yield 0.91 g, 87%; M.p. 244-246 oC (decomposed), IR (cm-1): 3334, 1693, 1276. 

This compound has been reported.2

N1,N6-bis(4-methoxy-2-nitro-phenyl)-3,8-

dimethyl-5,10-dioxo-5H,10H-diimidazo[1,5-a:1',5'-d]pyrazin-1,6-dicarboxamide (4a4) 

Obtained as yellow solid; Yield 1.08 g, 89%; M.p. 255-256 oC (decomposed); IR (cm-1): 3279, 

1694, 1261.

N1,N6-bis(2,4,5-trichlorophenyl)-3,8-dimethyl-5,10-

dioxo-5H,10H-diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4a5). Obtained as 

yellow solid; Yield 0.96 g, 73%; M.p. 255-256 oC; IR (cm-1): 3265, 1687, 1250. This 

compound has been reported.2 



N1,N6-bis(3,4-dichlorophenyl)-3,8-dimethyl-

5,10-dioxo-5H,10H-diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4a6). 

Obtained as yellow solid; Yield 1.03 g, 87%; M.p. 244-245 oC, IR (cm-1): 3251, 1674, 

1286. This compound has been reported.2

N1,N6-bis(2,5-dichlorophenyl)-5,10-dioxo-5H,10H-

diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4b1) Obtained as yellow solid, Yield 0.95 

g, 84%; M.p. 258-260 oC; IR (cm-1): 3323, 1693, 1240. 

N1,N6-bis(4-chlorophenyl)-5,10-dioxo-5H,10H-

diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4b2) Obtained as red solid; Yield 0.83 g, 

84%,; M.p. 251-253 oC (decomposed); IR (cm-1): 3256, 1678, 1253. This compound has been 

reported.4 

4 E. M. Perchellet, J.-P. Perchellet and P. W. Baures, Journal of medicinal chemistry, 2005, 48, 

5955-5965.



N1,N6-bis(2-chlorophenyl)-5,10-dioxo-5H,10H-

diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4b3) Obtained as yellow solid; Yield 0.72 

g, 73%; M.p.  259-257 oC (decomposed); IR (cm-1): 3343, 1693, 1240.

N1,N6-bis(4-methoxy-2-nitrophenyl)-5,10-dioxo-

5H,10H-diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4b4) Obtained as yellow solid; 

Yield 0.83 g, 72%; M.p. 255-256 oC (decomposed); IR (cm-1): 3265, 1688, 1252.

N1,N6-bis(2,4,5-trichlorophenyl)-5,10-dioxo-5H,10H-

diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4b5) Obtained as yellow solid; Yield 0.95 

g, 75%; M.p. 255-257 oC (decomposed); IR (cm-1): 3219, 1674, 1242. 

N1,N6-bis(3,4-dichlorophenyl)-5,10-dioxo-5H,10H-

diimidazo[1,5-a:1',5'-d]pyrazine-1,6-dicarboxamide (4b6) Obtained as orange solid; Yield 0.95 

g, 84%; M.p. 256-257 oC (decomposed); IR (cm-1): 3302, 1686, 1254. This compound has been 

reported.4 



N-(2,5-dichlorophenyl)-2-methyl-4-(morpholine-4-carbonyl)-1H-

imidazole-5-carboxamide (5a1) Obtained as white solid; Yield 0.35 g, 46%; M.p. 227-229 oC; 

IR (cm-1): 3238, 1653, 1288; 1H-NMR (500 MHz, CDCl3 with 0.05% v/v TMS) δ (ppm): 12.48 

(s, 1H), 11.48 (s, 1H), 8.28 (d, 1H, 4J = 2.5 Hz), 7.35 (d, 1H, J = 9.0 Hz), 7.09 (dd, 1H, 3J = 9.0 

Hz, 4J = 2.5 Hz), 4.28 (t, J = 5.0 Hz), 3.84-3.78 (m, 4H), 3.76 (t, J = 5.0 Hz), 2.44 (s, 3H); 13C-

NMR (125 MHz, CDCl3 with 0.05% v/v TMS) δ (ppm): 163.84, 158.07, 145.40, 135.99, 134.87, 

132.57, 130.44, 129.38, 125.52, 124.12, 124.03, 67.29, 66.93, 48.34, 43.57, 14.06. NMR data 

matched with the literature.2

N-(4-chlorophenyl)-2-methyl-4-(morpholine-4-carbonyl)-1H-

imidazole-5-carboxamide (5a2) Obtained as white solid; Yield 0.19 g, 27%; M.p. 279-281 oC ; 

IR (cm-1): 3203, 1654, 1263; 1H-NMR (500 MHz, CDCl3 with 0.05% v/v TMS) δ (ppm): 12.79 

(s, 1H), 11.38 (s, 1H), 7.70 (d, 1H, J = 9 Hz), 7.31 (d, 1H, J = 9.0 Hz), 4.32 (t, 2H, J = 5.0 Hz, 

CH2-N), 3.84-3.80 (m, 4H, CH2-O), 3.76 (t, 2H, J = 5.0 Hz, CH2-N), 2.43 (s, 3H, CH3); 13C-NMR 

(125 MHz, CDCl3 with 0.05% v/v TMS) δ (ppm): 164.36, 157.30 144.65, 136.80, 133.81, 130.55, 

129.37, 128.96, 121.60, 67.27, 66.87, 48.54, 43.72, 14.11; HRMS-ESI: C15H15ClN4O3 m/z 

[M+H]+ 349.1067 (Calcd.), 349.1082 (found). 



N-(2-chlorophenyl)-2-methyl-4-(morpholine-4-carbonyl)-1H-

imidazole-5-carboxamide (5a3). Obtained as white solid; Yield 0.17 g, 24%; M.p. 223-225 oC, 

IR (cm-1): 3242, 1653, 1285; 1H-NMR (500 MHz, CDCl3 with 0.05% v/v TMS) δ (ppm): 12.26 

(s, 1H), 11.50 (s, 1H), 8.12 (dd, 1H, 3J = 8.0 Hz, 4J = 1.5 Hz), 7.44 (dd, 1H, 3J = 8.0 Hz, 4J = 1.5 

Hz), 7.27 (td, 1H, 3J = 7.5 Hz, 4J = 1.5 Hz), 7.12 (td, 3J = 7.5 Hz, 4J = 1.5 Hz), 4.26 (t, 2H, J = 5.0 

Hz), 3.84-3.78 (m, 4H), 3.75 (t, 2H, J = 5.0 Hz), 2.36 (s, 3H); 13C-NMR ( 125 MHz, DMSO-d6) δ 

(ppm): 163.69, 160.32, 159.50, 157.10, 145.52, 144.96, 134.91, 134.60, 133.95, 130.83, 129.58, 

129.27, 128.78, 127.87, 127.49, 127.03, 125.63, 124.81, 124.31, 124.04, 122.82, 122.43, 66.48, 

66.16, 66.07, 65.82, 47.80, 46.90, 42.96, 41.93, 13.50. NMR data matched with the literature.2

 

N-(4-methoxy-2-nitrophenyl)-2-methyl-4-(morpholine-4-

carbonyl)-1H-imidazole-5-carboxamide (5a4) Obtained as yellow solid; Yield 0.15 g, 19%; 

M.p. 282-284 oC; IR (cm-1): 3219, 1664, 1255; 1H-NMR (500 MHz, DMSO-d6) δ (ppm): 13.13 

(s, 0.4H), 12.96 (s, 0.6H), 12.31 (s, 0.4H), 11.12 (s, 0.6H), 8.42 (d, 0.6H, J = 9.0 Hz), 7,65 (d, 

0.4H, J = 9.0 Hz), 7.63 (d, 0.6H, J = 3.0 Hz), 7.54 (d, 0.4H, J = 3.0 Hz), 7.41 (dd, 0.6H, 3J = 9.0 

Hz, 4J = 5.0 Hz), 7.35 (dd, 0.4H, 3J = 9.0 Hz, 4J = 5.0 Hz), 4.15 (t, 0.7H, J = 5.0 Hz), 4.04 (m, 

0.8H), 3.86 (m, 3H), 3.70 (s, 1.3H), 3.67-3.64 (m, 3.2H), 3.54 (t, 1.2H, J = 5.0 Hz), 3.31 (s, 0.8H), 

2.37-2.33 (m, 3H); 13C-NMR (150 MHz, DMSO-d6) δ (ppm): 160.56, 160.30, 159.94, 159.72, 

156.33, 154.70, 145.50, 144.84, 138.80, 138.48, 134.16, 130.80, 128.27, 127.58, 127.35, 126.82, 

124.29, 123.21, 122.21, 120.28, 109.10, 108.83, 66.43, 66.06, 66.01, 65.77, 59.67, 55.90, 47.85, 



46.80, 43.04, 41.86, 13.5; HRMS-ESI: C17H19N5O6 m/z [M+H]+  390.1335 (Calcd.), 390.1388 

(found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

N-(2,4,5-trichlorophenyl)-2-methyl-4-(morpholine-4-carbonyl)-

1H-imidazole-5-carboxamide (5a5). Obtained as white solid; Yield 0.32 g, 38%; M.p. 261-263 
oC, IR (cm-1): 3342, 1645, 1288; 1H-NMR (500 MHz, CDCl3 with 0.05% v/v TMS) δ (ppm): 

12.61 (s, 1H), 11.12 (s, 1H), 8.50 (s, 1H), 7.55 (s, 1H), 4.33 (t, 2H, J = 5.0 Hz), 3.84 (m, 4H), 3.79 

(t, 2H, J = 5.0 Hz), 2.48 (s, 3H); 13C-NMR (150 MHz, DMSO-d6) δ (ppm): 163.42, 157.26, 145.87, 

135.24, 134.32, 130.54, 129.83, 128.45, 126.24, 123.67, 123.89, 66.40, 66.10, 47.75, 42.99, 13.51. 

NMR data matched with the literature.2

N-(3,4-dichlorophenyl)-2-methyl-4-(morpholine-4-carbonyl)-1H-

imidazole-5-carboxamide (5a6). Obtained as white solid; Yield 0.24 g, 31%; M.p. 261-263 oC, 

IR (cm-1): 3257, 1678, 1269; 1H-NMR (600 MHz, DMSO-d6) δ (ppm): 13.09 (s, 1H), 12.85 (s, 

0.7H), 10.26 (s, 0.3H), 8.07 (s, 1H), 7.61-7.50 (m, 2H), 4.18-3.63 (m, 8H), 2.35 (s, 3H); 13C-NMR 

(150 MHz, DMSO-d6) 164.03, 160.61, 160.54, 156.83, 145.50, 144.64, 139.05, 138.47, 133.65, 

131.33, 131.27,  131.02, 130.72, 130.34, 129.30, 127.42, 125.19, 124.64, 121.22, 120.39, 120.05, 

119.39, 66.40, 66.10, 65.96, 65.93, 48.05, 42.26, 13.54, 13.45. NMR data matched with the 

literature.2 



N-(phenyl)-2-methyl-4-(morpholine-4-carbonyl)-1H-imidazole-5-

carboxamide (5a7). Obtained as white solid; Yield 0.12 g, 19%; M.p. 265-267 oC, IR (cm-

1): 3260, 1665, 1296; 1H-NMR (600 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 13.07 

(s, 0.8H), 12.82 (s, 0.2H), 12.47 (s, 0.8H), 9.81 (s, 0.2H), 7.79 (s, 0.4H), 7.63 (d, 7.61-7.50 

(m, 2H), 4.18-3.63 (m, 8H), 2.35 (s, 3H); 13C-NMR (600 MHz, DMSO-d6 with 0.03% v/v 

TMS) 164.03, 160.61, 160.54, 156.83, 145.50, 144.64, 139.05, 138.47, 133.65, 131.33, 

131.27,  131.02, 130.72, 130.34, 129.30, 127.42, 125.19, 124.64, 121.22, 120.39, 120.05, 

119.39, 66.40, 66.10, 65.96, 65.93, 48.05, 42.26, 13.54, 13.45; HRMS-ESI: C16H18N4O3 

m/z [M+H]+ 315.1452 (Calcd.), 315.1460 (found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

N-(2,5-dichlorophenyl)-4-(morpholine-4-carbonyl)-1H-imidazole-

5-carboxamide (5b1) Obtained as white solid; Yield 0.15 g, 20%; M.p. 223-225 oC; IR (cm-1): 

3177, 1670, 1282; 1H-NMR (600 MHz, DMSO-d6) δ (ppm): 13.48 (s, 1H), 12.28 (s, 0.6H), 9.78 

(s, 0.4H), 8.36 (s, 1H), 7.95 (s, 1H), 7.57 (d, 1H, J = 8.4 Hz), 7.24 (dd, 3J = 8.4 Hz, 4J = 2.4 Hz), 

4.11-3.67 (m, 8H); 13C-NMR (125 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 162.42, 

156.95, 149.97, 141.41, 136.95, 136.47, 135.90, 131.80, 130.76, 124.78, 121.98, 66.25, 65.96, 

47.38, 42.49; HRMS-ESI: C15H14Cl2N4O3 m/z [M+H]+ 369.0521 (Calcd.), 369.0560 (found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4



N-(4-chlorophenyl)-4-(morpholine-4-carbonyl)-1H-imidazole-5-

carboxamide (5b2) Obtained as white solid; Yield 0.28 g, 42%; M.p. 251-253 oC; IR (cm-1): 

3177, 1668, 1283; 1H-NMR (600 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 13.49 (s, 0.7H), 

13.20 (s, 0.3H), 12.62 (s, 0.7H), 10.13 (s, 0.3H), 7.92 (s, 1H), 7.68 (s, 1H), 7.43 (s, 1H), 4.15-3.65 

(m, 8H); 13C-NMR (125 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 164.05, 160.62, 160.26, 

156.50, 137.23, 136.12, 133.67, 132.03, 129.67, 128.98, 128.57, 128.41, 127.38, 121.41, 120.83, 

66.33, 66.04, 48.03, 43.19; HRMS-ESI: C15H15ClN4O3 m/z [M+H]+ 335.0910 (Calcd.), 335.0937 

(found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

N-(2-chlorophenyl)-4-(morpholine-4-carbonyl)-1H-imidazole-5-

carboxamide (5b3) Obtained as white solid; Yield 0.16 g, 24%; M.p. 187-189 oC; IR (cm-1): 

3236, 1653, 1288; 1H-NMR (600 MHz, DMSO-d6) δ (ppm): 13.45 (s, 1H), 12.06 (s, 0.6H), 9.74 

(s, 0.4H), 8.18 (s, 1H), 7.93 (s, 1H), 7.53 (dd, 1H, 3J = 7.8 Hz, 4J = 1.2 Hz), 7.35 (td, 1H, 3J = 7.8 

Hz, 4J = 1.2 Hz), 7.18 (t, 1H, 3J = 7.8 Hz, 4J = 1.2 Hz), 4.10-3.62 (m, 8H); 1H-NMR (500 MHz, 

CDCl3 with 0.05% v/v TMS) δ (ppm): 12.35 (s, 0.9H), 11.97 (s, 0.1H), 11.58 (s, 0.9H), 9.80 (s, 

0.1H), 8.55 (d, 0.1H, J = 8.0 Hz), 8.19 (dd, 0.9H, 3J = 8.0 Hz, 4J = 1.5 Hz), 7.68 (s, 0.9H), 7.61 (s, 

0.1H), 7.47 (dd, 0.9H, 3J = 8.0 Hz, 4J = 1.5 Hz), 7.43 (d, 0.1H, 3J = 8.0 Hz), 7.32 (td, 1H, 3J = 8.0 

Hz, 4J = 1.5 Hz), 7.15 (td, 0.9H, 3J = 8.0 Hz, 4J = 1.5 Hz), 7.01 (t, 0.1H, 3J = 8.0 Hz), 4.30 (t, 1.8H, 

J = 5.0 Hz), 3.89-3.82 (m, 4H), 3.80 (t, 1.8H, J = 5.0 Hz), 3.76 (s, 0.2H), 3.63 (s, 0.2H); 13C-NMR 

(125 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 163.59, 160.22, 159.37, 157.00, 136.37, 



136.12, 134.75, 134.51, 134.22, 131.29, 129.54, 129.25, 128.96, 127.88, 127.45, 127.28, 125.72, 

124.81, 124.35, 124.07, 122.76, 121.31, 66.44, 66.12, 65.98, 65.74, 47.81, 46.81, 42.98, 41.90; 

HRMS-ESI: C15H15ClN4O3 m/z [M+H]+ 335.0910 (Calcd.), 335.0898 (found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

N-(4-methoxy-2-nitrophenyl)-4-(morpholine-4-carbonyl)-1H-

imidazole-5-carboxamide (5b4) Obtained as yellow solid; Yield 0.29 g, 39%; M.p. 211-212 oC; 

IR (cm-1): 3348, 1680, 1260; 1H-NMR (600 MHz, DMSO-d6) δ (ppm): 13.31 (s, 1H), 12.24 (s, 

0.3H), 11.24 (s, 0.7H), 8.45 (s, 1H), 7.93 (s, 1H), 7.62 (s, 1H), 7.40 (d, 1H, J = 9.0 Hz), 4.10-3.56 

(m, 11H); 13C-NMR (125 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 160.26, 159.90, 154.70, 

138.59, 136.15, 131.32, 127.68, 126.91, 124.09, 122.36, 108.89, 65.97, 65.74, 55.92, 46.77, 41.88; 

HRMS-ESI: C16H17N5O6 [M+H]+ 376.1257 (Calcd.), 376.1276 (found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

N-(2,4,5-trichlorophenyl)-4-(morpholine-4-carbonyl)-1H-

imidazole-5-carboxamide (5b5) Obtained as white solid; Yield 0.32 g, 43%; M.p. 224-227 oC; 

IR (cm-1): 3234, 1556, 1265; 1H-NMR (600 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 13.55 

(s, 0.6H), 12.37 (s, 0.4H), 12.43 (s, 0.6H), 9.79 (s, 0.4H), 8.55 (s, 1H), 7.97-7.94 (m, 2H), 4.14-

3.54 (m, 8H); 13C-NMR (125 MHz, DMSO-d6 with 0.03% v/v TMS) δ (ppm): 163.34, 157.31, 



136.63, 134.91, 134.57, 130.46, 130,04, 128.65, 126.36, 123.79, 123.11, 66.27, 65.99, 47.59, 

43.02; HRMS-ESI: C15H13Cl3N4O3 m/z [M-H]ˉ 400.9975 (Calcd.), 400.9936 (found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

N-(3,4-dichlorophenyl)-4-(morpholine-4-carbonyl)-1H-imidazole-

5-carboxamide (5b6) Obtained as white solid, Yield 0.33 g, 45%; M.p. 258-261 oC; IR (cm-1): 

3219, 1654, 1290; 1H-NMR (600 MHz, DMSO-d6) δ (ppm): 13.46 (s, 1H), 12.78 (s, 0.54H), 10.33 

(s, 0.45H), 8.10-7.59 (m, 4H), 4.14-3.62 (m, 8H); 13C-NMR (125 MHz, DMSO-d6 with 0.03% v/v 

TMS) δ (ppm): 163.99, 156.83, 138.33, 136.24, 133.98, 130.87, 129.38, 127.95, 125.19, 120.53, 

119.51, 66.23, 65.97, 47.99, 43.25; HRMS-ESI: C15H14Cl2N4O3 m/z [M-H]ˉ 367.0365 (Calcd.), 

367.0350 (found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

N-phenyl-4-(morpholine-4-carbonyl)-1H-imidazole-5-carboxamide 

(5b7) Obtained as white solid, Yield 0.24 g, 40%; M.p. 235-237 oC; IR (cm-1): 3172, 1629, 1286; 
1H-NMR (600 MHz, DMSO-d6) δ (ppm): 13.46 (s, 0.75H), 13.15 (s, 0.25H), 12.45 (s, 0.75H), 

9.91 (s, 0.25H), 7.92 (s, 0.75H), 7.89 (s, 0.25H), 7.81 (d, 0.5H, J = 7.8 Hz), 7.65 (d, 0.5H, J = 7.8 

Hz), 7.39 (t, 1.5H, J = 15.6 Hz, J = 7.8 Hz), 7.32 (t, 0.5H, J = 15.6 Hz, J = 7.8 Hz), 7.13 (t, 0.75H, 

J = 15.6 Hz, J = 7.8 Hz), 7.07 (t, 0.25H, J = 15.6 Hz, J = 7.8 Hz), 4.14-3.66 (m, 8H); 13C-NMR 

(125 MHz, DMSO-d6) δ (ppm): 164.14, 160.71, 160.10, 156.47, 138.64, 138.29 136.03, 135.65, 



133.52, 132.26, 129.89, 129.10, 128.54, 127.08, 123.88, 123.33, 119.92, 119.30, 66.42, 66.11, 

48.04, 43.19; HRMS-ESI: C15H16N4O3 m/z [M+H]+ 301.1295 (Calcd.), 301.1275 (found). 

There were two conformers of this compound: intrahydrogen bonding conformer and non-

intrahydrogen bonding conformer.4

1H-NMR, 13C-NMR and HRMS spectra of synthesized compounds

Compound 2b

IR spectrum

MS spectrum

1H-NMR spectrum



13C-NMR spectrum

Compound 3b

IR spectrum



Compound 4a1

IR spectrum

Compound 4a2

IR spectrum



Compound 4a3

IR spectrum

Compound 4a4

IR spectrum



Compound 4a7

IR spectrum

Compound 4b1

IR spectrum



Compound 4b2 

IR spectrum

Compound 4b4

IR spectrum

Compound 5a1

IR spectrum

MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

83,010,799

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

83,010,799

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 483.06(2516862)

m/z

100000

200000

300000

400000

350 355 360 365 370 375 380 385 390 395 400

352.1640 359.1112 367.1504
378.8448

383.0127

393.3007

MSMS: Precursor m/z -----  /-  Base Peak 495.04(1813182)

m/z

1000000

2000000

3000000

4000000

5000000

6000000

7000000

350 355 360 365 370 375 380 385 390 395 400

360.9175 367.1466 371.8125 378.9076
381.0408

384.9340

388.7461 400.9030

<Chromatogram>

1H-NMR spectrum, 500 MHz, CDCl3 with 0.05% v/v TMS (TMS peak was at 0 ppm)



13C-NMR spectrum, 125 MHz, CDCl3 with 0.05% v/v TMS (TMS peak was at 0 ppm)



Compound 5a2

IR spectrum



MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

80,235,693

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

80,235,693

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 179.03(274254)

m/z

10000
20000
30000
40000
50000
60000
70000
80000
90000

100000

330 335 340 345 350 355 360

339.1945 341.2510

349.1082

354.2780 357.2238

MSMS: Precursor m/z -----  /-  Base Peak 226.97(997268)

m/z

100000

200000

330 335 340 345 350 355 360

333.2283

<Chromatogram>

1H-NMR spectrum, 500 MHz, CDCl3 with 0.05% v/v TMS (TMS peak was at 0 ppm) 





13C-NMR spectrum, 125 MHz, CDCl3 with 0.05% v/v TMS (TMS peak was at 0 ppm)

Compound 5a4

IR spectrum

MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

54,839,419

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

54,839,419

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 412.11(9752159)

m/z

100000

200000

300000

400000

500000

600000

700000

800000

355 360 365 370 375 380 385 390 395 400 405

356.1576 361.2539 364.3183

370.1013

372.1085

379.1614
386.2978

390.1388

393.1701 398.1782 404.4622

MSMS: Precursor m/z -----  /-  Base Peak 388.12(2558526)

m/z

1000000

2000000

3000000

4000000

5000000

6000000

7000000

355 360 365 370 375 380 385 390 395 400 405

354.0332 356.9674 374.0932 383.2114 387.6401

388.1199

394.5688

<Chromatogram>

1H-NMR spectrum, 500 MHz, DMSO-d6





Compound 5a4 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding between 2 amide groups at approcimate ratio of 4:6.

13C-NMR spectrum, 500 MHz, DMSO-d6

Compound 5a7

IR spectrum



MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

188,038,060

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

188,038,060

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 315.15(6663364)

m/z

1000000

2000000

3000000

4000000

5000000

6000000

7000000

200 300 400 500 600 700 800 900

150.1064 242.2783 290.2601

315.1460

391.2373

447.1343

490.4397 576.9761 663.4274 752.2079 809.4140 936.3998

MSMS: Precursor m/z -----  /-  Base Peak 194.93(5822783)

m/z

1000000

2000000

3000000

4000000

5000000

6000000

7000000

8000000

9000000

200 300 400 500 600 700 800 900

139.1427

194.9297

226.9795

314.8346 414.8436456.8008 535.2229 592.7203 647.7127 736.7048 788.6370 888.6222 938.6022

<Chromatogram>

1H-NMR spectrum, 500 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm) 





Compound 5a7 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding at approcimate ratio of 8:2.
13C-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)

Compound 5b1

IR spectrum

M

S spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

74,466,387

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

74,466,387

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 701.49(3493435)

m/z

100000

200000

300000

355 360 365 370 375 380 385

353.0866 359.3252

361.0930

364.3003

369.0560

372.9601

376.2763

387.9936

MSMS: Precursor m/z -----  /-  Base Peak 367.03(3536409)

m/z

1000000

2000000

3000000

4000000

5000000

6000000

7000000

8000000

9000000

355 360 365 370 375 380 385

353.0779 359.3106 363.9984

367.0349 369.0300

372.0307 383.8274

<Chromatogram>

1H-NMR spectrum, 600 MHz, DMSO-d6



Compound 5b1 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding at approcimate ratio of 6:4.
13C-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)



Compound 5b2

IR spectrum

MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

112,083,878

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

112,083,878

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 179.02(2186970)

m/z

100000

200000

300000

400000

500000

290 300 310 320 330 340 350 360 370

288.0353

293.0464

296.2122

303.2946
304.0496

313.2257

316.0879

318.3244

324.9308 332.0415

335.0937

340.2740

342.3033

350.2241
354.1717

357.0588

363.2326
366.4044

373.0861

375.9387

MSMS: Precursor m/z -----  /-  Base Peak 226.98(2176613)

m/z

100000

200000

300000

400000

500000

290 300 310 320 330 340 350 360 370

286.9124

294.0604

300.0563 306.9405 316.0485 327.1760 332.9879
342.6476

348.0573 356.1430
364.6449

369.5301

<Chromatogram>

1H-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)



Compound 5b2 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding at approcimate ratio of 7:3.
13C-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)



Compound 5b3

IR spectrum

MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

120,135,850

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

120,135,850

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 261.16(354238)

m/z

10000
20000
30000
40000
50000
60000
70000
80000
90000

100000

330 335 340

330.9965

335.0898

340.1309

MSMS: Precursor m/z -----  /-  Base Peak 226.97(1359507)

m/z

10000
20000
30000
40000
50000
60000
70000
80000
90000

100000

330 335 340

330.0756 333.9844

<Chromatogram>

1H-NMR spectrum, 600 MHz, DMSO-d6



Compound 5b3 existed in the 2 conformers in DMSO: the intramolecular hydrogen bonding and 

the non-intramolecular hydrogen bonding at approcimate ratio of 6:4.
1H-NMR spectrum, 500 MHz, CDCl3 with 0.05% v/v TMS (TMS peak was at 0 ppm)





Compound 5b3 existed in the 2 conformers in CDCl3: the intramolecular hydrogen bonding and 

the non-intramolecular hydrogen bonding at approcimate ratio of 9:1.



13C-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)

Compound 5b4

IR spectrum

MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

61,011,076

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

61,011,076

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 414.03(4690447)

m/z

1000000

340 345 350 355 360 365 370 375 380 385 390

357.1285
373.0223

376.1276

385.3553 393.3455

MSMS: Precursor m/z -----  /-  Base Peak 374.11(5517587)

m/z

10000000

340 345 350 355 360 365 370 375 380 385 390

362.9222 367.3088

374.1071

376.1178

<Chromatogram>

1H-NMR spectrum, 600 MHz, DMSO-d6



Compound 5b4 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding at approcimate ratio of 3:7.
13C-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)



Compound 5b5

IR spectrum

MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

63,179,438

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

63,179,438

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 274.24(320108)

m/z

100000

200000

300000

395 400 405 410 415 420

394.2155
399.1734

401.0446 404.0555 408.9781

414.0604

416.2787 420.0111

MSMS: Precursor m/z -----  /-  Base Peak 226.98(1158827)

m/z

100000

200000

300000

395 400 405 410 415 420

400.9936

404.9274
408.7912 418.9931 421.0756

<Chromatogram>

1H-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm) 



Compound 5b5 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding at approcimate ratio of 6:4.
13C-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)



Compound 5b6

IR spectrum



MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

99,985,828

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

99,985,828

0.25 0.50 0.75 1.00 1.25 1.50 1.75

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 179.01(12811080)

m/z

1000000

280 290 300 310 320 330 340 350 360 370 380 390 400 410

284.3427

290.2783

303.0395

318.2377

319.2666
333.1347

344.3954

352.0441
365.2340

372.3354
379.2845 387.0749 402.3080 409.1236

MSMS: Precursor m/z -----  /-  Base Peak 367.04(3271357)

m/z

1000000

2000000

3000000

4000000

5000000

6000000

280 290 300 310 320 330 340 350 360 370 380 390 400 410

283.2326 293.1824 302.1134 308.9549 326.0537 336.5961 353.1221

367.0350

370.0322
381.2328387.8025 395.1910

405.0013

406.9978

413.9626

<Chromatogram>

1H-NMR spectrum, 600 MHz, DMSO-d6 



Compound 5b6 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding at approcimate ratio of 5.4:4.5.
13C-NMR spectrum, 125 MHz, DMSO-d6 with 0.03% v/v TMS (TMS peak was at 0 ppm)



Compound 5b7

IR spectrum

MS spectrum
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==== Shimadzu LCMSsolution Data Report ====

<Spectrum>
min

82,206,851

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

STIC*   1.00  

TIC@1*   1.00  

TIC@2*   1.00  

min

82,206,851

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4

STIC/TIC@1/TIC@2

MSMS: Precursor m/z -----  /+  Base Peak 447.14(4367677)

m/z

1000000

2000000

3000000

4000000

200 300 400 500 600 700 800 900

130.0093

157.0243

181.0278 242.2376

301.1275

359.0549

395.0980

447.1436

454.3085 535.7462
623.2509 679.4741 741.4988

798.4689 847.5340 933.0486

MSMS: Precursor m/z -----  /-  Base Peak 194.93(5531948)

m/z

1000000

2000000

3000000

4000000

5000000

6000000

7000000

8000000

200 300 400 500 600 700 800 900

194.9279

226.9773
314.8036 360.7745 434.8750 501.7573 570.5199 668.6878 714.8566 801.9030842.5564 943.9904

<Chromatogram>

1H-NMR spectrum, 600 MHz, DMSO-d6 



 

 Compound 5b7 existed in the 2 conformers: the intramolecular hydrogen bonding and the non-

intramolecular hydrogen bonding at approcimate ratio of 7.5:2.5.
13C-NMR spectrum, 125 MHz, DMSO-d6



13C NMR (125 MHz, DMSO-d6)  δ (ppm) 164.14 (C13), 160.71 (C13), 160.10 (C6), 156.47 (C6), 138.64 (C2), 
138.29 (C2), 136.03 (C5), 135.65 (C5), 133.52 (C4), 132.26 (C4), 129.89 (C17, C19), 129.10 (C17, C19), 128.54 
(C15), 127.08 (C15), 123.88 (C18), 123.33 (C18), 119.92 (C16, C20), 119.30 (C16, C20), 66.42 (C8), 66.11 (C12), 
48.04 (C9), 43.19 (C11). 

 

1H NMR (600 MHz, DMSO-d6) δ (ppm) 13.46 (s, 0.75H, H1), 13.15 (s, 0.25H, H1), 12,45 (s, 0.75H, H14), 9.91 (s, 
0.25H, H14), 7.92 (s, 0.75H, H2), 7.89 (s, 0.25H, H2), 7.81 (d, 0.5H, J = 7.8 Hz, H16, H20), 7,65 (d, 1.5H, J = 7.8 
Hz, H16, H20), 7,39 (t, 1.5H, 3J = 15.6 Hz, 3J = 7.8 Hz, H17, H19), 7.32 (t, 0.5H, 3J = 15.6 Hz, 3J = 7.8 Hz, H17, 
H19), 7.13 (t, 0.75H, 3J = 15.6 Hz, 3J = 7.8 Hz, H18), 7,07 (t, 0.25H, 3J = 15.6 Hz, 3J = 7.8 Hz, H18), 4.14 – 3.66 
(m, 8H, H8, H9, H11, H12). 

2. Screening for Mpro inhibitory activity at 1 µM

Compound I% Compound I% Compound I%

5a1 38% 5b1 18% Ritonavir 24%

5a2 38% 5b2 3% Lopinavir 33%

5a3 25% 5b3 28% Ebselen 100%

5a4 28% 5b4 30%   

5a5 39% 5b5 16%   

5a6 33% 5b6 33%   

5a7 24% 5b7 15%  

3. Dose-response inhibition data

5a1

LogC (µM) Mean (%) SD (%)

-0.61 0.00 0.00

-0.31 0.00 0.00



-0.01 0.00 0.00

0.29 5.09 7.19

0.59 23.49 9.66

0.89 41.34 3.83

1.19 79.47 7.10

1.49 93.39 9.35

1.80 100.00 0.00

2.10 100.00 0.00

2.40 100.00 0.00

2.70 100.00 0.00

5a2

LogC (µM) Mean (%) SD (%)

-0.61 0.00 0.00

-0.31 1.81 2.56

0.29 28.19 0.51

0.59 39.44 5.27

0.89 52.69 3.99

1.49 74.10 7.32

1.80 84.33 10.04

2.10 96.59 4.82

2.40 100.00 0.00

2.70 100.00 0.00

5a5

LogC (µM) Mean (%) SD (%)

0.19 0.00 0.00

0.49 0.00 0.00

0.80 5.56 7.86

1.10 46.94 4.95

1.70 100.00 0.00



2.00 100.00 0.00

5a6

LogC (µM) Mean (%) SD (%)

-1.31 11.00 10.42

-1.01 6.67 9.43

-0.71 14.67 7.13

-0.41 9.33 6.80

-0.11 15.00 5.66

0.19 37.00 7.79

0.80 55.00 7.79

1.10 42.00 3.56

1.40 54.67 1.70

1.70 100.00 0.00

2.00 100.00 0.00

5b6

LogC (µM) Mean (%) SD (%)

0.29 8.61 6.12

0.59 9.88 7.01

0.89 10.75 7.71

1.19 37.58 2.54

1.49 38.76 6.42

1.80 62.88 6.52

2.10 100.00 0.00

2.40 100.00 0.00

2.70 100.00 0.00

4. Dose-response Inhibition of ebselen against SARS-CoV-2 Mpro



5. Enzyme kinetic inhibition plots of SARS-CoV-2 Mpro inhibition by 5a2 (Mean±SD%)

[I] (µM)
[S] (µM)

0 2.5 5

80 0.269±0.055 0.282±0.056 0.313±0.064

60 0.363±0.085 0.412±0.126 0.409±0.082

40 0.452±0.047 0.486±0.023 0.570±0.050

20 0.571±0.025 0.690±0.066 0.850±0.036

10 1.081±0.056 1.272±0.158 1.558±0.236

6. The cytotoxic effect on 16HBE14o cell line of potential compounds

Compound Mean (%) SD (%)

0.2%DMSO 100.00 4.02

5a1 100.84 7.78

5a2 91.65 3.53

5a5 99.52 9.13

5a6 97.02 1.89

5a7 95.35 1.61

7. The distribution of the four substituents of the native ligand across the four pockets (S1-

4) of the binding site in SARS-CoV-2’s Mpro



Figure S1. The distribution of the four substituents of the native ligand across the four pockets 

(S1-4) of the binding site (gray shape) (PDB: 7N44). 


