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Figure S1. Superposition of 13C NMR spectra of compounds 10 and 11.

 

Figure S2. Superposition of 1H NMR spectra of compounds 10 and 11.
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Figure S3. NOESY spectrum of compound 10.

 

Figure S4. NOESY spectrum of compound 11.
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Figure S5. Superposition of 13C NMR spectra of compounds 8 and 9.

 

Figure S6. Superposition of 1H NMR spectra of compounds 8 and 9. 
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Table S1. 13C NMR chemical shifts (δ, ppm) of compounds 8-11 and 16-19.a

Compd Structure C-2 C-3 C-5 C-6 C-7 6-CO2Et
6-CONHR

5/7-
CH3

8
H2N

N N

N N CH3

CO2Et 159.56 144.63 168.56 114.69 155.04
166.09
61.91
13.79

23.93

17
N

NN

N
H2N

Me

NH2

O 158.87 142.24 167.99 119.80 154.69 167.16 23.24

19
N

NN

N
H2N

Me
H
N

O
Me

159.13 142.90 168.24 119.41 154.90 163.53 23.24

9 H2N
N N

N N

CH3
CO2Et

158.67 145.51 168.71 113.9 154.45
166.52
62.20
13.84

15.79

16 N

NN

N
H2N

Me

NH2

O

155.73 142.02 167.29 117.78 153.07 166.52 14.47

18 N

NN

N
H2N

Me

H
N

O
Me

157.24 143.85 168.61 118.61 154.41 164.01 15.68

11 H2N
N N

N
H
N

CH3
CO2Et

164.09 144.88 154.11 101.12 53.15
165.92
60.40
14.64

15.73

10
H2N

N N

N
H
N CH3

CO2Et 162.68 146.28 146.97 97.74 59.73
165.87
59.32
14.46

18.98

a 13C NMR spectra of compounds in DMSO-d6 recorded on Bruker Avance DRX-400MHz.
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Table S2. Optimization of reaction conditions for 9 and 11 .a

H2N
N
H
N

N NH2
+

OEt

CH3

O

12 14

O

O

13

H2N
N N

N
H
N

CH3
CO2Et

11

conditions
+ H2N

N N

N N

CH3
CO2Et

9

H2N
N N

N
H
N CH3

CO2Et

10

+
H2N

N N

N N CH3

CO2Et

8

+

Entry Solvent Ratio 
12:13:14

Catalyst
(equiv) T° Time

(h)
% Ratio

11:9:10:8b

11 9 10 8
66 22 12 -

1 EtOH 1:1:1 citric acid
(2.5) reflux 5

16% c

2 EtOH 1:1:1 citric acid
(5) reflux 4 58 32 8 2

3 EtOH 1:1.5:1 citric acid
(2.5) reflux 4 64 23 12 1

N.D.d N.D. N.D. N.D.
4 EtOH 1:1:1 citric acid

(2.5) reflux 3.5
83%c

5 EtOH 1:1:1 - 100 °C
µw 20’ - - - -

6e dry 
THF 1:1:1 PTSA

(1) reflux 24 36 55 7 2

7 - 1:1:1 phosphoric 
acid 120 °C 6 - - - -

8 - 1:1:1 PPA 120 °C 6 - - - -

11 61 18 10
9e AcOH 1:1:1 - reflux 6

21%c

 a The reaction was performed on 1.0 mmol scale of 12 in 3 mL of solvent. b Percentage ratio among 
isomers assessed by HPLC on the crude product. c Isolated yield. d N.D. = not determined due to the 
presence of only compound 11 by TLC. e Reaction performed under nitrogen.
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Table S3. Optimization of reaction conditions for 9.a

H2N
N
H
N

N NH2
+

OEt

CH3

O

12 14

O

O

13

H2N
N N

N
H
N

CH3
CO2Et

11

conditions
+ H2N

N N

N N

CH3
CO2Et

9

H2N
N N

N
H
N CH3

CO2Et

10

+
H2N

N N

N N CH3

CO2Et

8

+

Entry Solvent Ratio 
12:13:14

Catalyst
(equiv) T° Time

(h)
% Ratio 

11:9:10:8b

11 9 10 8

1 AcOH 1:1:1 - 120 °C 3 17 78 4 1

6 89 4 1
2 AcOH 1:1:1 - 120 °C 6

37%c

3 AcOH 1:1:1 - 120 °C 12 2 92 4 2

4 AcOH 1:1:1 - 120 °C 24 2 90 5 3

5 AcOH 1:1:1 - 60 °C 3 45 47 8 -

6 AcOH 1:1:1 - 60 °C 24 25 69 5 1

7 AcOH 2:1:1 - 120 °C 24 13 53 19 15

8 AcOH 1:2:1 - 120 °C 5 12 68 13 7

9 AcOH 1:3:1 - 120 °C 24 7 56 31 6

10 AcOH 1:1:2 - 120 °C 24 6 85 4 5

11 AcOH 1:1:3 - 120 °C 9 6 76 6 12
a The reaction was performed on 1.0 mmol scale of 12 in 3 mL of solvent in an open flask. b Percentage 
ratio among isomers assessed by HPLC on the crude product. c Isolated yield. 
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Table S4. Optimization of reaction conditions for 9 and 11.a

H2N
N
H
N

N NH2
+

OEt

CH3

O

12 14

O

O

13

H2N
N N

N
H
N

CH3
CO2Et

11

conditions
+ H2N

N N

N N

CH3
CO2Et

9

H2N
N N

N
H
N CH3

CO2Et

10

+
H2N

N N

N N CH3

CO2Et

8

+

Entry Solvent Ratio 
12:13:14

Catalyst
(equiv) T° Time 

(h)
% Ratio

11:9:10:8b

11 9 10 8

1 AcOH 2:1:1 - reflux 24 6 56 19 19

13 77 9 1
2 AcOH 1:2:1 - reflux 24

51%c

24 63 9 4
3 AcOH 1:2:1 - 60 °C 24

33%c

13 78 7 2
4 AcOH 1:3:1 - 60 °C 9

55%c

5 AcOH 1:3:1 90 °C 9 32 39 23 6

6 AcOH 1:3:1 reflux 9 29 34 25 12

7 AcOH 1:1:2 - 60 °C 24 26 70 3 1

8 AcOH 1:1:2 - 90 °C 24 21 60 11 8

7 83 6 4
9 AcOH 1:1:2 - reflux 12

23%c

10 85 3 2
10 AcOH 1:3:2 - 60 °C 12

36%c

11 AcOH 1:3:1 60 °C
µw 2.5 31 48 19 2

7 72 7 15
12 AcOH 1:3:1 H2O2

d 60-110 °C
µw 2.75

12%c

13 AcOH 1:3:1 I2
(0.5) 60 °C 24 8 80 5 7

 a The reaction was performed on 1.0 mmol scale of 12 in 3 mL of solvent under nitrogen. b 

Percentage ratio among isomers assessed by HPLC on the crude product. c Isolated yield. d After 2 
h at 60 °C, H2O2 (1 mL) was added and the reaction was heated at 110 °C for 45’.
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Table S5. Optimization of reaction conditions for 8 and 10.a

H2N
N
H
N

N NH2
+

OEt

CH3

O

12 14

O

O

13

H2N
N N

N
H
N

CH3
CO2Et

11

conditions
+ H2N

N N

N N

CH3
CO2Et

9

H2N
N N

N
H
N CH3

CO2Et

10

+
H2N

N N

N N CH3

CO2Et

8

+

Entry Solvent Ratio 
12:12:14 Catalyst T° Time 

(h)
% Ratio

11:9:10:8b

11 9 10 8
- 5 2 93 

1 BMIM
MsO 1:1:1 - 120 °C 48

30%c

- - 100 -
2 TBMA

MsO 1:1:1 - 120 °C 24
75%c

- 38 22 40
3 BMIM 

TFB 1:1:1 - 120 °C 24
25%c

4 BMIM 
MsO 1:2:1 - 120 °C 12 - - - -

5 TBMA 
MsO 1:2:1 - 120 °C 12 - - - -

- 10 3 87
6 BMIM

MsO 1:2:1 H2O2
d 120 °C 24

40%c

7 TBMA 
MsO 1:2:1 H2O2

d 120 °C 24 - 20 8 72

8 BMIM 
TFB 1:2:1 H2O2

d 120 °C 24 1 29 2 68

a The reaction was performed on 1.0 mmol scale of 12 in 0.2 g of IL in an open flask. b Percentage ratio 
among isomers assessed by HPLC on the crude product. c Isolated yield. d H2O2 (1 mL) was added after 
12 h.
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Table S6. Optimization of reaction conditions for 8.a

H2N
N
H
N

N NH2
+

OEt

CH3

O

12 14

O

O

13

H2N
N N

N
H
N

CH3
CO2Et

11

conditions
+ H2N

N N

N N

CH3
CO2Et

9

H2N
N N

N
H
N CH3

CO2Et

10

+
H2N

N N

N N CH3

CO2Et

8

+

Entry Solvent Ratio 
12:13:14 Catalyst T° Time 

(h)
% Ratio

11:9:10:8b

11 9 10 8

1
TBMA 

TsO 1:2:1 H2O2
c 120 °C 24 - 20 - 80

2
TBMP 
MsO 1:2:1 H2O2

d 120 °C 7 1 28 25 46

3 MMIM 
TsO 1:2:1 H2O2

d 120 °C 7 N.D.f N.D. N.D. N.D.

4 TBA 
TsO 1:2:1 H2O2

d 120 °C 7 1 18 31 50

5 TBA 
bromide 1:2:1 H2O2

e 120 °C 34 - 13 - 87

6 TBA 
MsO 1:2:1 H2O2

c 120 °C 24 - 7 11 82

7 EG/TMG 1:2:1 H2O2
e 120 °C 34 1 26 1 72

8 Gly/TMG 1:2:1 H2O2
e 120 °C 29 - 50 14 36

9 U/ChCl 1:2:1 H2O2
e 120 °C 34 N.D. N.D. N.D. N.D.

a The reaction was performed on 1.0 mmol scale of 12 in 0.2 g di IL or DES in an open flask. b Percentage 
ratio among isomers assessed by HPLC on the crude product. H2O2 (1 mL) was added after c20 h, d6 h, 
or e24 h. f N.D. = not determined.
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N
H
N

N

H2N

NH2
+ O H

HN N

N
H2N

H
N

H
OH - H2O

HN N

N
H2N

H
N

N N

N
H2N

H
N

H3C OH

- H2O

N
H
N

N

H2N

NH2 - H2O

N N

N
H2N

NH2

H3C
N N

N
H2N

NH2

CH3

a) imine route

b) enamine route

c) Knoevenagel route

OH

O

H3C
CO2Et

11

O

H3C
CO2Et

CO2Et CO2Et

O

H
N N

N
H2N

H
N

CH3

OH
- H2O 11

O

H3C
CO2Et OH

HO

H3C
CO2Et

N
H
N

N

H2N

NH2

O

H3C
CO2Et

HO - H2O

N N

N
H2N

H
N

H3C OH

- H2O
11

+ O H - H2O

N N

N
H2N

H
N OH - H2O

N
H
N

N

H2N

NH2

10

O CH3

CO2Et

O CH3

CO2Et
N
H
N

N

H2N

NH2
O CH3

CO2Et
HO

- H2O

N N

N
H2N

H
N OH - H2O 10

N
H
N

N

H2N

NH2

N N

N
H2N

NH2
H
OH N N

N
H2N

NH2 O CH3

CO2Et
CH3

HN N

N
H2N

H
N

CH3
OH

- H2O

HN N

N
H2N

N CH3

N N

N
H2N

H
N CH3

OH

- H2O
10

CO2Et O H

CH3

d) imine route

e) enamine route

f) Knoevenagel route

O

H3C
CO2Et OH

H

CO2Et

CO2Et

CO2Et

CO2Et

CO2Et

CO2Et

Scheme S1. Plausible reaction mechanisms toward 11 (a-c) and 10 (d-f). (a) Imine route entailing an initial 
direct addition of the amino group at the C(3) position of 12 on the carbonyl carbon of benzaldehyde 13 to 
give an iminium intermediate, which reacts with ethyl 3-oxobutanoate 14; (b) enamine route entailing an initial 
direct addition of the N(2) of 12 on the carbonyl carbon C(3) of 14 to give a protonated enamine intermediate, 
which subsequently reacts with 13; (c) Knoevenagel route entailing an initial direct addition of the carbon C(2) 
of 14 on the carbonyl carbon of 13 to give the carbenium ion intermediate (Knoevenagel’s adduct), which 
reacts with 12 (a direct addition of the amino group at the C(3) position of 12 on the β-carbon of the adduct 
and a direct addition of the nucleophilic N(2) center of 12 on the carbonyl carbon C(3) of the adduct); (d) 
imine route entailing an initial direct addition of the N(2) of 12 on the carbonyl carbon of 13 to give an imine 
intermediate, which reacts with ethyl 3-oxobutanoate 14; (e) enamine route entailing an initial direct addition 
of the amino group at the C(3) position of 12 on the carbonyl carbon C(3) of 14 to give an enamine 
intermediate, which subsequently reacts with 13; (f) Knoevenagel route entailing, once formed Knoevenagel’s 
adduct as described in point (c), a direct addition of the amino group at the C(3) position of 12 on the carbonyl 
carbon C(3) of the adduct and a direct addition of the nucleophilic N(2) center of 12 on the β-carbon of the 
adduct.
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Table S7. Anti-DENV-2, anti-WNV, and anti-SARS-CoV-2 activity, and cytotoxicity of 

TZP derivatives 23-30 synthesized in this study.

Compd

Anti-DENV-2 
activity 

(Huh7 cells) 
EC50, µMa

Anti-WNV 
activity 

(Huh7 cells) 
EC50, µMa

Cytotoxicity
(Huh7 cells) 
CC50, µMb

Anti-SARS-
CoV-2 activity 

(A549 cells) 
EC50, µMc

Cytotoxicity
(A549 cells) 
CC50, µMb

23 NA NA >243 NA >243

29 NA NA >243 NA >243

24 NA NA >243 NA 112.3

25 4.3 ± 1.5 6.7 ± 3.7 20.9 NA 9.8

26 14.1 ± 4.1 19.3 ± 1.4 141.1 NA 99.9

30 NA NA >243 NA >243

27 NA NA >243 NA >243

28 NA NA >243 NA >243

NRM - - - 0.066 ± 0.007 36
SOF 8.1 ± 1.1 5.3 ± 2.5 >243 >243 >243

a Activity of the compounds as determined by immunodetection assay. The EC50 value represents the 
compound concentration that reduces by 50% the expression of flavivirus envelope proteins in Huh7 cells 
infected with DENV or WNV. All the reported values represent the means ± SD of data derived from at 
least two independent experiments in duplicate. b Cytotoxicity of the compounds as determined by Cell Titer 
assay in A549 and Huh cell lines. The CC50 value represents the compound concentration that causes a 
decrease of cell viability of 50%. c Activity of the compounds as determined by Cell Titer. The EC50 value 
represents the compound concentration that reduces by 50% the cytopathic effect in A549 cells infected with 
SARS-CoV-2. All the reported values represent the means ± SD of data derived from at least two 
independent experiments in duplicate. d NA = not active. e ND = not determined due to solubility issues.
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Figure S7. 1H NMR spectrum of compound 8. 

Figure S8. 13C NMR spectrum of compound 8.
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Figure S9. 1H NMR spectrum of compound 9.

Figure S10. 13C NMR spectrum of compound 9.



S16

Figure S11. 1H NMR spectrum of compound 10.

Figure S12. 13C NMR spectrum of compound 10.
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Figure S13. 1H NMR spectrum of compound 11.

Figure S14. 13C NMR spectrum of compound 11.
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Figure S15. 1H NMR spectrum of compound 16.

Figure S16. 13C NMR spectrum of compound 16.
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Figure S17. 1H NMR spectrum of compound 17.

Figure S18. 13C NMR spectrum of compound 17.



S20

Figure S19. 1H NMR spectrum of compound 18.

Figure S20. 13C NMR spectrum of compound 18.
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Figure S21. 1H NMR spectrum of compound 19.

Figure S22. 13C NMR spectrum of compound 19.
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Figure S23. 1H NMR spectrum of compound 23.

Figure S24. 13C NMR spectrum of compound 23.
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Figure S25. 1H NMR spectrum of compound 24.

Figure S26. 13C NMR spectrum of compound 24.
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Figure S27. 1H NMR spectrum of compound 25.

Figure S28. 13C NMR spectrum of compound 25.
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Figure S29. 1H NMR spectrum of compound 26.

Figure S30. 13C NMR spectrum of compound 26.
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Figure S31. 1H NMR spectrum of compound 27.

Figure S32. 13C NMR spectrum of compound 27.



S27

Figure S33. 1H NMR spectrum of compound 28.

Figure S34. 13C NMR spectrum of compound 28.
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Figure S35. 1H NMR spectrum of compound 29.

Figure S36. 13C NMR spectrum of compound 29.
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Figure S37. 1H NMR spectrum of compound 30.

Figure S38. 13C NMR spectrum of compound 30.
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Figure S39. HRMS spectrum of compound 8.

Figure S40. HRMS spectrum of compound 9.
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Figure S41. HRMS spectrum of compound 10.

Figure S42. HRMS spectrum of compound 11.
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Figure S43. HRMS spectrum of compound 23.

Figure S44. HRMS spectrum of compound 24.
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Figure S45. HRMS spectrum of compound 25.

Figure S46. HRMS spectrum of compound 26.
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Figure S47. HRMS spectrum of compound 27.

Figure S48. HRMS spectrum of compound 28.
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Figure S49. HRMS spectrum of compound 29.

Figure S50. HRMS spectrum of compound 30.
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Figure S51. HPLC chromatogram of compound 23.

Figure S52. HPLC chromatogram of compound 24.
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Figure S53. HPLC chromatogram of compound 25. 

Figure S54. HPLC chromatogram of compound 26.
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F
igure S55. HPLC chromatogram of compound 27.
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Figure S56. HPLC chromatogram of compound 28.

Figure S57. HPLC chromatogram of compound 29.
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Figure S58. HPLC chromatogram of compound 30.

Figure S59. FT-IR spectrum of compound 8.

 Figure S60. FT-IR spectrum of compound 9.

Figure S61. FT-IR spectrum of compound 10.
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Figure S62. FT-IR spectrum of compound 11.


