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Abstract Keywords
The increase in the incidence of tuberculosis, especially in the post-Covid f’f'di?ubStituted 1,2,4,5-
etrazines

period, associated with the presence of latent infections and multiple drug
resistance, dictates the need to develop new antimicrobial drugs. Here we
wish to report the synthesis of 3,6-disubstituted 1,2,4,5-tetrazine
derivatives containing N-, O- and C-nucleophile residues, as well as
pharmacophoric hydrazone and oligooxyethylene fragments, and their
screening against the pathogen Mycobacterium tuberculosis. Substances
with pronounced antimycobacterial activity in vitro were identified
(MIC = 0.18-3.12 pg/ml). An acute toxicity in vivo and membranotropic
properties towards biometals have been studied for the most active
compounds.
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Key findings

e 1,2 4,5-Tetrazines carrying different N-, O- and C-nucleophile residues in 3 and 6 positions of the heterocycle were
synthesized.

e Tetrazinyl amino and tetrazinyl hydrazone podands were synthesized.

e Antimycobacterial activity was determined in in vitro and in vivo experiments, promising inhibitors were found.
Supplementary
materials

generation of drugs [13]. The first positive results of anti-

© 2024, the Authors. This article is published in open access under the terms and conditions of
the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).

1. Introduction

tuberculosis activity of 1,2,4,5-tetrazines bearing amino acid
3,6-Disubstituted 1,2,4,5-tetrazines are considered as a novel  gogter substituents were published [9]. Some substances in
this suppress

tuberculosis in

promising class of biologically active compounds. In series

the growth of Mycobacterium
concentrations as 1.25-
0.6 ug/mL, and inhibit in the 0.3-0.15 pg/mL range
(Figure 1) [9].

Therefore, it was interesting to continue the search for

particular, one can find in the literature data on their
herbicidal [1], antifungal [2], antimalarial [3], antibacterial
[4], anticoagulant and antiglycation action [5], they also
have antitumor activity [6-8]. Several members of the
biologically active 1,2,4,5-tetrazines [3, 4, 9] with different
substituents and their minimum inhibitory concentrations

high as

effective tuberculostatic compounds within the novel

representatives of this class of compounds. The present

(MICs) are shown in Figure 1. During the last decades, a gstydy describes the synthesis of 3,6disubstitued 1,2,4,5-

special attention has been paid to the search for substances tetrazines including those functionalized with podands in
their reactions with N-, O-, and C-nucleophiles with the aim

of estimating the tuberculostatic activity and acute toxicity

within the s-tetrazine derivatives of the above-mentioned
class that exhibit antimycobacterial activity [9-12]. This is
in practical medicine in
connection with growth and widespread of multiple drug-
resistant tuberculosis (MDR-TB), including the latest

inspired by modern trends of the synthesized derivatives.
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2. Experimental

The starting compounds 1a [14]; 1b,d, 2e [15]; 1c [17]; 2a,k,
7b [16]; 3b,c [5]; 4b [18]; 2g,j, 4a [19]; 2b)k, 7a-d,f [20]
have been described previously.

N—N N=N Me N N—N
N=\ = —AN
72N 7\
N H—NH ’\E/\N4<\ ) J)—NH N _ Y—NH
N=N \—\ N-N \—\ N=N \—\
\ \ Me \
MIC 1.9 pg/ml MIC 1.9 pg/ml MIC 0.24 pg/ml
neisseria gonorrhocfe Shigella flexneri
Me (0]
NN PR Me -~ <
HN—  H—NH =N NN
N=N N~ H—nNH OCH,
N=N
MIC 0.44 pg/ml Me  \ic 0.6 ug/ml

Cl Plasmodium falciparum Mycobacterium tuberculosis

Figure 1 Examples of biologically active differently substituted
1,2,4,5-tetrazines.

'H and 3C NMR spectra were obtained on a Bruker Avance
DRX-400» spectrometer (400 MHz) using DMSO-ds or
CDCl3; as solvents and Me4Si as an internal standard.
Electrospray ionization mass spectra were recorded for
positive ions on a qTOF maXis Impact HD ultra-high
resolution mass spectrometer from Bruker Daltonik (USA)
with a standard ionization source in the mass range 50-
2300 Da by injection analysis for sample solutions in
acetonitrile using a syringe pump (model No. 601553
kdScientific inc., USA); solution infusion rate of 240 pL/h) in
the modified default method "Direct Infusion 100-1000".
Calibration of the mass scale was external, according to the
signals of a solution of lithium formate by enhanced
quadratic or HPC method. All data were collected and
processed using the Compass for oTof series 1.7 software
package (oTOF Control 3.4; Bruker Compass Data Analysis
4.2). Elemental analysis data was obtained on Carlo Erba EA-
1108 (Carlo Erba Instruments) and PE 2400 series II (Perkin
Elmer) CHN automatic analyzers. IR spectra were recorded
on a Perkin Elmer Spectrum One IR Fourier transform
spectrometer using a diffuse reflectance sampling accessory
(DRA). Melting points were measured on the instrument
Boetius. The reaction control and the purity of the obtained
compounds was carried out using Sorbfil TLC Plates on
Aluminium Sheets with acetonitrile-hexane mixture (1:1) as
the eluent.

2.1. General procedure of preparation of 2¢,d,h,i,f,1, 3a,
5, 6a,b,c, 7e

Tetrazines 2c,d,h,i,], 6a,c were obtained by suspending 0.11
mmol of the corresponding nucleophile in 25 mL of
acetonitrile with 0.1 mmol of tetrazine 1 or 2d, or 3a. A
reaction mixture was mixed for 2.0 hours. The precipitate
was then filtered off, recrystallized from acetonitrile and
air dried. The preparation methods for compounds 2f, 3a,
5, 6b and 77e are given below, along with their physical and
chemical properties.
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2.1.1. 3-N-(t-butylamino)-6-(3,5-dimethylpyrazol-1-yl)-
1,2,4,5-tetrazine 2c

Yield 230 mg, 93%; m.p. 127 °C. Calculated (%): C 53.42, H
6.93, N 39.65; CuiHiyN,. Found (%): C 53.18, H 6.50, N
39.83. 1H NMR (CDCl3) §, ppm: 6.09 (s, 1 H, H-C(4)Pz), 5.85
(br.s, 1 H, NH), 2.57 and 2.35 (both s, 6 H, 2 CH3,Pz), 1.56
(s, 9 H, C(CH3)3). 3C NMR (CDCl3) &, ppm: 161.2, 157.2,
152.0, 141.8, 109.5, 52.6, 28.4, 13.7, 13.4 (Supplementary
S1.1). IR (DRA, v, cm™): 3280 (NH); 3044-3095 (C-H);
1557, 1448 (Pz), 1392, 1366 (-C(CHj);3). High-resolution
mass spectrometry, found: m/z 248.1620 [M + H]*.
Calculated CuHisN;*:  248.1618 [M + HJI*
(Supplementary S1.1).

for

2.1.2. 3-N-(Aminoheptyl)-6-(3,5-dimethylpyrazol-1-yl)-
1,2,4,5-tetrazine 2d

Orange crystals. Yield 202 mg, 70%; m.p. 48 °C. Calculated
(%): C58.11, H 8.01, N 33.88; C14H23N7. Found (%): C 58.13,
H 7.99, N 34.03. 'H NMR (CDCl;) §, ppm: 6.09 (c, 1 H, H-
C(4)*, 5.93 (br.s, 1 H, NH), 3.63 (k, 2 H, -NHCH>-, J = 7.0,
13 Hz), 2.57 and 2.35 (both s, 6 H, 2 CH3), 1.71-1.76 (m, 2 H,
-HN-(CH:)5s-CH2CH3), 1.29-1.46 (m, 8 H, NH-CH2(CHz2)4-
CH2CH3), 0.89 (t, 3 H, -NH-(CH:).-CH2CH3, J = 7.0 Hz). 13C
NMR (CDCl3) §, ppm: 161.4, 157.7, 152.0, 141.9, 109.6, 41.7,
31.7, 29.1, 13.4; 28.9, 26.7, 22.54, 14.0, 13.7
(Supplementary-S1.2). IR (DRA, v, cm™): 3248 (NH); 3060-
3136 (C-H); 1567, 1459 (Pz), 1063, 1040, 970 (tetrazine).
High-resolution mass spectrometry, found m/z 290.2090
[M + HJ*. Calculated for Ci4H23N,*: 290.2088 [M + H]*
(Supplementary S1.2).

2.1.3. 6-(3,5-dimethylpyrazol-1-yl)-3-N-(2-
Hydroxyphenylamino)- 1,2,4,5-tetrazine 2h
Dark-red crystals. Yield 256 mg, 94%; m.p. 218-218.5 °C.
Calculated (%): C 55.12, H 4.59, N 34.63; C13H13N,0. Found
(%): C 55.23, H 4.50, N 34.43. ‘H NMR (DMSO-ds) 8, ppm:
10.01 (s, 1 H, NH), 9.74 (s, 1 H, OH), 7.51 (dd, 1 H, Ar,
Ji =1.6; J2 = 7.8), 7.09-7.12 (m, 1 H, Ar), 6.95 (dd, 1 H, Ar,
J: =1.3; J- = 8.0), 6.86 (td, 1 H, Ar, J; = 1.4; J- = 11.4), 6.21
(s, 1 H, H-C(4)Pz), 2.42 and 2.38 (both s, 6 H, 2 CH3 at
C(3)Pz and C(5)Pz). 3C NMR (DMSO-d6) §, ppm: 160.8,
157.1, 151.0, 150.3, 141.5, 126.6, 125.4, 124.3, 119.0, 116.0,
108.8, 13.3, 12.4 (Supplementary-Si1.3). IR (DRA, v, cm™):
3383 (OH); 3042-2938 (Car-H); 1575, 1557, 1410 (Pz); 1078,
1043, 926 (C=N, tetrazine). High-resolution mass
spectrometry, found m/z 284.1254 [M + H]*. Calculated for

Ci3H14N;0*: 284.1254 [M + H]* (Supplementary S1.3).

2.1.4. 6-(3,5-Dimethylpyrazol-1-yl)-3-(Indol-3-yl-
ethylamino)- 1,2,4,5-tetrazine 2i

Yield 307 mg, 92%; m.p. 197-198 °C. Calculated (%): C
61.09, H 5.67, N 33.64; CiyHi1gNs. Found (%): C 61.08, H
5.39, N 33.53. 'H NMR (DMSO-ds) 6, ppm: 10.85 (s, 1 H,
NH), 8.92 (t, 1 H, NH-CH->-, J = 5.8 Hz), 7.59 (d, 1 H, Ind,
J=17.8),7.35(d, 1 H, Ind, J = 8.1 Hz), 7.25 (d, 1 H, J = 2.2),
3.08 (t, 2 H, -CH2-, J = 14.9 Hz), 3.75 (k, 2 H, -CH2-), 7.05-
7.09 and 6.98-7.01 (both m, 2 H, Ind), 6.18 (s, 1 H, H-
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C(4)%%), 2.26 and 2.35 (both s, 6 H, 2 CH3). 3C NMR (DMSO-
ds) &, ppm: 12.1, 13.3, 24.3, 41.6, 108.3, 111.3, 11.4, 118.2,
118.3, 120.9, 123.0, 127.2, 136.2, 141.2, 149.9, 156.6, 161.3
(Supplementary-Si1.4). IR (DRA, v, cm™): 3336, 3257 (NH);
3074-3059 (Car-H); 2921-2850 (Cax-H); 1593, 1489, 1420
(Pz); 1065, 1046, 969, 928 (tetrazine). High-resolution mass
spectrometry, found m/z 335.1728 [M + H]*. Calculated for
CiyHi9Ns™: 335.1727 [M + H]* (Supplementary S1.4).

2.1.5. 3-(3,5-dimethylpyrazol-1-yl)-6-propargyloxy-1,2,
4,5-tetrazine 2f

The 0.270 g (1.0 mmol) of 3,6-bis(3,5-dimethylpyrazol-1-
yD-1,2,4,5-tetrazine and 0.15 ml (3.0 mmol) of propargyl
alcohol in 5 ml of toluene were refluxed for 0.5 hr until
starting tetrazine disappeared (TLC control). The solvent
was removed and the residue was dissolved in acetonitrile
and concentrated. The product was purified by flash-
chromatography on Silica (5/40, acetonitrile-benzene=1:1),
Rf0.8. Yield 90 mg, 33%, m. p. 57-59 °C. Calculated (%): C
52.17, H 4.38, N 36.51; Ci10H10N6O. Found (%): C 52.05, H
4.38, N 36.61. 'H NMR (CDCly) §, ppm: 6.17 (s, 1 H, 4-CH,
Pz), 5.31 (s, 2 H, -OCH:>-), 2.67 and 2.38 (both s, 6 H, 2CHj3,
Pz), 2.60 (s, 1 H, CH) (Supplementary Si1.5). IR (DRA, v,
cm™) 2920-2997 (Cax-H); 3259, 2126 (CH); 1452, 751
(C=N); 1256, 1079 (C-0-C); 945, 921 (tetrazine). High-
resolution mass spectrometry, Found: m/z 231.0989 [M +
H]*. Calculated for CioHuNeO*: 231.0989 [M + H]*
(Supplementary S1.5).

2.1.6. N’'-(6-(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazin-

3-yDhydrazide of 4-pyridinecarboxylic acid 21
Yield 156 mg, 50%, m.p. 122-123 °C. Calculated (%): C
50.16, H 4.21, N 40.49; Ci3Hi13NgO. Found (%): C 50.74, H
6.15, N 43.08. 'H NMR (DMSO-ds) &, ppm: 2.23 (s, 3 H,
3-CHs, Pz), 2.45 (s, 3 H, 5-CH3, Pz), 6.23 (s, 1 H, 4-CH, Pz),
7.85 (d, 2 H, Py, J = 4.6 Hz), 8.82 (d, 2 H, Py, J = 4.0 Hz),
10.87, 11.28 (br. s, 2 H, 2 NH). 3C NMR (DMSO-ds) 6, ppm:
164.6, 162.4, 158.3, 150.8, 150.6, 141.8, 139.0, 121.4,
109.2, 13.3, 12.6 (Supplementary S1.6). IR (DRA, v, cm™):
3203 (NH); 3039-2991 (Ca—-H); 1696 (C=0); 1484,
1426 (Pz); 1064, 1043, 956 (tetrazine); 1576 (Py). High-
resolution mass spectrometry, Found: m/z 312.1318 [M +
H]*. Calculated for Ci3sHiyNoO*: 312.1316 [M + H]J*
(Supplementary S1.6).

2.1.7. 6-N-(1-Amino-4-hydroxybutyl)-3-(imidazol-1-yl)-
1,2,4,5-tetrazine 3a
A mixture of 214 mg (1 mmol) of tetrazine 1b and 0.1 ml of
1-aminobutanol-4 in 5 ml of acetonitrile in 5 minutes
results in a formation of the product 3a. Yield 172 mg, 73%;
m.p. 157-158 °C. Calculated (%): C 45.95, H 5.57, N 41.60;
C9H13N;0. Found (%): C 46.07, H 5.72, N 41.70. 'H NMR
(DMSO-ds) &, ppm: 8.80 (t, 1 H, OH, J = 5.7 Hz), 8.52 and
7.93 and 7.22 (all s, 3 H, imidazole), 4.44 (t, 1 H, NH,
J = 5.0 Hz), 1.70-1.63 and 1.55-1.48 (both m, 4 H, -NH-
(CH2).-CH.CH20H), 3.47-3.42 (m, 4 H, -NH-
(CH2).-CH2CH-0OH). 3C NMR (DMSO-ds) 6, ppm: 162.4

3o0f9
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153.8, 134.5, 130.4, 116.0, 60.4, 40.6, 29.8, 24.9
(SupplementarySi1.7). IR (DRA, v, cm™): 3139 (OH); 3251
(NH); 2938-2858 (Ca-H); 1571 (C=C, C=Nimid); 1494, 962,
767 (C=N, C=C). High-resolution mass spectrometry,
Found: m/z 236.1251 [M + H]"*. Calculated for CoH14N,0O":
236.1254 [M + H]* (Supplementary S1.7).

2.1.8. 1-(6-Mophoilin-4-yl-[1,2,4,5]-tetrazin-3-yl)-1H-
benzotriazole 5

To a suspension of 144 mg (0.46 mmol) of tetrazine 1d in
6 ml of acetonitrile a 5-fold excess of morpholine was
dropwise added (0.5 ml). The reaction mixture was heated
during for 1 hr. and a solution was formed. After cooling the
precipitate was
acetonitrile. Yield 74 mg, 59%; m.p. 232-234 °C; Rt = 0.77
(CH3CN:CeHs; 1:1). Calculated (%): C 50.70, H 4.25, N 39.42;
Ci12H12NgO. Found (%): C 50.63 H 4.15 N 39.59. 1tH NMR
(CDCLs) 6, ppm: 8.33 and 8.22 (both d, 2 H, H-C(4), H-C(7),
Ph, J = 10 and
J =10 Hz), 7.67 and 7.54 (both t, 2 H, H-C(5) and H-C(6), Ph,
J=9.3andJ = 9.3 Hz), 4.12 (t, 4 H, -CH>-O-CHx-, J = 5 Hz),
3.94-3.91 (in, 4 H, -CH>-N-CH>-). 3C NMR (CDCl3) §, ppm:
161.2, 156.0, 146.5, 131.2, 129.6, 125.5, 120.5, 113.1, 66.4, 44.1
(Supplementary S1.8). IR (DRA, v, cm™) 3096-3067 (Car—H);
2926-2873 (Cax-H); 1702 (NH); 1541 (C=C, C=Npyr); 1493,
978, 758 (C=N, C=C). High-resolution mass spectrometry,
Found: m/z 285.1205 [M + H]*. Calculated for Ci2H:2NgO*:
285.1207 [M + H]* (Supplementary S1.8).

filtered off and recrystallized from

2.1.9. 3-(5-Bromoindol-1-y1)-6-N-(heptylamino)-1,2,4,5-
tetrazine 6a
Yield 290 mg, 75%; m.p. 147-149 °C. Calculated (%): C
52.45, H 5.44, N 21.59; Ci17H20:N6Br. Found (%): C 52.44, H
5.62, N 21.47. 'H NMR (CDCl3) §, ppm: 8.42 (d, 1 H, indole,
J = 8.9 Hz), 8.19 (d, 1 H, indole, J = 3.6 Hz), 7.78 (d, 1 H,
indole, J = 1.9 Hz), 7.43 (dd, 1 H, indole, J: = 8.9, J-=1.9 Hz),
6.72 (d, 1 H, indole, J = 3.3 Hz), 5.70 (t, 1 H, -NH-,
J = 5.5 Hz), 3.63 (q, 2 H, NH-CH>-, J = 7.0, 13.0 Hz), 1.72-
1.78 (m, 2 H, -CH2CH3), 1.30-1.46 (m, 8H, -(CHz)4-), 0.90
(t, 3 H, -CH2CHs, J = 6.9 Hz). 3C NMR (CDCl3) &, ppm: 161.4,
157.3, 133.2, 132.5, 126.7, 125.4, 123.7, 116.7, 115.7, 106.9,
41.8, 31.7, 29.2, 28.9, 26.8, 22.6, 14.0 (Supplementary
S1.9). IR (DRA, v, cm™): 3246, 1572 (NH), 2931-2962 (Cax—
H); 1047, 951 (tetrazine), 1318 (C-N). High-resolution mass
spectrometry, Found: m/z 389.1083 [M + H]*. Calculated
for Ci1;H22BrNe*: 389.1084 [M + H]* (Supplementary S1.9).

2.1.10. 3,6-Di-propargyloxy-1,2,4,5-tetrazine 6b

The 214 mg (1 mmol) of 3,6-di-(imidazol-1-yl)-1,2,4,5-
tetrazine was suspended in 3 ml of propargyl alcohol and
heated for 3-5 min until starting material dissolved. The
reaction stayed for 3 h wuntil the starting tetrazine
disappeared. The main product (Rf = 0.8) was collected by
flash-chromatography (acetonitrile-benzene=1:1). Yield 125
mg, 66%; m.p. 99.5-102 °C. Calculated (%): C 50.53, H 3.18,
N 29.47; CsHsN4O2. Found (%): C 50.47, H 3.18, N 29.26. 'H
NMR (CDCly) §, ppm: 5.23 (d, 4 H, CHCCH20-, J = 2.0 Hz), 2.59

DOI: 10.15826/chimtech.2024.11.4.14
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(s, 2 H, CHCH-CO-). 3C NMR (CDCl3) 8, ppm: 165.5, 76.6, 76.4,
57.0 (Supplementary S1.10). IR (DRA, v, cm™) 2925-2963
(Cax—H); 3259, 2126 (CH); 1454, 751 (C=N); 1255, 1079 (C-
0-C); 945, 922 (tetrazine). High-resolution mass
spectrometry, Found: m/z 191.0564 [M + H]*. Calculated
for CsHyN4O2*: 191.0564 [M + H]* (Supplementary S1.10).

2.1.11. 6-(1-Amino-4-hydroxybutyl)-3-(5-chloropyridin-
2-ylamino)-1,2,4,5-tetrazine 6¢

Yield 236 mg, 80%; m.p. 221-222 °C. Calculated (%): C
44.67, H 4.74, N 33.16; C1:H14CIN,O. Found (%): C 44.50, H
4.77, N 33.25. 'H NMR (DMSO-ds) 6, ppm: 10.53 (br.s, 1 H,
NH), 8.29 (d, 1 H, Py, J = 2.9 Hz), 8.06 (t, 1 H, -NH-,
J = 5.6 Hz), 7.78-7.84 (m, 2 H, Py), 4.42 (t, 1 H, OH,
J = 4.9 Hz), 3.37-3.39 and 3.42-3.45, and 1.60-1.65, and
1.48-1.54 (all m, 8 H, (CHz),4). 3C NMR (DMSO-ds) &, ppm:
160.5, 157.7, 151.7, 146.1, 137.6, 122.6, 112.4, 60.4, 40.6,
29.9, 25.2 (Supplementary S1.11). IR (DRA, v, cm™): 3249
(NH), 3053-3007 (Car—H); 2931-2870 (Cax-H); 1702 (NH);
1574 (C=C, C=Nypyr); 1467, 960, 781 (C=N, C=C). High-
resolution mass spectrometry, Found: m/z 296.1021 [M +
H]*. Calculated for Ci:HisCIN,O*: 296.1021 [M + H]*
(Supplementary S1.11).

2.1.12. N-[6-(3,5-Dimethylpyrazol-1-yl)-1,2,4,5-tetrazin-3-

yl11-N'-(3,4,5-trimethoxy-benzyliden)-hydrazine 7e
The product was obtained from 1.0 mmol of 3-hydrazino-6-
(3,5-dimethylpyrazol-1-yl)-1,2,4,5-tetrazine
1.0 mmol of 3,4,5-trimethoxybenzaldehyde according to
known method [20]. Yield 366 mg, 95.5%; m.p. 190 °C.
Calculated (%): C 53.12, H 5.24, N 29.15; CiyH20NgO3. Found
(%): C 52.85, H 5.11, N 28.92. 'H NMR (DMSO-ds) 6, ppm:
12.60 (s, 1 H, NH), 8.28 (s, 1 H, CH=N), 7.08 (s, 2 H, Ar),
6.23 (s, 1 H, 4Pz-CH), 3.86 (s, 6 H, 2m-OCHs), 3.72 (s, 3 H,
p-OCHs3), 2.47 (s, 3 H, 5Pz-CH3), 2.25 (s, 3 H, 3Pz-CH3). 3C
NMR (DMSO-ds) 6, ppm: 160.1, 157.8, 153.2, 150.5, 146.4,
141.6, 139.2, 129.6, 109.0, 104.1, 60.1, 55.9, 13.3, 12.5
(Supplementary S1.12). IR (DRA, v, cm™): 3461 (NH); 3058
(Car—H); 2835, 1447 (Ar-OCHs3); 1615 (N=C); 1586 (N=N);
1329 (C-N); 1072, 1044, 949 (tetrazine). High-resolution
mass spectrometry, Found: m/z 385.1729 [M + H]*.
Calculated C17H2:NgO3*: 385.1731 [M + HI*
(Supplementary S1.12).

2a and

for

2.2. General procedure of preparation of Podands with
amino-tetrazine fragments 2m,n

To a solution of 1 mmol of a corresponding aliphatic amine
in 20 mL of acetonitrile 2.5 mmol of 3,6-bis-(3,5-
dimethylpyrazol-1-yl)-1,2,4,5-tetrazine was added. The
reaction was stirred for 1.0-1.5 h at 45-50 °C. After cooling
the mixture was stayed for 10 h, and the precipitate formed
was filtered off and recrystallized from ethanol. The
compound 2n was purified using flash chromatography
using ethyl acetate as an eluent.
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2.2.1. 1,5-Bis-(3,5-dimethylpyrazol-1-yl-sim-
tetrazinylamino)-3-oxapentane 2m

Yield 420 mg, 93%, m.p. 160-162 °C. Calculated (%): C
47.78, H 5.35, N 43.34; CisH24N140. Found (%): C 47.79, H
5.30, N 43.30. 'H NMR (DMSO-ds) 6, ppm: 8.85 (br.s, 2 H,
NH), 6.18 (s, 2 H, Hpyr), 3.71-3.74 and 3.64-3.68 (both m, 8
H, NH-CH>-CH.), 2.38 (s, 6 H, CH3), 2.21 (s, 6 H, CH3). 3C
NMR (DMSO-ds) 6, ppm: 161.32, 156.75, 149.93 141.26,
108.36, 68.02, 40.60, 13.27, 12.14 (Supplementary S1.13).
IR (DRA, v, cm™) 3256 (NH), 3145-3065 (Car—-H); 2925-
2810 (Cax-H); 1702 (NH); 1594, 1568 (C=C, C=N); 1487,
969, 781 (C=N, C=C); 1125, 1022 (Car -O-Cax). High-
resolution mass spectrometry, found: m/z 453.2334 [M +
H]*. Calculated for CisH2sN140*: 453.2330 [M + H]*
(Supplementary S1.13).

2.2.2. 1,8-Bis-(3,5-dimethylpyrazol-1-yl-sim-
tetrazinylamino)-3,6-dioxaoctane 2n

Yield 422 mg, 85%, oil. Calculated (%): C 48.38, H 5.68, N
39.49; C20H28N1402. Found (%): C 48.56, H 5.38, N 39.62.
'H NMR (DMSO-ds) &, ppm: 8.81 (t, 2 H,
J = 5.3 Hz, NH), 6.17 (s, 2 H, Hpyr), 3.62-3.67 (m, 8 H, NH-
CH>-CHz), 3.59 (s, 2 H, O-CHz), 2.38 (s, 6 H, CH3), 2.21 (s,
6 H, CH;3). 3C NMR (DMSO-ds) 8§, ppm: 161.33, 156.74,
149.95, 141.26, 108.37, 69.62, 68.13, 40.52, 13.27, 12.14
(Supplementary S1.14). IR (DRA, v, cm™) 3270 (NH), 3056
(Car-H); 2925-2871 (Cax-H); 1702 (NH); 1571 (C=C,
C=Npyr); 1487, 969, 756 (C=N, C=C); 1125, 1042 (Car—O-
Calx).
497.2597 [M + H]*. Calculated for C20H29N1402*: 497.2592
[M + H]* (Supplementary S1.14).

High-resolution mass spectrometry, found: m/z

2.3. General procedure of preparation of Podands with
hydrazone fragments 9a-c

To a solution of 1 mmol of formyl-podand in 25 ml of
acetonitrile 2.2 mmol of a substituted hydrazine 2a was
added followed by addition of 2 drops of a conc. acetic acid.
Reaction was brought to a boil, then left to cool with a
constant stirring for 3 h and without stirring for 10 hours
till the reaction ended. The formed precipitate was filtered
off and recrystallized from DMF-ethanol mixture for the
compounds 9a,b or from ethanol for the compound 9c.

2.3.1. 1,2-Bis-[2-(3,5-dimethylpyrazol-1-yl-sim-
tetrazinylhydrazonomethylphenoxy)]-ethane 9a

Yield 623 mg, 90%, m.p. 220-221 °C. Calculated (%): C
55.48, H 5.24, N 32.35; C30H30N1602 - C2HsOH. Found (%):
C 55.50, H 4.99, N 32.56. 'H NMR (DMSO-ds) 8, ppm: 12.5
(br.s, 2 H, NH), 8.77 (s, 2 H, N=CH), 7.96 (dd, 2 H, J = 7.8,
1.7 Hz, Hs(Ph)), 7.44-7.49 (m, 2 H, H4(Ph)), 7.24 (d, 2 H,
J = 7.8 Hz, H3(Ph)), 7.08 (t, 2H, J = 7.8 Hz, H5(Ph)), 6.2 (s,
2 H, Hryr), 4.52 (S, 4 H, CH>), 2.42 (s, 6 H, CH3), 2.22 (s, 6
H, CH3). 3C NMR (DMSO-ds) §, ppm: 160.01, 157.74, 156.82,
150.43, 142.17, 141.59, 131.45, 125.57, 122.69, 121.18,
113.06, 108.95, 67.25, 13.29, 12.49 (Supplementary S1.15).
IR (DRA, v, cm™) 3191 (NH), 3077-3033 (Car—-H); 2927-2857
(Cax-H); 1600 (C=C); 1563, 843 (C=C, C=N); 1480, 952, 796
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(C=N, C=0C); 1244, 1041 (Car -O-Cai). High-resolution mass
spectrometry, found: m/z 647.2809 [M + H]*. Calculated
for C30H31N1602*: 647.2810 [M + H]* (Supplementary S1.15).

2.3.2. 1,5-Bis-[2-(3,5-dimethylpyrazol-1-yl-sim-
tetrazinylhydrazonomethylphenoxy)]-3-
oxapentane 9b

Yield 560 mg, 81%, m.p. 221-222 °C. Calculated (%): C
55.64, H 4.96, N 32.45; C32H34N1603. Found (%): C 55.67, H
4.93, N 32.27. 'H NMR (DMSO-ds) 6, ppm: 12.57 (br.s, 2 H,
NH), 8.74 (s, 2 H, N=CH), 7.92 (dd, 2 H, J = 7.6, 1.6 Hz,
He(Ph)), 7.41-7.37 (m, 2 H, H4(Ph)), 7.15 (d, 2 H,J = 7.8 Hz,
Hs(Ph)), 7.03 (t, 2 H, J = 7.6 Hz, H5(Ph)), 6.2 (s, 2 H, Heyr),
4.29 and 3.97 (m, 8 H, CH:), 2.45 (s, 6 H, CHs), 2.23 (s, 6 H,
CHj3). 13C NMR (DMSO-ds) 6, ppm: 160.08, 157.80, 156.86,
150.48, 142.20, 141.63, 131.39, 125.51, 122.57, 120.99,
113.12, 108.98, 69.36, 68.27, 13.32, 12.51 (Supplementary
S1.16). IR (DRA, v, cm™) 3178 (NH), 3077-3033 (Car—H);
2950-2868 (Caix-H); 1599 (C=C); 1572, 845 (C=C, C=Npyr);
1471, 965, 757 (C=N, C=C); 1244, 1142, 1065 (Car—O-Caix).
High-resolution mass spectrometry, found: m/z 691.3078
[M + H]*. Calculated for C32H3sN1603*: 691.3073 [M + H]*
(Supplementary S1.16).

2.3.3. 1,8-Bis-[2-(3,5-dimethylpyrazol-1-yl-sim-
tetrazinylhydrazonomethylphenoxy)]-3,6-
dioxaoctane 9c¢

Yield 609 mg, 78%, m.p. 184-186 °C. Calculated (%): C

55.37, H 5.68, N 28.70; C34H38N1604-C2Hs0H. Found (%): C

55.67, H 5.67, N 28.82. 'H NMR (DMSO-de) &, ppm: 12.57

(br.s, 2 H, NH), 8.72 (s, 2 H, N=CH), 7.91 (dd, 2 H, J = 7.6,

1.6 Hz, He(Ph)), 7.36-7.39 (m, 2 H, H4(Ph)), 7.10 (d, 2 H,

J = 8.0 Hz, H3(Ph)), 7.02 (t, 2 H, J = 7.6 Hz, H5(Ph)), 6.23

(s, 2 H, Hpyr), 4.21 and 3.84 (m, 8 H, CH>), 3.71 (s, 4 H, CHz>),

2.45 (s, 6 H, CHs), 2.24 (s, 6 H, CHs). 3C NMR (DMSO-ds) &,

ppm: 160.08, 157.80, 156.84, 150.47, 142.19, 141.62, 131.36,

125.47, 122.52, 120.93, 113.04, 108.97, 70.18, 68.99, 68.05,

13.31, 12.51 (Supplementary S1.17). IR (DRA, v, cm™) 3199

(NH), 3095-3038 (Car—-H); 2950-2884 (Cax-H); 1600

(C=C); 1568, 843 (C=C, C=Npyr); 1477, 964, 746 (C=N,

C=C); 1253, 1141, 1119, 1065 (Car—O-Cax). High-resolution

found: m/z 735.3333 [M + H]*

(Supplementary-S1.17). Calculated for C34H39N1605*:

735.3335 [M + H]* (Supplementary S1.17).

mass spectrometry,

2.4. Method for assessing tuberculostatic activity

The study of tuberculostatic activity was conducted using
the vertical diffusion method with the laboratory strain
Mycobacterium tuberculosis HzyRv in a dense nutrient
medium “Novaya”. The nutrient medium was poured into 5
ml tubes and tilted so that half of the bottom became free.
The tilted medium in each tube was seeded with 0.1 ml of
strain, diluted according to the standard turbidity 10 GKI
State
Standardization and Control of Biological Products), and
placed in a tilted position in a thermostat for 24 h to allow
mycobacteria to growth. In one day, the tubes were

units  (Tarasevich Research Institute for
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adjusted vertically, and then 0.3 ml of solution of studied
substances in concentrations of 25.0, 12.5, 6.25, 3.12, 1.56,
0.75 pg/ml were added dropwise through the free wall of
the vessel. The tubes were placed in a thermostat at 37 °C
for 10 days of incubation. The estimation of the growth of
mycobacteria tuberculosis was done with a standard
method [21] where zones of growth retardation (over 10
mm) indicated the presence of tuberculostatic properties in
the studied concentration of a substance. Each substance
was tested in three parallel tubes at each concentration.

2.5. Acute toxicity study in mice

Acute toxicity, in accordance with the Guidelines for
Experimental (Preclinical) Study of New Pharmacological
Substances [21], was determined in outbred white mice
(males) weighing 19.0+2.0 g, maintained on a standard diet
and giving solutions of the test compounds in olive oil or
purified water by gavage into the stomach (per os) under
natural lighting conditions at room temperature. The
animals were randomly assigned to experimental groups,
with five selected animals in each group being observed for
five days.

2.6. Study of membranotropic properties

A transport of cations of metals through the chloroform
model membrane similar to publication [22] at 20+0.5 °C,
at magnetic stirrer speed 100 rpm, during 6 hours and
initial solutions concentrations of 107¢ mol/L both for
ligand in chloroform and the metal picrate or amino acid in
the first water phase was performed. A rate of metal cation
transfer through the chloroform model membrane was
monitored by measuring the picrate anion concentration in
the second water phase using a spectrophotometer
(Specord-UV-VIS, wave length 357 nm). A value for the
metal cation transfer rate was calculated as an average as
the arithmetic mean of the three measurements.

3. Results and Discussion

the
tuberculostatic agents, we have obtained a wide range of

Continuing our studies in search of novel
3,6-disubstituted s-tetrazines 2-6 (Scheme 1) using 3,6-bis-
(azol-1-yl)-1,2,4,5-tetrazines 1a-d as starting-compounds
and a methodology of successive nucleophilic substitution

of the azolyl groups in them with various N-, O- and C-

nucleophiles. These include primary and secondary
aliphatic and aromatic amines, acid hydrazides, propargyl
alcohol, malononitrile and anhydro base of

methylquinaldine, which form corresponding substitution
products with yields ranging from 50 to 93%. Using
polyoxyethylene nucleophiles the
aminotetrazinyl podands 2m,n were obtained in 85-90%
yield. The compounds crystalline
substances, readily soluble in chloroform, acetone, DMF,
DMSO.

One of the compounds with low level tuberculostatic

diamines as
2-6 are colored

activity (MIC: 12.5 pg/ml), namely 6-(3,5-dimethylpyrazol-1-
DOI: 10.15826/chimtech.2024.11.4.14
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yl)-3-hydrazino-1,2,4.5-tetrazine (2a), was used in further
modifications as a precursor for a series of hydrazones 7
(Scheme 2).

In similar reaction of formyl podands 8a-c with
tetrazine 2a tetrazinyl

hydrazinyl corresponding

hydrazono-podands 9a-c were obtained (Scheme 3).

wd

1a-d

HR;, CH3CN

—_—

-
-y
-

2a-l (50-91%); 3a-c (73-76%);

N
-
N
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The starting substrates 1a,b,d did not reveal themselves
tuberculostatic activity, except for a slight activity of 3,6-
bis-(3-methylimidazol-1-yl)-1,2,4,5-tetrazine (1c) with a
MIC value of approximately 100 pg/ml.

HR2 CH3CN

e
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A A
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N
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/ —NH\

Scheme 1 Synthesis of differently substituted 1,2,4,5-tetrazines.
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Scheme 2 Synthesis of hydrazones 7.
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Scheme 3 Synthesis of podands 9a-c with tetrazinyl hydrazone
fragments.

6 of 9

Among the “mono” substituted series 2 with pyrazolyl
group, the pronounced
observed in only four compounds 2e,2i,2k,21, with moieties
of adamantylamine, (indol-3-yl)ethylamine and hydrazides
of nicotinic and iso-nicotinic acids with MIC values equal to
0.31, 3.12, 0.18, 0.75 ug/ml,
Furthermore, the activity of the nicotinic acid hydrazide
derivative 2k was four times higher than that of the
isonicotinic acid hydrazide derivative 21, and comparable to
that of a well-known drug for the treatment of tuberculosis,
INH. The remaining compounds in this series, as well as the
compounds 3-5, exhibited low activity, varying within the
MIC range of 12.5-100 pg/ml or more. As an exception, a
tetrazine 3¢ showed a MIC value of 0.75 pg/ml.

tuberculostatic activity was

respectively (Table 1).

Table 1 Antituberculosis activity (strain H3,R,) of compounds 2-9.

Compound MIC, pg/ml Compound MIC, pg/ml
2a 12.5 4a 50.0
2b 12.5 4b 12.5
2C >100 5 >100
2d 100 6a >100
2e 0.31 6b >100
2f >100 6¢c 25.0

DOI: 10.15826/chimtech.2024.11.4.14
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2g 12.5 7a 0.18
2h 100 7b 0.31
2i 3.12 7c 1.5

2j 25.0 7d 0.75
2k 0.18 7e 100
21 0.75 7f 100
2m 12.5 9a 0.15
2n 12.5 9gb 0.31
3a 50.0 9c 0.1

3b >100 isoniazid 0.15
3¢ 0.75

The largest number of effective tuberculostatics was
identified @ among  hydrazone-containing
prepared from aromatic aldehydes. The most active
compound in this series was derivative 7a with two
methoxy groups in the benzene ring (MIC: 0.18 pg/ml).
Replacement of one methoxy group by a hydroxyl fragment

tetrazines

(compound 7d) resulted in a four-fold decrease in activity
(MIC: 0.75 pg/ml). However, a catastrophic decrease in
activity (MIC:
methoxy group was lost (compound 7f). Conversely, the

100 pg/ml) occurred when the second

incorporation of a third methoxy group in the compound 7e
gave the same result as in the case of 7f (MIC: 100 pg/mL).
podands (Scheme 3), the
compounds 9a-c were found to be more active, with MIC
values ranging from 0.1 to 0.31 pug/ml (Table 2). These
compounds had the hydrazonic fragment together with

Among the tetrazinyl

the tetrazine moiety. The absence of phenyl moieties in
tetrazinyl podands 2m,n (Scheme 1) resulted in a sharp
loss of tuberculostatic activity up to 12.5 pg/ml as well as
a loss of ion transport properties towards Cu(II) (Figure
2). It is known that one of the factors determining the
survival of mycobacteria is their redox homeostasis,
which depends on the intracellular concentration of
transition metal ions, especially the divalent copper
cations [23]. Model compound 2b was not able to
transport copper cations due to the absence of a spacer,
which facilitates the “wrapping” of the ligand molecule
around the metal cation, and, unlike tetrazine podands,
also did not transfer potassium cations.

It is noteworthy that the tuberculostatic activity of
compounds 9 depends on the length of the oligooxyethylene
spacer. Thus, the most active compound in in vitro
experiments was podand 9c (MIC: 0.1 pg/ml) with four
oxygen atoms in the spacer. In contrast, the podand 9b with
three oxygen atoms in the oligooxyethylene moiety had
slightly reduced activity (MIC: 0.31 pg/mL).

The acute toxicity of some of the synthesized compounds
was investigated, and the most active substances 2e, 9a-c
with lipophilic groups as well as the water soluble
compound 2i with remarkable tuberculostatic activity
(MIC: 3.2 pg/ml) were selected. The lowest toxicity
(LDso >5000 mg/kg) in the investigated series was
exhibited by N-(2-(1H-indol-3-yl)ethyl-6-(3,5-
dimethylpyrazol-1-yl)-1,2,4,5-tetrazin-3-amine 2i.
Replacement of the indolyl substituent with an adamantyl
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moiety resulted in a two-fold increase in acute toxicity
while maintaining a high level of tuberculostatic activity
(MIC: 0.31 pg/ml). A dependence of acute toxicity on the
length of the oligooxyethylene spacers was observed in a
series of tetrazine-containing podands was found (Table
2). The lowest acute toxicity was observed for podand 9a
(1500 mg/kg) with two oxygen atoms in the oxyethylene
spacer, whereas podand 9b with three oxygen atoms in the
oxyethylene spacer showed a two-fold increase in acute
toxicity (750 mg/kg).

100 -
£
£ 90
~ 80
2 70
“ 60
50
40
30 B —
20 ]
10 [
0
+ [+ |+ + |+ |+ + |+ |+ + |+ |+ + |+ |+ + |+ |+
ERE| BB e i el s
2b 2m 2n 9a 9b 9¢

Figure 2 Transport properties of podands 2m,n and 9a-c.

Table 2 Acute toxicity and therapeutic indices of 3,6-disubstituted
derivatives of 1,2,4,5-tetrazine.

LDso%, mg/kg

Therapeutic index, TI

Compound .

(mice, per os) (LD5o/MIC)
2e >2500 >8064
2i >5000 >1602
g9a 1500 10000
9b 750 2419
9c 1250 12500
isoniazid 200 2000

aLD - lethal dose;

Consequently, 3,6-disubstituted derivatives of 1,2,4,5-
tetrazine are significantly superior to the well-known drug
isoniazid (150-200 mg/kg) in terms of acute toxicity (750-
5000 mg/kg). Moreover, in terms of the therapeutic index,
all the compounds tested, except 2i, also surpass isoniazid;
the best in this indicator is podand 9c¢ (TI = 12500).

4. Limitation

The strategy of stepwise nucleophilic substitution of easily
leaving azole groups in the third and sixth positions of
1,2,4,5-tetrazine was used in the synthesis of a wide range
of differently However, the
synthesis can be complicated by the formation of by-
products, for example, through simultaneous substitution
of both pyrazolyl groups by the reagent. Mild reaction
conditions, selection of suitable dry solvents, and the use of
solid carriers such as silicon or titanium oxides may be a

substituted tetrazines.

solution to increasing the target product yields.
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5. Conclusions

Thus, the new 3,6-disubstituted derivatives of 1,2,4,5-
tetrazine were synthesized, among which substances with
0.10-0.75 pg/ml)
comparable to that of isoniazid, a well-known drug for the
treatment of tuberculosis, and with acute toxicity tens of
times identified. Therefore,
substituted 1,2,4,5-tetrazines are a promising class of
heterocyclic systems for the development of effective
tuberculostatic drugs with low-toxicity.

antimycobacterial activity (MIC =

lower than that were

e Supplementary materials

NMR 'H, '3C and HRMS data presented as supplementary
PDF file.

e Funding

The work was financially supported by the Ministry of
Science and Higher Education of the Russian Federation in
the framework of the state order (Theme number
124020500044-4) and was performed using the equipment
of the Joint Use Center "Spectroscopy and Analysis of
Organic Com-pounds" (JUC SAOC) of the I. Ya. Postovsky
Institute of Organic Synthesis of the Ural Branch of the
Russian Academy of Sciences.

e Acknowledgments

We are grateful to M. A. Kravchenko (Ural Research
Institute of Phthisiopulmonology, Ministry of Health of the
Russian Federation) for studying tuberculostatic activity
and acute toxicity.

e Author contributions

Conceptualization: I.R.I., F.O.V.

Data curation: R.G.L.

Formal Analysis: I.N.K., O.I.G., G.I.N.
Funding acquisition: R.G.L.
Investigation: I.N.K., O.I.G., G.I.N.
Methodology: I.R.I., F.O.V., S.N.S.
Project administration: R.G.L.
Resources: G.I.N., I.N.K., O.1.G.
Supervision: R.G.L.

Validation: G.I.N., O.1.G.
Visualization: I.R.I., O.I.G.

Writing - original draft: I.R.I., O.I.G.
Writing - review & editing: I.R.I., F.O.V., G.I.N.

e Conflict of interest

The authors declare no conflict of interest or any potential
(ethical, financial) interests.

8of9

ARTICLE

e Compliance with ethical standards

This article contains descriptions of studies using animals
as subjects. Protocol 34 dated May 25, 2023 (commission
of Ural Phthisiopulmonology Research Institute).

e Additional information

Author IDs:
R. I. Ishmetova, Scopus ID 6505812008;
I. N. Ganebnykh, Scopus ID 6506852686;
N. K. Ignatenko, Scopus ID 6505603712;
I. G. Ovchinnikova, Scopus ID 6603838061;
O. V. Fedorova, Scopus ID 57213737811;
S. N. Skornyakov, Scopus ID 56183046300;
G. L. Rusinov, Scopus ID 7003766045.

Websites:
I.Ya. Postovsky Institute of Organic Synthesis, UB RAS,
https://www.iosuran.ru/page/about;

Ural Federal University, https://urfu.ru/en/;

National Medical
Phthisiopulmonology
https://urniif.ru/.

Center for

Diseases,

Research

and Infectious

References

1. Bhardwaj P, Gupta N. 1,2,4,5-Tetrazines as platform
molecules for energetic materials and pharmaceuticals. Iran
J. Org. Chem. 2016;8:1827-1831.

2. Gopalakrishnan M, Sureshkumar P, Thanusu J, Kanagarajan
V. Three components coupling catalysed by NaHSO,-SiO, - a
convenient synthesis, antibacterial and antifungal activities
of novel 6- Aryl-1,2,4,5-tetrazinan-3-ones. J Enzym Inhib Med
Chem. 2008;23:87-93. doi:10.1080/14756360701421351

3. Nhu D, Duffy S, Avery VM, Hughes A, Baell JB. Antimalarial 3-
arylamino-6-benzylamino-1,2,4,5-tetrazines. Bioorg Med
Chem Lett. 2010;20(15):4496-8.
do0i:10.1016/j.bmcl.2010.06.036

4. Ishmetova RI, Ignatenko NK, Belyaninova IA, Gerasimova NA,
Evstigneeva NP, Zilberberg NV, Kungurov NV, Rusinov GL,
Charushin VN, Chupakhin ON, inventors; I. Postovsky
Institute of Organic Synthesis, UD RAS, assignee. Selective
Antibacterial agents, represented by 3-(azol-1-yl)-6-amino-
substituted 1,2,4,5-tetrazines. Russian Federation patent RU
2642882. 2018 Jan 30. Russian.

5. Ishmetova RI, Babkov DA, Kucheryavenko AF, Babkova VS,
Sirotenko VS, Ignatenko NK, Tolschina SG, Vassiliev PM,
Rusinov GL, Spasov AA. In silico consensus activity
prediction, rational synthesis, and evaluation of antiglycation
and antiplatelet activities of 3,6-disubstituted 1,2,4,5-
tetrazines. Russ Chem Bull. 2020;69:768-73.
do0i:10.1007/511172-020-2831-6

6. Rao G-W, Hu W-X. Synthesis, structure analysis, and
antitumor activity of 3,6-disubstituted-1,4-dihydro-1,2,4,5-
tetrazine derivatives. Bioorg Med Chem Lett. 2006;16:3702-
3705. d0i:10.1016/j.bmcl.2006.04.066

7. Can”ete-Molina A, Espinosa-Bustos C, Gonza’lez-Castro M,
Fau’'ndez M, Mella J, Tapia RA, Cabrera AR, Brito I, Aguirre A,
Salas CO. Design, synthesis, cytotoxicity and 3D-QSAR
analysis of new 3,6-disubstituted-1,2,4,5-tetrazine
derivatives as potential antitumor agents. Arab J Chem.
2019;12:1092-1107. d0i:10.1016/j.arabjc.2017.04.002

8. Hazhazi H, Melkemi N, Salah T, Bouachrine M. DFT-based
reactivity and combined QSAR, molecular docking of 1,2,4,5-

DOI: 10.15826/chimtech.2024.11.4.14



https://doi.org/10.15826/chimtech.2024.11.4.14
https://doi.org/10.15826/chimtech.2024.11.4.14
http://www.scopus.com/inward/authorDetails.url?authorID=6505812008&partnerID=MN8TOARS
http://www.scopus.com/inward/authorDetails.url?authorID=6505603712&partnerID=MN8TOARS
http://www.scopus.com/inward/authorDetails.url?authorID=6603838061&partnerID=MN8TOARS
http://www.scopus.com/inward/authorDetails.url?authorID=57213737811&partnerID=MN8TOARS
http://www.scopus.com/inward/authorDetails.url?authorID=56183046300&partnerID=MN8TOARS
http://www.scopus.com/inward/authorDetails.url?authorID=7003766045&partnerID=MN8TOARS
https://www.iosuran.ru/page/about
https://urfu.ru/en/
https://urniif.ru/
https://doi.org/10.1080/14756360701421351
https://doi.org/10.1016/j.bmcl.2010.06.036
https://doi.org/10.1007/s11172-020-2831-6
https://doi.org/10.1016/j.bmcl.2006.04.066
http://dx.doi.org/10.1016/j.arabjc.2017.04.002

Chimica Techno Acta 2024, vol. 11(4), No. 202411414

10.

11.

12.

13.

14.

15.

Tetrazine derivatives as inhibitors of Pim-1 kinase. Heliyon.
2019;5:02451. d0i:10.1016/j.heliyon.2019.e02451

Rusinov GL, Latosh NI, Ishmetova RI, Kravchenko MA,
Ganebnykh IN, Sokolov VA, Chupakhin ON. Synthesis and
Tuberculostatic Activity of Some Substituted Amino Acid
Methyl Esters with Sym-Tetrazine Moieties. Pharm Chem ]J.
2005;39:8-10. d0i:10.1007/511094-005-0068-1

Ishmetova RI, Ganebnykh IN, Ignatenko NK, Tolshchina SG,
Korotina AV, Eltsov OS, Kravchenko MA, Rusinov GL.
Synthesis and tuberculostatic activity of new 3-alkylthio-6-R-
[1,2,4]triazolo[4,3-b][1,2,4,5]tetrazines. Russ Chem Bull.
2021;70:1093-8. d0i:10.1007/511172-021-3189-0

Ishmetova RI, Ganebnykh NK, Ignatenko IN, Tolshchina SG,
Korotina AV, Kravchenko MA, Skornyakov SN, Rusinov GL.
Synthesis and tuberculostatic activity of new 3-alkylthio-6-R-
[1,2,4]triazolo[4,3-b][1,2,4,5]tetrazines. Russ. Chem. Bull.
2014;63:1423-30. d0i:10.1007/511172-014-0613-8

Bekker OB, Danilenko VN, Ishmetova RI, Korotina AV, Maslov
DA, Rusinov GL, Tolshchina SG, Charushin VN, inventors; I.
Postovsky Institute of Organic Synthesis, UD RAS, assignee.
Antituberculous therapeutic agent: composition of
imidazo[1,2-b]tetrazine and pyrazinamide. Russian
Federation patent RU 2545458. 2015 Mar 27. Russian.

Salari N, Kanjoori AN, Hosseinian-Far A, Hasheminezhad R,
Mansouri K, Mohammadi M. Global prevalence of drug-
resistant tuberculosis: a systematic review and meta-
analysis. Infect. Dis Poverty. 2023;12-57.
doi:10.1186/540249-023-01107-X

Coburn MD, Buntain GA, Harris BW, Hiskey MA, Lee KY, Ott
DG. An improved synthesis of 3,6-diamino-1,2,4,5-tetrazine.
II. From triaminoguanidine and 2,4-pentanedione. J
Heterocycl Chem. 1991;28:2049-50.
doi:10.1002/jhet.5570280844

Rusinov GL, Latosh NI, Ganebnykh IN, Ishmetova RI,
Ignatenko NK, Chupakhin ON. Synthesis of 1,2,4,5-tetrazines,
symmetrically and unsymmetrically 3,6-disubstituted by N-
nucleophiles. Russ J Org Chem. 2006;42:757-65.
d0i:10.1134/S1070428006050198

16.

17.

18.

19.

20.

21.

22.

23.

9ofg

ARTICLE

Latosh NI, Rusinov GL, Ganebnykh IN, Chupakhin ON,
Pyrazole as a leaving group in nucleophilic substitution in
3,6-bis(3,5-dimethyl-1-pyrazolyl)-1, 2, 4, 5-tetrazines. Russ J
Org Chem. 1999;35:1363-71.

Tolshchina SG, Vyakhireva AG, Ignatenko NK, Ishmetova R I,
Ganebnykh IN, Slepukhin PA, Rusinov GL. Cyclization of
(1,2,4,5-tetrazin-3-yl)hydrazones to 3,7-dihydro-1,2,4-
triazolo[4,3-b]-1,2,4,5-tetrazines. Russ Chem Bull.
2009;58:1281-90. d0i:10.1007/511172-009-0168-2

Rusinov GL, Ishmetova RI, Ganebnykh IN, and Chupakhin ON.
Hetaryl displacement in 3, 6-disubstituted 1, 2, 4, 5-
tetrazines with anhydro bases of N-methylquinaldiniums.
Heterocycl Commun. 2006;12:99-102.
doi:10.1515/HC.2006.12.2.99

Tolshchina SG, Ishmetova RI, Ignatenko NK, Korotina

AV, Slepukhin PA, Rusinov GL, Charushin VN. Synthesis and
transformations of cyanomethyl-1,2,4,5-tetrazines. J
Heterocycl Chem. 2013;49:604-17. d0i:10.1007/510593-013-
1288-z

Ganebnykh IN. Synthesis and transformations of 3,6-
disubstituted and azoloannelated s-tetrazines [dissertation of
candidate of chemical sciences]. Ekaterinburg (Russia): I. Ya.
Postovsky RAS; 2003. 229 p.

Kudon S, Kudon T. Study on the Isolation Culture Technigueof
Tubercle Bacilli Applicatible in Remote Areas, Part 1, Kekkaku
(Tuberculosis). PMID: 4205280. Japanese. 1973;48(10):453-
62.

Kobuke Y, Katsumi H, Hanji K, Horiguchi K. Macrocyclic
ligands composed of tetrahydrofuran for selective transport
of monovalent cations through liquid membrane. ] Am Chem
Soc. 1976;98:7414-9. doi:10.1021/ja00439a050

Shey-Njila O, Hikal AF, Gupta T, Sakamoto K, Azami HY,
Watford WT, Quinn FD, Karls RK. CtpB Facilitates
Mycobacterium Tuberculosis Growth in Copper-Limited
Niches. Int J Mol Sci. 2022;23:5713.
doi:10.3390/ijms23105713

DOI: 10.15826/chimtech.2024.11.4.14


https://doi.org/10.15826/chimtech.2024.11.4.14
https://doi.org/10.15826/chimtech.2024.11.4.14
file:///C:/Users/10/Downloads/570-577-PB.pdf
https://doi.org/10.1007/s11094-005-0068-1
https://doi.org/10.1007/s11172-021-3189-0
https://doi.org/10.1007/s11172-014-0613-8
https://link.springer.com/article/10.1007/s11172-021-3189-0#auth-R__I_-Ishmetova-Aff1
https://doi.org/10.1186/s40249-023-01107-x
https://doi.org/10.1002/jhet.5570280844
https://doi.org/10.1134/S1070428006050198
https://doi.org/10.1007/s11172-009-0168-2
https://doi.org/10.1515/HC.2006.12.2.99
https://doi.org/10.1007/s10593-013-1288-z
https://doi.org/10.1007/s10593-013-1288-z
https://doi.org/10.1021/ja00439a050
https://doi.org/10.3390/ijms23105713

