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Abstract

The coupling reaction of diazonium ion of 2-amino-6-nitrobenzothiazole at 0-5 °C with distinctly substituted 2-amin-
obenzothiazole derivatives produced new 1,2,3,5-tetrazine derivatives. It was found that diazotized 2-amino-6-nitroben-
zo[d]thiazol reacts with the ring nitrogen atom of variously substituted 2-aminobenzothiazole derivatives to yield tetra-
zine nucleus. The benzene ring of benzothiazole bearing electron donor group and annulated to the tetrazine was further
substituted in situ by other (6-nitrobenzo[d]thiazol-2-yl)diazinyl to yield the final product. The structure of the prepared
compounds was elucidated using their physical data, elemental analyses, and spectroscopic data. The synthesized com-
pounds were tested for their antimicrobial and antibiofilm activities against Staphylococcus aureus and Escherichia coli
bacteria. Two of the synthesis tetrazine derivatives exhibited interesting antibiofilm potential.
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1. Introduction

Tetrazine is one of the most renowned and efficient
pharmaceutical class of compounds.!? Tetrazines are fre-
quently labelled in terms of their biological activities, such
as possessing antibacterial,>* antifungal,>® anti-cancer”?
properties and some of them are currently used in com-
mercially accessible products.” The thermal decomposi-
tion of tetrazine leads to the opening of the ring, which
results in the formation of nitriles and nitrogen molecules.
That is why tetrazines are also used in material sciences to
make high-density energy compounds.!%-12 A wide range
of methods for the synthesis of tetrazines can be found in
the literature.'® Searching for the best synthetic methodol-

ogy, we decided to use the coupling reaction of diazonium
ion of 2-aminobenzothiazole with other 2-aminobenzo-
thiazole derivatives since a similar approach was recently
applied successfully in the preparation of analogous sys-
tems containing 1,2,3,5-tetrazine framework.!* A synthet-
ic pathway designed in such a manner would confirm the
versatility of the applied methodology. Tetrazine has three
isomeric structures: 1,2,3,4-tetrazine, 1,2,3,5-tetrazine and
1,2,4,5-tetrazine, among which, 1,2,3,5-tetrazine and its
derivatives are not often reported in the literature.

In medicinal chemistry, benzothiazole derivatives
are well-known for their therapeutic applications. An ap-
praisal of the recent literature showed that many effective
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antimicrobial drugs contain benzothiazole moiety within
their structure.!>!® The benzothiazole ring system is above
all a structural constituent of the marketable benzothi-
azole drug Riluzole.!”

Compounds containing the azo functional group
have revealed a wide range of medicinal applications in-
cluding antibacterial, antifungal, antioxidant and antican-
cer, among others.!*2° Based on the above considerations,
one can assume that hybrid molecular architectures con-
taining 1,2,3,5-tetrazine, benzothiazole and azo moieties
would likely combine the interesting features of all the
components to exhibit much better biological profiles.2!-23

2. Results and Discussion
2. 1. Chemistry

The in situ generated intermediate diazonium sul-
phate 2 (Scheme 1) was prepared by reacting 2-ami-
no-6-nitrobenzothiazole (1) with nitrosylsulfuric acid at
low temperature (0-5 °C).

m* transition of the benzene ring. The broad additional
absorption band appearing around 350 nm is also due to
an n > 7* transition.?*

In Table 2 are given the important IR data of com-
pounds 4. One can notice the bands at 883 and 1334 cm™!
which are due to the presence of tetrazine skeleton in the
structures 4.2° The bands at 1118 and 1209 cm™ result
from skeletal vibrations of the 1,3-thiazole heterocycle.?

Table 2. Assigned IR bands of the compounds 4

Frequency (cm™!) Type of vibration ~ Functional group
and bond
3065-2920 VCAr-H benzyl
1614-1651 V=N 1,3-thiazole
1514-1599 Vec benzyl
1441-1487 VN=N azo group
1118-1209 Ves 1,3-thiazole
883-1334 VN-Ntetrazine tetrazine

OsN S NENOQ/HQSO4 O2N S @ o
\©: >—NH, - U »—N, HSO;
N 0-5°C N

1

Scheme 1. Synthesis of the diazonium intermediate 2.

The newly prepared diazonium solution, was then
coupled with other 2-aminobenzothiazole derivatives 3.
The subsequent mixture was worked up as usual to yield
tetrazine derivatives 4 (Scheme 2). The structure of the
newly synthesized compounds 4a-d was elucidated by IR,
UV, and NMR spectroscopy, as well as mass spectral data
and elemental analysis data.

The UV-Vis absorption spectra of compound 4 were
recorded in the range 270-475 nm, and the results are giv-
en in Table 1. All compounds displayed the two usual ab-
sorption bands of tetrazines: a weak absorption in the vis-
ible range centered around 450 nm due to the combined
n->m* transitions of the imine functionalities and a strong-
er one in the UV around 270 nm corresponding to the >

2

During the coupling reaction between the diazoni-
um ion of 2-amino-6-nitrobenzothiazole (2) with 2-amin-
obenzothiazole (3a), it was established that no substitution
reaction occurred between the two components as antici-
pated. Instead, the condensation product 4a was isolated
from this reaction, probably from the subsequent nucleop-
hilic addition of the heteroaromatic nitrogen atom of the
benzothiazole ring as displayed in Scheme 3.

Compound 4a was obtained as a red powder with a
sharp melting point in the range 213-215 °C. The elemen-
tal analysis and the HREIMS experiments were used to
establish the bruto formula as C,,H;N;OS;, showing that
the coupling product crystallized with one sulfate ion
SO,2". The HRMS showed an ion peak at m/z 437 corre-

Table 1: Absorption maxima (A, in nm) of the compounds 4 in methanol

Solvent 4a 4b 4c 4d

A(nm) Ige,., A(mm) Ige,,, A(nm) Ige,.. A(nm) Ige ..

MeOH 277.9 3.85 273.8 4.45 2704 441 277.0  4.15

296.9 3.74 285.3 4.43 295.2 4.28 295.2 4.04

343.9 3.86 297.7 434 3356 444 300.1 4.04

400.0 3.67 3456 443 347.1 4.44 3414 420

470.1 3.98 396.7  4.29 3674 441 364.5 4.20

475.1 4.64 387.6  4.35 3926  4.06

442.9 4.45 465.2 4.24
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Scheme 3. The plausible mechanism for the formation of compound 4a.
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sponding to [M* + H] and characteristic fragment ion
peaks at m/z: 374 (M* + H - 2§), 329 (M* + 2H - 2S -
NO,), 313 (M* + 2H - 28 - NO, - 0), 285 (M* + 3H - 2S
~NO, - O - N,), 165 (M* + 2H - 28 - NO, - O ~C4H, -
CsH,).

High-resolution mass spectrum reveals the surface
SO,* exchange of compounds 4a by methanol used as a
model primary alcohol for the analysis.!# The presence on
the HRMS spectrum of peaks at m/z 437 (M* - SO,2 +
3CH,OH), 374 (M* + H* + CH,OH - SO,2), 329 (M* +
2H* + CH,0H - SO,> - NO,), 263 (M* + 2H* + CH,0H
- 80,2 - NO, - H,S,) proves that the sulfate of the tetraz-
inium salt 4a is completely exchanged by methanol to give
numerous peaks, confirming the aforementioned struc-
tural hypothesis.

The presence of the tetrazine nucleus in 4a was fur-
ther confirmed in the FTIR spectrum by the presence of
the characteristic stretching bands at 1332 and 883 cm™.%°
The 'H NMR spectrum of compound 4a gave signals at 8y
8.90 (d,/=0.7Hz, 1H, H-7"), 8.20 (d, ] = 8.6 Hz, 1H, H-5),
7.85 (d, J = 8.5 Hz, 1H, H-4") and 8.26 (d, ] = 8.7 Hz, 1H,

Table 3. Important HMBC correlations in compound 4a; 'H and
13C chemical shifts (8/ppm) in DMSO-dg as the solvent (25 °C).

H-4),8.01(d,J=8.2Hz,1H,H-7),7.49 (dd,J=7.6 and 7.5
Hz, 1H, H-5) and 7.41 (dd, ] = 7.4 and 7.6 Hz, 1H, H-6)
attributable to one ABX system of nitrobenzothiazole and
one ABCD system of benzothiazole 3a, respectively. These
observations confirm the proposed regio-orientation of
the nucleophilic addition of the heteroaromatic N of the
benzothiazole 3a on the diazonium ion function of 2 in-
stead of the electrophilic substitution on the benzene ring
as initially anticipated.

The 1*C NMR spectrum of compound 4a shows 14
relevant signals, out of which seven [127.4, 126.0, 123.1,
122.6, 122.4, 120.9, 119.0] were assigned to the tertiary ar-
omatic CH based on the HSQC experiments. The remain-
ing seven signals [170.2 (C-2), 155.0 (C-6), 144.2 (C-7a’),
1434 (C-3a), 132.6 (C-2), 127.3 (C-3a), 119.6 (C-7a)]
were assigned without ambiguity to the seven quaternary
C-atoms thanks to the HMBC experiment (Table 3) and
the comparison with simulated values.

The powder XRD spectrum of tetrazine 4a shows
many peaks which are well structured due to the good
crystalline nature of compound 4a in which atoms are or-
ganized in a regular manner.

Compound 4b is probably formed through two-step
reaction, via the hypothetical non isolated intermediate
4b' over a mechanism similar to that of the formation of 4a
(Scheme 3). Favorable electronic and steric factors enable
further addition of another diazonium electrophile 2 at

/[ e hH ‘ position 7 on the electron rich benzene ring of 4b’ bearing
lff (H/S\ 5 . the methyl groups (Scheme 6).
\ 3 >/L+ w The structure of compound 4b was elucidated by
H W N s means of various spectroscopic techniques such as 'H and
U N=N COSY 1H-1H 13C NMR spectra and elemental analysis.
ia o Compound 4b was obtained as a brown powder with
(" Huec a sharp melting point in the range 216-218 °C. The ele-
Coatom 513G HMBC (H C) mental analysis and the HREIMS experiments were used
to establish the bruto formula as C,3H;3N¢O4S, showing
7 119.08 H-5(8.21) that the coupling product crystallized with one sulfate ion
6 155.08 H-5 (8.21) SO,
3 143.87 H -4 (7.85) The structure of compound 4b is further strongly
z 132.56 H-4(7.85) supported by its HRMS (ESI+ mode), which shows the
32 127.34 H -6 (7.41) pseudo-molecular ion peak at m/z 717 (1%) correspond-
4 1232 H-5(7.49) ing to [M* + 2Na*] and characteristic fragment ion peaks
_ ] G
b
S
N02 N/’N N02
S 2 Sl
+ SO+ 2 — S 4
7N * N
N +‘ \>—‘S N+ \},,S
N‘N N:N
4b’ ) - ab B

Scheme 6. Synthesis of compounds 4b.
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Scheme 7. Some important ESI+ mode fragments of compound 4b.

at m/z 538 (1%, [M* + 2Na* — C,H,N,0,5]), 466 (3%, [M*
+2Na* + 2H - C,H,N,0,S - NO, - N, 1), 375 (2%, [M* +
2Na* + 2H - C,;H3N,0,S - NO, - N, - 2S - C,H,]) and
181 (1%, [M* + 2Na* + 2H - C;H,N,0,5 - NO, - N, - 2§
- C,H, - 2Na* - 2C¢H3;]) and were assigned as shown in
Scheme 7, confirming the above structural hypothesis.

The infrared spectrum of compound 4b showed ab-
sorption bands due to the stretching vibrations of the aro-
matic C-H at 2920 cm™!, while those of N=N appeared at
1444 cm™!. Two other bands belonging to the tetrazine
group appear at 1334 and 881 cm™1.2> The structure of syn-
thesized tetrazine was determined based on the 'H and 13C
NMR chemical shifts and on the proton-proton coupling
constants. On the 'H NMR spectrum, the methyl protons
on the benzothiazole ring resonated at 8y 2.53 and 2.32
ppm, respectively as singlets.! In the aromatic region, two
ABX proton systems are exhibited at 8.88 (poorly resolved
d, 1H, H-7"), 8.21 (dd, ] = 8.8 and 2.2 Hz, 1H, H-5"), 7.84
(d, J=8.8 Hz, 1H, H-4") and 8.42 (dd, ] = 8.4 and 2.3 Hz,
1H, H-5"), 8.28 (d, ] = 9.0 Hz, 1H, H-4"), 7.96 (poorly re-
solved d, 1H, H-7') and a singlet at 7.76 (s, 1H, H-4) con-
firming the proposed regio-orientation of the electrophilic
substitution of the benzothiazole diazonium ion at posi-
tion 7 in the 2-amino-5,6-dimethylbenzothiazole reagent.

The *C NMR spectrum of the tetrazine 4b shows 23
signals attributable to the 23 carbon atoms of the molecule.
In addition, the characteristic signals of two methyl groups
(CH;) appearing at § 20.2 and 20.1 ppm, are in agreement
with the presence of a 5,6-dimethylbenzothiazole unit in
the assigned structure of 4b.

The structures of compounds 4c and 4d were as-
signed based on their analytical and spectral data by fol-
lowing similar reasoning as above.

The investigation into the thermal stability of tetrazine
derivatives reveals that, in most instances, their stability pri-
marily hinges on the decomposition of the substituent they
carry, rather than the tetrazine ring itself.?” Consequently, a
subsequent examination will delve into the impact of various
substituents present in compounds 4 on their stability. It is
worth noting that combining two heterocyclic systems, such
as benzothiazole and tetrazine as observed in compounds 4,
may lead to enhanced molecular stability.?® Conversely, the
literature suggests that tetrazine energetic materials with
limited or no oxygen content tend to yield high enthalpy spe-
cies during combustion, thereby impeding the complete re-
lease of stored energy.?” To address this, active oxygen can be
introduced into the molecule by synthesizing tetrazine salts
using inorganic oxidizing acids.?’ Compounds 4, crystalliz-
ing in salt form with sulphate ions as counter ions and featur-
ing the oxygen-rich nitro function in the cationic compo-
nent, could play a pivotal role in achieving complete energy
release from the material. Furthermore, optimal energy per-
formance could be attained by bringing together the endo-
thermic cycle of tetrazine and active oxygen within the cati-
onic segment of compounds 4.2

2. 2 Antibacterial and Antibiofilm Activity

S. aureus and E. coli are among the most frequent
causes of biofilm-associated infections. With the emer-
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Table 4. MIC and MBC values of the synthesized compounds and the reference antibiotic against

Staphylococcus aureus and Escherichia coli strains.

Compounds S. aureus ATCC1026 E. coli ATCC 10536
MIC MBC MBC/MIC MIC MBC MBC/MIC
1 512 1024 2 512 >1024 —
3a 512 1024 2 1024 >1024 —
3b 1024 1024 1 1024 >1024 —
3c 1024 1024 1 1024 >1024 —
3d 512 1024 2 1024 >1024 —
4a 512 512 1 512 1024 2
4b 256 1024 2 512 >1024 —
4c 512 512 1 256 1024 4
4d 512 512 1 256 1024 4
Gentamicin 2 4 2 4 8
2

—: not determined.

gence of antibiotic-resistancy, there is an urgent need to
discover novel inhibitory compounds against these clini-
cally important pathogens. In this study, newly synthe-
sized 1,2,3,5-tetrazine were tested for antibacterial and
antibiofilm activity against S. aureus and E. coli strains.
The antibacterial effect of the synthesized com-
pounds and reference antibiotic gentamicin against the
two bacterial strains tested, is presented in Table 4. The
MIC values range from 256 pg/mL to 1024 ug/mL for test-
ed compounds and were 2 pug/mL and 4 pg/mL for gen-
tamicin, respectively, against S. aureus and E. coli. The re-
sults indicate that the tested compounds had moderate to
weak antibacterial activity. Even though previous studies
reported the activity of some tetrazine derivatives against
bacterial strains, this was not the case in this study.>® A
plausible explanation to our findings is that the antibacte-
rial activity of compounds might result from the basic
skeleton of the molecules as well as from their nature, the
number of nitrogen and sulfur atoms, and the presence of

Table 5. Percentage of the inhibition of biofilm formation (%) and
the minimum biofilm inhibitory concentration (MBICs) values of
the synthesized compounds against S. aureus and E. coli strains.

Compounds S. aureus E. coli
Inhibition (%) MBICsy Inhibition (%) MBICs,

1 34.87 — 51.68 256
3a 41.09 — 48.18 —
3b 11.54 — 14.47 —
3c 20.12 — 29.22 —
3d 71.76 128 62.45 256
4a 32.87 — 52.78 256
4b 85.53 64 64.34 128
4c 31.22 — 71.14 128
4d 34.56 — 74.83 64
Gentamicin  83.66 8 79.21 16

—: not determined.

NO, substituents.?! Similarly to the bactericidal nature of
the reference antibiotic gentamicin, all the tested com-
pounds showed also bactericidal activity with MBC/MBIC
ratio <4.

The result of the antibiofilm activity of the synthe-
sized compounds and reference antibiotic gentamicin
against S. aureus and E. coli strains is presented in Table 5,
revealing that all the compounds showed the ability to in-
hibit biofilm formation to various extents. The percentage
of biofilm formation inhibition varied from 11.54% to
85.53% in S. aureus and from 14.47% to 74.83% in E. coli.
Compounds 1, 3d, 4a, 4b, 4c, and 4d showed more than
50% of inhibition against E. coli and two compounds (3d
and 4b) against S. aureus. Compound 4b had the highest
percentage of inhibition (85.53%) and MBICs, value of 64
pg/mL against S. aureus, while compound 4d showed the
highest percentage of inhibition against S. aureus (74.83%)
and MBICs, value of 128 ug/mL. Compounds 4b and 4d
showed the lowest MBICs, value (64 pg/mL) for S. aureus
and E. coli, respectively. Although several works have re-
ported the ability of tetrazine derivatives to inhibit the
growth of bacterial pathogens, studies focusing on their
capacity to interfere with the formation of biofilm in bac-
teria are very scarce. To the best of our knowledge, this is
the first study reporting the antibiofilm potential of syn-
thesized tetrazine derivatives.

Although no rational structure-activity correla-
tion could be established from this study, some structural
features that might have predisposed the antibacterial ac-
tivity of these azo compounds can be drawn from the
comparison of the chemical structures of compounds wi-
th different activity. The 2-aminobenzothiazole derivati-
ves 3¢ and 3d are differ only in position 6 with ethoxy
group in compound 3¢ and methoxy group in compound
3d. Compounds 3¢ and 3d show moderate antibacterial
activity in S. aureus and weak antibacterial activity in E.
coli (Table 4). This difference could be linked to the diffe-
rent mechanisms of action of these two compounds con-
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sidering that, the main difference between the two tested
bacteria is the structure of their cell wall which might ch-
ange their susceptibility to the compounds. In contrast,
the two reaction products obtained from these two re-
agents, namely compounds 4c¢ and 4d, show both moder-
ate antibacterial activity on the two microorganisms tes-
ted. The improvement in the activity of compounds 4c
and 4d on the microorganism E. coli could be enlightened
by the improved antibacterial profiles of the hybrid com-
pounds due to the synergetic interactions of the primary
potent pharmacophores combined in the single molecular
platform.

3. Experimental Section
3. 1. Chemistry
3. 1. 1. General

A Biichi melting point apparatus was used to meas-
ure uncorrected melting points. Progress of the reaction
was monitored by thin-layer chromatography and the
purity of compounds was checked by TLC on Eastman
Chromatogram Silica Gel Sheets (13181; 6060) with flu-
orescent indicators. A mixture of hexane (Hex) and ethyl
acetate (EA) (4:6) was used as the mobile phase and
spots were visualized by iodine vapors or irradiation
with UV light (254 nm). IR spectra (KBr, cm™!) were re-
corded with a Fourier Transform Infrared spectrometer
JASCO FT/IR-4100 and a Perkin-Elmer FT-IR 2000
spectrometer. The absorption spectra of the compounds
were recorded with a Beckman U-640 Spectrophotome-
ter, using samples’ solutions of concentration 5-107°
mol-L~!. Elemental analyses were determined using a
Euro EA CHNSO analyser from Hekatech company, and
the results were found to be in good agreement (+0.3%)
with the calculated values. Positive ion electrospray
mass spectra were recorded on a 6200 series TOF/6500
series Q-TOF (11.0.221.1) mass spectrometry system
running in ESI_pos_ACN_below1000_CD.m, 1 minute
of acquired spectra were combined and centroided. 'H
NMR spectra were recorded in DMSO-d with a 400 and
600 MHz spectrometer NMR Bruker Avance-III. 13C
NMR spectra were recorded in DMSO-d, with a 100 and
150 MHz spectrometer NMR Bruker Avance-III. Te-
tramethylsilane (TMS) was used as the internal refer-
ence. Simulated 'H and *C(*H) NMR spectra were per-
formed  using  http://www.nmrdb.org/  spectral
simulation software.

3. 1. 2. Preparation of the Reagents and Starting
Materials

All chemicals mentioned in this work were pur-
chased from commercial sources and were used without
further purification.

3. 1. 3. Preparation of Diazonium Salt Solution

Diazonium solution 2 was prepared according to the
reported procedure.!

3. 1. 4. General Procedure for the Preparation of
the Coupling Products 4

To a solution of 2-aminobenzothiazole derivatives
3a-d (10 mmol) in DMSO (10 mL) in a 500 mL conical
flask cooled in an ice-bath at 0-5 °C was added drop wise
over 1 h the previously prepared diazonium solution of 2
maintained at 0-5 °C. After stirring for 30 min, 15 mL of
sodium acetate solution (10%) was added to the mixture.
The pH of the mixtures was kept in the range 9-11. The
crystals obtained were filtered on a Biichner funnel. The
product was crystallized from methanol.

3-Nitrobenzo[4,5]thiazolo[3,2-c]benzo[4,5]thiazolo
[3,2-€][1,2,3,5]tetrazine-8,14-diium Sulfate (4a). Ob-
tained in 48% yield (1.74 g) as a red powder; m.p. 213-215
°C. UV/Vis (MeOH) A, (Ig €,,4,) see Table 1. IR (KBr)
Vimax /cm™! see Table 2. '"H NMR (600 MHz, DMSO-dg, 25
°C, TMS) 6 8.90 (d, J = 0.7 Hz, 1H, H-7"), 8.26 (d, ] = 8.7
Hz, 1H, H-4), 8.20 (d, J = 8.6 Hz, 1H, H-5"), 8.01 (d, ] = 8.2
Hz,1H, H-4),7.85 (d,J=8.5Hz, 1H,H-4"),7.49 (dd,J=7.6
and 7.5 Hz, 1H, H-5), 7.41 (dd, ] = 7.4 and 7.6 Hz, 1H,
H-6). 13C NMR (150 MHz, DMSO-dy) § 170.2 (C-2), 155.0
(C-6"), 144.2 (C-7a"), 143.4 (C-3a'), 132.6 (C-2"), 127.5 (C-
5), 127.2 (C-3a), 125.9 (C-6), 123.2 (C-7), 122.6 (C-4),
122.4 (C-5), 120.9 (C-4), 119.6 (C-7a), 119.2 (C-7").
HRMS ((+)-ESI) m/z (%) 437 (2), 374 (1), 329 (3), 314
(10), 285 (1), 263 (1), 200 (1), 162 (12). Anal. calcd. for
C4H/N504S5: C, 38.44; H, 1.61; N, 16.01; S, 21.99. Found:
C, 38.43; H, 1.59; N, 16.00; S, 22.01. R;0.48 (Hex/EA 4:6).

10,11-Dimethyl-3-nitro-12-((6-nitrobenzo[d]thiazol-
2-yl)diazenyl)benzo[4,5]thiazolo[3,2-c]benzo[4,5]thi-
azolo[3,2-¢][1,2,3,5]tetrazine-8,14-diium Sulfate (4b).
Obtained in 41% vyield (2.75 g) as a brown powder; m.p.
216-218 °C. UV/Vis (MeOH) A, (Ig €1,4,) see Table 1. IR
(KBr) V. /cm™! see Table 2. 'TH NMR (600 MHz, DM-
SO-dg, 25 °C, TMS) & 8.88 (poorly resolved d, 1H, H-7"),
8.42 (dd, J = 8.4 and 2.3 Hz,1H, H-5'), 8.28 (d, ] = 9.0 Hz,
1H, H-4"), 8.21 (dd, J = 8.8 and 2.2 Hz, 1H, H-5"); 7.96
(poorly resolved d, 1H, H-7'), 7.84 (d, ] = 8.8 Hz, 1H,
H-4"), 7.76 (s, 1H, H-4), 2.52, 2.33 (2xs, 6H, CH;). 13C
NMR (150 MHz, DMSO-d,) § 172.2 (C-2), 157.0 (C-2"),
147.5 (C-4), 145.1 (C-2"), 144.08 (C-6"), 143.7 (C-6"),
126.9 (C-6), 139.7 (C-7a"), 136.5 (C-7a"), 136.1 (C-3a'),
133.1 (C-5), 132.9 (C-3a"), 123.6 (C-3a), 123.1 (C-7),
122.6 (C-7"), 122.2 (C-5"), 122.1 (C-5"), 120.9 (C-4),
120.1 (C-4"), 119.5 (C-7), 118.8 (C-7a), 20.2 (CH3), 20.1
(CH3). HRMS ((+)-ESI) m/z (%) 717 (1), 538 (1), 456 (1),
410 (1), 374 (2), 360 (3), 269 (1), 144 (3). Anal. Calcd. for:
CpHsNoOgS,: C, 41.13; H, 1.95; N, 18.77; S, 19.09.
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Found: C, 41.11; H, 1.94; N, 18.78; S, 19.10. R; 0.30 (Hex/
EA 4:6).

11-Ethoxy-3-nitro-12-((6-nitrobenzo[d]thiazol-2-yl)di-
azenyl)benzo[4,5]thiazolo[3,2-c]benzo[4,5]thi-
azolo[3,2-¢][1,2,3,5]tetrazine-8,14-diium Sulfate (4c).
Obtained in 43% yield (3.31 g) as a red powder; m.p. 205-
207 °C. UV/Vis (MeOH) A« (Ig €., see Table 1. IR
(KBr) vy /cm™! see Table 2. 'H NMR (600 MHz, DM-
SO-d, 25 °C, TMS) § 8.87 (poorly resolved d, 1H, H-7"),
8.20 (dd, J = 8.7 and 1.0 Hz, 1H, H-5"), 7.90 (d, ] = 8.7 Hz,
1H, H-7"), 7.84 (d, ] = 8.8 Hz, 1H, H-4"), 7.74 (dd, ] = 6.7
and 1.6 Hz, 1H, H-5"), 7.55 (d, ] = 8.8 Hz, 1H, H-5), 7.16
(d,J=9.1 Hz, 1H, H-4),7.08 (d, ] = 8.8 Hz, 1H, H-4"), 4.10
(s, 2H, CH,), 1.59 (s, 3H, CH,). 3C NMR (150 MHz, DM-
SO-dg) 8 174.0 (C-2), 157.2 (C-2"), 156.7 (C-2"), 146.2 (C-
6), 145.2 (C-6"), 143.8 (C-7a), 143.3 (C-6'), 137.1 (C-7a'),
133.1(C-7a"), 123.1 (C-7'), 122.8 (C-4), 122.1 (C-5"),120.9
(C-4"), 119.4 (C-3a"), 118.7 (C-7"), 117.1 (C-3a"), 116.5
(C-3a), 116.2 (C-4"), 112.8 (C-7), 106.7 (C-5), 105.1 (C-
5"), 64.13 (O-CH,), 15.25 (CH,). HRMS ((+)-ESI) m/z (%)
854 (4), 438 (3), 423 (11), 402 (17), 374 (11), 371 (7), 289
(1), 191 (10), 167 (3). Anal. Calcd. for C,3H»3NgO,,S4: C,
35.52; H, 2.98; N, 16.21; S, 16.49. Found: C, 35.49; H, 2.99;
N, 16.18; S, 16.53. R;0.41 (Hex/EA 4:6).

11-Methoxy-3-nitro-10,12-bis((6-nitrobenzo[d]thiazol-
2-yl)diazenyl)benzo[4,5]thiazolo[3,2-c]benzo[4,5]thi-
azolo[3,2-¢][1,2,3,5]tetrazine-8,14-diium Sulfate (4d).
Obtained in 54% yield (4.94 g) as a brown powder; m.p.
218-220 °C. UV/Vis (MeOH) A,..x (1g €,4,) see Table 1. IR
(KBr) V. /cm™! see Table 2. 'H NMR (600 MHz, DM-
SO-dg, 25°C, TMS) 8 8.87 (d, J = 1.7 Hz, 1H, H-7"), 8.28 (s,
1H, H-4), 8.21 (dd, ] = 8.8 and 2.2 Hz, 1H, H-5'), 7.94 (d, ]
=8.8 Hz, 1H,H-4"), 7.75 (d, ] = 2.5 Hz, 1H, H-7"), 7.64 (d,
J=2.4Hz, 1H,H-7"),7.58 (d, = 8.8 Hz, 1H, H-4'), 7.38 (d,
J = 8.9 Hz, 1H, H-4"), 7.20 (dd, ] = 8.8 and 2.5 Hz, 1H,
H-5"),7.10 (dd, J = 8.8 and 2.3 Hz, 1H, H-5"), 4.11 (s, 3H,
OCHj;). 3C NMR (150 MHz, DMSO-dy) § 170.1 (C-2),
158.3 (C-3"), 158.2 (C-6), 157.9 (C-2"), 157.5 (C-2"), 156.8
(C-3a"), 154.7 (C-3a"), 153.6 (C-3a"), 150.8 (C-7a), 146.4
(C-6), 1454 (C-6"), 143.8 (C-6"), 1434 (C-7), 1374
(C-7a™), 137.1 (C-7a"), 133.0 (C-7a’), 123.2 (C-4"), 122.8
(C-4), 122.1 (C-5'), 120.9 (C-5), 119.3 (C-3a), 118.8 (C-7'),
118.3 (C-4"), 116.8 (C-5"), 116.0 (C-5"), 112.2 (C-4"), 106.2
(C-7"), 104.7 (C-7"), 56.3 (O-CHj3). HRMS ((+)-ESI) m/z
(%) 827 (10), 717 (4), 522 (5), 452 (5), 410 (6), 408 (25), 387
(82), 196 (100), 152 (37). Anal. Calcd. for CyoH;;N;30,3Ss:
C, 38.03; H, 1.87; N, 19.88; S, 17.50. Found: C, 37.99; H,
1.85; N, 19.87; S, 17.48. R;0.32 (Hex/EA, 4:6).

3. 2. Antimicrobial Activity

3. 2. 1. Microorganisms and Culture Conditions
Two bacteria strains obtained from the American
Type Culture Collection were used: Staphylococcus aureus

ATCC1026 and Escherichia coli ATCC 10536. They were
maintained on Mueller Hinton agar slant at 4 °C and sub-
cultured on fresh appropriate agar plates 24 h before anti-
bacterial assay.

3. 2. 2. Minimum Inhibitory Concentration
(MIC) and the Minimum Bactericidal
Concentration (MBC) Determination

The minimum inhibitory concentration (MIC) and
the minimum bactericidal concentration (MBC) of the
synthesized compounds were determined by the broth mi-
crodilution method, as described by Bisso et al.3? Briefly,
samples were prepared at 4096 pg/mL and serially diluted
two-fold with Mueller Hinton agar (MHB) in a 96-well
microplate at a volume of 100 pL. The concentration of the
reference antibiotic and compounds ranged from 1024 to 8
pg/mL. Then, wells were filled with 100 pL of inoculum
(1.5-106 CFU/mL) and the microplate was incubated at 37
°C. Wells containing only bacteria inoculum were used as
the negative control, while those containing
microorganisms and standard drugs (gentamicin) were
used as a positive control. After 24 h, 40 uL of iodonitro-
tetrazolium chloride (INT) solution (0.2 mg/mL) was
added to each well and the microplate was further
incubated for 30 min. Viable bacteria cells turned the yel-
low dye of INT to a pink colour. The lowest concentration
of compound preventing the colour change medium was
considered as the MIC. The MBC was determined by add-
ing 50 pL from the wells that did not show growth after
incubation for the MIC test to 150 uL of MHB. Then, the
microplate was incubated at 37 °C for 48 h. The MBC was
defined as the lowest concentration of compound that
killed all bacteria. The MBC/MIC ratio was then calculated
to determine the bactericidal (MBC/MIC < 4) or bacterio-
static (MBC/MIC > 4).33

3. 2. 3. Biofilm Formation Inhibition Assay

The capacity of the synthesized compounds to inhib-
it the biofilm formation was determined using the micro-
titer plate method as previously described.>* Briefly, 100
uL of compounds at half MIC concentration and reference
antibiotic at 25 pg/mL were added in the wells of 96-well
microtitre plates. Then 100 pL aliquots of bacterial cul-
tures (1.5-106 CFU/mL) in Mueller Hinton broth supple-
mented with 2% glucose were added and incubated at 37
°C for 24 h. Following incubation, plates were washed with
phosphate-buffered saline (PBS, pH 7.2) to remove the
planktonic cells. The remaining cells in biofilms were fixed
with methanol, then stained with 150 uL of safranin (1%),
incubated for 15 min. After that, the excess safranin was
removed, the dye bound to the cells was solubilized with
150 pL of ethanol (95%), and the optical density (OD) was
measured at 570 nm using a microplate reader (Spectra-
max 190, Molecular Devices). The wells containing only
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MHB broth supplemented with 2% glucose without bacte-
ria were used as blank while the untreated wells were the
positive control. The percentage of biofilm inhibition was
determined using the following formula:

(0ODControl - ODBlank)- (ODSample - ODBlank)]_

% Inhibition =
% Inhibition = [ (ODControl - ODBlank) !

100

Compounds showing more than 50% inhibition
were further two-fold serially diluted in MHB. The mini-
mum biofilm inhibitory concentration (MBICs,) was de-
termined as the lowest concentration of compounds that
reduces the biofilm biomass by 50%. All experiments were
performed in triplicate.

4. Conclusion

An efficient procedure for the synthesis of new
1,2,3,5-tetrazine derivatives linker with a 1,3-benzothi-
azole ring has been presented. The diazotized title 2-ami-
no-6-nitrobenzothiazole derivative 2 is a powerful electro-
philic reagent as initially anticipated which is first attacked
by the ring nitrogen atom of benzothiazoles used as cou-
plers. Benzothiazole couplers with donor groups 3b-d fur-
ther participate in an in situ electrophilic substitution re-
action at its favourable non-substituted ring positions with
another diazonium ion 2 to yield the corresponding
1,2,3,5-tetrazine hybrid compounds 4b-d. Their structur-
al assignment was done based on the obtained analytic and
spectroscopic data. This study revealed that compounds
4b and 4d exhibited interesting antibiofilm potential and
could be considered promising drug candidates for the de-
velopment of therapeutic molecules to overcome bio-
film-associated infections caused by S. aureus and E. coli.

Supplementary Information

UV spectra for compounds 4a-d, 'H and 3C NMR
spectra for compounds 4a-d, IR spectra for compounds
4a-d, HRMS ESI+ mode of compounds 4a-d and powder
XRD patterns of compound 4a are provided.
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Z reakcijo pripajanja diazonijevega iona 2-amino-6-nitrobenzotiazola pri 0-5 °C na substituirane derivate 2-aminoben-
zotiazola smo pripravili nove 1,2,3,5-tetrazinske derivate. Ugotovili smo, da diazotirani 2-amino-6-nitrobenzo[d]tiazol
reagira z obro¢nim dusikovim atomom razli¢no substituiranih 2-aminobenzotiazolnih derivatov; ob tem nastane tetraz-
inski obro¢. Benzenski obro¢ benzotiazolov, ki vsebuje elektron donorsko skupino in je pripojen k tetrazinskemu, smo
dodatno in situ substituirali z drugimi (6-nitrobenzo(d]tiazol-2-il)diazinili, da smo dobili kon¢ni produkt. Strukture
pripravljenih spojin smo dolo¢ili glede na njihove fizikalne lastnosti, elementno analizo in spektroskopske podatke.
Pripravljenim spojinam smo dolo¢ili antimikrobno aktivnost ter aktivnost proti tvorbi biofilma z bakterijama Staph-
ylococcus aureus in Escherichia coli. Dva izmed pripravljenih tetrazinskih derivatov sta pokazala zanimiv potencial pri

preprecevanju tvorbe biofilmov.
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