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ABSTRACT

Two new classes of antitubercular agents, namelk@sulfanyl-1-(3,5-dinitrophenyl)-H-
tetrazoles and 2-alkylsulfanyl-5-(3,5-dinitropheér¥|3,4-oxadiazoles, and their structure-

activity relationships are described. These comgsupossessed excellent activity against



Mycobacterium tuberculosisncluding the clinically isolated multidrug (MDRInd extensively
drug-resistant (XDR) strains, with no cross resisgawith first or second-line anti-TB drugs.
The minimum inhibitory concentration (MIC) valuektbe most promising compounds reached
0.03 uM. Furthermore, these compounds had a hggigctive antimycobacterial effect because
they were completely inactive against 4 gram pesiand 4 gram negative bacteria and eight
fungal strains and had loim vitro toxicity for four mammalian cell lines, includirgepatic cell
lines HepG2 and HuH7. Although the structure-attivielationship study showed that the
presence of two nitro groups is highly beneficiad &ntimycobacterial activity, the analogues
with a trifluoromethyl group instead of one of th@tro groups maintained a high
antimycobacterial activity, which indicates the qbdgity for further structural optimization of

this class of antitubercular agents.
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Introduction

Tuberculosis (TB) is an enormously widespread ambdrous infection disease. Despite the
treatment success rates and progress in redua@nmahtality rate since 1990, there were still an
estimated 10.4 million incident cases of TB and thilion deaths from TB in 2015 [1]. A

particular problem is the development and incregsdissemination of multidrug-resistant forms



of TB (MDR-TB). In 2015, 3.9% of new TB cases arid® of previously treated cases of TB
were MDR-TB. Moreover, 9.5% of those cases involirezlextensively drug-resistant strains of
TB (XDR-TB), which have limited treatment optior@@3nly 50% of patients with MDR-TB were
successfully cured, whereas therapy of TB causedth®/ drug-susceptible strains of
Mycobacterium tuberculosi®/.tb.) led to a 90% recovery rate. The low recovery ddtgatients
with MDR-TB is due to poor adherence to the treatimegimen because of its long duration,
complexity and high cost and the adverse effectshefcurrently used anti-TB drugs when
applied to a long TB therapy regimen. Furthermtre,wide spread of TB among HIV-positive
patients worsens the TB epidemic situation ande@®es the death rates. The complicated
diagnose of TB in HIV patients and drug-drug intéians between anti-TB drugs and
antiretroviral drugs decreases the treatment sacfesboth TB and HIV. All of the above
mentioned problems highlight the necessity for degelopment of new, highly effective, anti-

TB compounds.
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Figure 1. New anti-TB compounds for the treatment of MDR-TB.



In the last 40 years, only two novel anti-TB drugs/e been approved for the treatment of
pulmonary MDR-TB, bedaquilinel) [2, 3] and delamanid (OPC-67683) [4] (Figure 1).
Recently, several experimental anti-TB drugs, whi¢tave nitro group dependent
antimycobacterial activities like delamanid, hawse intensively studied. PA-8238)([5-7],
TBA-354 @) [8] and their parent compound, CGI-17349) (9], are nitroimidazole-based
compounds that are highly effective against druggsptible and drug-resistant TB forms and
are active against both replicating and non-reptiga mycobacteria (Figure 2A) [10].
Benzothiazinones BTZ043%) [11] and its piperazine derivative PBTZ-16B (12] represent
another class of nitro group containing compoundth vexcellentin vitro and in vivo
antimycobacterial activity. These compounds act a@seversible inhibitors of
decaprenylphosphory-Dilribose 2Roxidase (DprE1l), an essential enzyme in arabinan
biosynthesis [13]. A structure—anti-TB activity dyuof BTZs showed that only one nitro-group
is essential for the efficiency of these compouraag] derivatives with two nitro groups on the
benzothiazinone core showed a lower potency [14heO nitro group-containing DprEl
inhibitors are also knownN-substituted 3,5-dinitrobenzamides) ([15, 16], nitro group
substituted quinoxaline VI-937®)[17] or nitro group substituted triazole 37773@)((Figure

2B) [18].
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Figure 2. Experimental anti-TB drugs with nitro group depentantimycobacterial activity:

nitroimidazole-based compounds)(and DprE1 inhibitorsR).

In our previous work, four classes of highly efict nitro group containing anti-TB
compounds were developed: 3,5-dinitrobenzylsulfabc and 2H-tetrazoles 11 and 12
respectively) [19, 20], 1,3,4-oxadiazolek3) and 1,3,4-thiadiazolesl4) (Figure 3) [21]. The
majority of the compounds of serigsl - 14 possessed outstanding and highly selective
antimycobacterial activity. They were highly effieetagainst drug-susceptilié.tb., multidrug-
resistant clinically isolated strains df.tb. and nonreplicatingv.tb. They also displayed low
cytotoxicity and mutagenicity. Despite the struatusimilarities with the DprE1 inhibitors,
especially with the dinitrobenzamide®),(compoundsll - 14 did not inhibit DprEl1 [21]. The
SAR study showed the necessity of both the 3,Srdimenzylsulfanyl fragment and the

tetrazole/oxadiazole heterocycle for high antimyabrial efficiency. The compounds with a 3-



nitro-5-(trifluoromethyl)benzyl group instead ofetl3,5-dinitrobenzyl group showed very law

vitro anti-TB activity [21].
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Figure 3. 3,5-Dinitrobenzylsulfanyl B- and H-tetrazoles 11 and12), 1,3,4-oxadiazolesl@)

and 1,3,4-thiadiazoled 4) as anti-TB lead structures.

As a continuation of our work, we were interestadhow the direct attachment of a 3,5-
dinitrophenyl group to the heterocycle would affdet antimycobacterial efficiency. Thus, the
aim of this work was to synthesize a series of h&valkylsulfanyl-1-(3,5-dinitrophenyl)-H-
tetrazoles Z0) and 2-alkylsulfanyl-5-(3,5-dinitrophenyl)-1,3,4adiazoles Z3) as the reverse
analogues of the anti-TB lead compounds of sdrieand13 and to investigate their structure-
activity relationships. Furthermore, derivativesthwhydroxy, acetoxy, amino and acetamido
groups 25, 26, 29 and31, respectively) instead of one of the nitro groapswell as derivatives

with one trifluoromethyl group were prepared andistd (Table 1).

Table 1.Nitro-substituted tetrazole and oxadiazole denest studied in this work



Parent compounds

Target compounds

O,N

NO,

20d, 20h, 20j

O,N N—N

o~ o~
O,N

N02 02N
13 23a-l X = -OH: 25j
X = -O0CCHs: 26j
. X = -NHy: 29d, 29¢, 29h, 29k, 29I
R™=H, alkyl, aryl X = -NHOCCH:31d, 31e, 31h, 31k, 31l
X = -CFy: 35d, 35e, 35h, 35j
R! R! R! R
a H d Ph g 3-ClPh i 3,4-CbPh
b CHsCH, e 4-CH;OPh h 4-CIPh k 4-BrPh
C CHyCH)s f 2-CIPh i 2,4-CbPh | 4-NOPh

Results and discussion

Chemistry. The synthesis of the 5-alkylsulfanyl-1-(3,5-dinitroply8r1H-tetrazoles Z0d,
20h, 20), which are reverse analogues of the previousigistd compounds of seriddl, is
shown in Scheme 1. 3,5-Dinitrophenyl isothiocyar{a® was prepared via the reaction of 3,5-
dinitroaniline with thiophosgene in toluene and veasmverted into 1-(3,5-dinitrophenylHt
tetrazole-5-thiol 19) via reaction with sodium azide in water at 80 Alkylation of tetrazolel9

in acetonitrile in the presence of triethylaminergahe final product20d, 20h and 20j in 72 -

96% yields.




Scheme 1Synthesis of 5-alkylsulfanyl-1-(3,5-dinitrophejtH-tetrazole20d, 20hand20j. °

N )\SH N )\ /\R1
18 20d, 20h, 20j

®Reagents and conditions: (a) CSEhCH, 100 °C, 8 h, 51%; (b) NajNH,O, 80 °C, 5 h,
17%; (c) RCH,X, Et;N, CHCN, 2 h, 72 - 9695 A list of R* groups can be found in Table 1.

2-Alkylsulfanyl-5-(3,5-dinitrophenyl)-1,3,4-oxadiales @3a - |, 23x), which are reverse
analogues of the previously studied compounds désé3, were synthesized as shown in
Scheme 2. The slow addition of hydrazine hydratartoice cold suspension of methyl 3,5-
dinitrobenzoate in ethanol resulted in the fornmatad the corresponding hydrazi@d, which
was further reacted with carbon disulfide and K@Hmater at 90 °C. This reaction resulted in
the formation of two main products, 5-(3,5-dinith@myl)-1,3,4-oxadiazole-2-thioPp) in a 40%
yield and 3-nitro-5-(5-sulfanyl-1,3,4-oxadiazol-Bphenol @4) in a 32% vyield.

The main product, 5-(3,5-dinitrophenyl)-1,3,4-oxatile-2-thiol 22), was converted into 2-
alkylsulfanyl-5-(3,5-dinitrophenyl)-1,3,4-oxadiaesl 3a- 1) via the alkylation of oxadiazole-2-
thiol 22 with various alkyl halides in acetonitrile in theepence of triethylaminéMethod A or
under the conditions of phase-transfer catalysitiénpresence of tetrabutylammonium bromide
(TBAB) (Method B. The modified Method A was also used for the synthesis of 2-
cyclohexylsulfanyl-5-(3,5-dinitrophenyl)-1,3,4-oXadole @3x), which is the only example
without the methylene linker between the sulfumatand the substituent'Rlescribed in this

work.



Scheme 2Synthesis of 2-alkylsulfanyl-5-(3,5-dinitrophejyl, 3,4-oxadiazole83a - |, 23x*

0] 0o
N—N N—-N
OyN OyN
O.N - OyN -NH; 2 I\ 2 I N R
SRR o e ate
NO, NO, O,N O,N
21 22

23a-l

23x

®Reagents and conditions: (a) 80% N#H,.H,O, EtOH, 0 °C - rt, 4 h, 84%; (b) GSKOH,
H,0, 90 °C, 10 h, 40%:; (dylethod A:R'CH.X, EtsN, CH;CN, rt, overnight, 20 - 86%lethod
B: R'CH,X, NaOH, TBAB, HO/CH,Cly, rt, overnight, 52 - 68%; (d)El1:Br, E&N, DMF, 80
°C, 20 h, 20%°A list of R* groups can be found in Table 1.

3-Nitro-5-(5-sulfanyl-1,3,4-oxadiazol-2-yl)phend@4) was alkylated using 3,4-dichlorobenzyl
chloride to give the produ@5j in a 90% yield. In a further step, the hydroxygrof 25] was

acetylated to form compouribj (Scheme 3).

Scheme 3.Synthesis of 3-(5-((3,4-dichlorobenzyl)sulfany|B#-oxadiazol-2-yl)-5-nitrophenol

25j and its acetyl derivative6j.?

R-O. N—-N Cl

" )
O,N O,N
25, R=H
24 b
|: 26j, R = Ac
®Reagents and conditions: (a) 3,4FRHCHCI, E&N, CHCN, reflux, 1 h, 90%; (b) C¥COCI,
EtN, THF, 5 °C —reflux, 5 h, 52% or GBOCI, DIPEA, CHCN, rt, 48 h, 72%.

;m‘
Q



Furthermore, derivatives with one amino group iadtef the original nitro group were
prepared. In this case, methyl 3,5-dinitrobenzoateted with hydrazine hydrate in refluxing
ethanol for 4 hours. The elevated temperature dethé formation of acyl hydrazide and the
reduction of one nitro group. 3-Amino-5-nitrobenydhazide 27) was isolated in a 63% yield
and was converted into the corresponding 1,3,44axatk-2-thiol €8) in an 82% vyield.
Alkylation of thiol 28 under phase-transfer catalysis conditions ledhéoformation of target 3-
(5-alkylsulfanyl-1,3,4-oxadiazol-2-yl)-5-nitroamikes 29d, 29¢ 29h, 29k, 29I) in high yields (51
- 91%) (Scheme 4). The alkylation of the amine groticompoun®8 was not observed under

these conditions.

Scheme 4.Synthesis of 3-(5-alkylsulfanyl-1,3,4-oxadiazoiA2-5-nitroanilines29d, 29¢ 29h,

29k and291.2 P

0 0 N-N N-N
O5N O5N
N N _NH I\ I N\ ~R!
0, \©)‘\O/ a O, \Q)LN 2y D/(O)\SH c D/(O)\S R
—_— H R —_—
NO, NH, HoN HoN

27 28 29d, 29e, 29h, 29k, 291
®Reagents and conditions: (a) 80% MNH,.H,O, EtOH, 4 h, reflux, 63%; (b) GSKOH,

EtOH, 8 h, reflux, 82%; (c) ’H,X, NaOH, TBAB, HO/CH,Cl, rt, overnight, 51 - 91%.A
list of R* groups can be found in Table 1.

The synthesis of the acetyl derivatid®d, 31e, 31h, 31knd31lis shown in Scheme 5. 5-(3-
Amino-5-nitrophenyl)-1,3,4-oxadiazole-2-thioR8) was acetylated with acetyl chloride in the
presence of diisopropylethylamine (DIPEA) in acérde. Alkylation of the resulting
oxadiazole-2-thiol 30 in acetonitrile led to the formation oN-(3-(5-alkylsulfanyl-1,3,4-

oxadiazol-2-yl)-5-nitrophenyl)acetamideXl, 31e, 31h, 31k, 31in 52 - 92% yields.
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Scheme 5.Synthesis 0ofN-(3-(5-alkylsulfanyl-1,3,4-oxadiazol-2-yl)-5-nitrtygnyl)acetamides

31d, 31e, 31h, 31knd3112°

O,N N-N O,N NN
/\ b I\ ~p
O)\SH — @AO)\S R
HN NH
R W/

o}
28, R=H
a 31d, 31e, 31h, 31k, 311
30,R=Ac

*Reagents and conditions: (a) §HDCI, DIPEA, CHCN, rt, 24 h, 81%; (b) BCH,X, EtN,
CH4CN, reflux, 3 - 4 h, 52 - 9298A list of R* groups can be found in Table 1.

Trifluoromethyl group-containing analogu@sd, 35¢ 35h and35j were prepared as shown in
Scheme 6. 3-Nitro-5-(trifluoromethyl)benzoic aci@28 was prepared from commercially
available 3-(trifluoromethyl)benzoic acid and wasoneerted to methyl 3-nitro-5-
(trifluoromethyl)benzoate3b) via a standard acid-catalyzed esterificationaililg methanol.
Hydrazinolysis of methyl 3-nitro-5-(trifluoromethlenzoate 32b) provided hydrazide33,
which was then converted to 5-(3-nitro-5-(trifluorethyl)phenyl)-1,3,4-oxadiazole-2-thi(84)
via a reaction with carbon disulfide in basic ethlannder reflux conditions. The target 2-
(alkylsulfanyl)-5-(3-nitro-5-(trifluoromethyl)phem)1,3,4-oxadiazoles36d, 35¢ 35h and 35j)

were prepared via alkylation of oxadiazol-2-ti8dlunder phase-transfer catalysis conditions.

Scheme 6. Synthesis of 2-(alkylsulfanyl)-5-(3-nitro-5-(tifbromethyl)phenyl)-1,3,4-

oxadiazole$5d, 35e, 35tand35j.*°

11



o 9 N-N N-N
FsC FsC N/NHz FsC I\ FsC / »\ ~R!
OR b N c o  TSH d o S
NO, NO, O,N OoN
33 34

35d, 35e, 35h, 35j
I: 32a,R=H
a
32b, R = CH3

®Reagents and conditions: (a)3®;, MeOH, 48 h, reflux, 87%; (b) NdMH,.H,O, EtOH, 48
h, reflux, 43%; (c) CS$ KOH, EtOH, 48 h, reflux, 26%; (d) 'RH,X, NaOH, TBAB,
H,O/CH,Cl,, rt, 4 h, 16 - 54% A list of R groups can be found in Table 1.

In vitro antimycobacterial activity. The results of thén vitro antimycobacterial evaluation
revealed very good activities for the 5-alkylsuifah-(3,5-dinitrophenyl)-H-tetrazoles Z0d,
20h, 20) and outstanding activities for the 2-alkylsulf&by(3,5-dinitrophenyl)-1,3,4-
oxadiazolesZ3a - |, 23) against the drug-susceptilNetb. My 331/88 strain, seven MDR/XDR
strains ofM.tb. and against the non-tuberculous streihskansasiiMy 235/80 and clinically
isolatedM. kansasii6509/96 (Table 2, Table S1).

The direct attachment of the 3,5-dinitrophenyl nyi¢o the tetrazole nitrogen in the
compounds of seri€d) led to 2 - 4 times higher antimycobacterial effiaies againg¥l.tb. and
both strains oM. kansasiicompared to the activities of the parent compouhidskyl/aryl-5-
[(3,5-dinitrobenzyl)sulfanyl]-H-tetrazoles 11). The MIC values of the compounds of se@s
againstM.tb. were in the range of 0.25 - 1 uM. The efficierdythe compounds of seri&d
againstM. aviumMy 330/88 also increased significantly, and theCMialues againgl. avium
were 4 - 32 uM, whereas the MIC values of the gatempoundsl1 were in the range of 8 -
250 uM.

The antimycobacterial activities of the 1,3,4-oxadie reverse analogu@8a - | and 23x
againstM.tb. and against botM. kansasiistrains were comparable or even better that tbbse

the parent compounds$ or the first-line anti-TB drugs. They had MIC vaduef 0.03 - 0.5 pM.

12



The comparison between the antimycobacterial aiesviof the tetrazole2Q) and 1,3,4-
oxadiazole derivatives 28) showed that the antimycobacterial activity of theported
compounds depended on the heterocycle involved. ITB&-oxadiazole-based compounds of
series23 showed significantly higher activities than thezdeole-containing substances of series
20. This is the same result observed in our prevgiudy. The 3,5-dinitrobenzylsulfanyl-1,3,4-
oxadiazolesl3 also showed considerably higher antimycobactex@ivities compared to the
3,5-dinitrobenzylsulfanyltetrazole analogudd and 12 [19-21]. The presence of 1,3,4-
oxadiazole seems to be highly beneficial for thenaycobacterial activities of anti-TB agents
based on the 3,5-dinitrobenzylsulfanyl moiet@)(and the 3,5-dinitrophenyl moiet23).

The antimycobacterial activity of 2-alkylsulfanyd8,5-dinitrophenyl)-1,3,4-oxadiazole23a
— 1, 23X was strongly influenced by the lipophilicity die substituent R This behavior was
observed in our previous studies [19-21]. The s$icpmtly lower efficiency of 2-(3,5-
dinitrophenyl)-5-methylsulfanyl-1,3,4-oxadiazol23@) compared to other derivative®3p — |
23x) can be explained by its lower lipophilicity. Thess of antimycobacterial activity in 3,5-
dinitrobenzohydrazide 20) or 2-(3,5-dinitrophenyl)-1,3,4-oxadiazole-5-thiof22) further
supports this assumption.

The absence of antimycobacterial activity in thelroxy analogue?5j, its acetyl derivative
26j, amino analogue®9d, 29¢ 29h, 29k, 291 and their acetyl derivativeXld, 31e 31h, 31k, 31l
confirmed our previous observation that both nigooups are beneficial for a high
antimycobacterial effect. However, in contrast to previous studies, the compounds of series
35 with a trifluoromethyl group instead of one of thd@tro groups also possessed
antimycobacterial activities similar to the 3,54tliophenyl derivatives of seried3 (Table 2,

Table S1).

13



Table 2. In vitro antimycobacterial activities of the prepared coomus of serie20 - 23, 25,

26, 29, 31and35 expressed as MIGu) after 14 days of incubation.

M. tuberculosis M. avium M. kansasii M. kansasii

My 331/88 My 330/88 My 235/80 6509/96
20d 0.5 4 2 2
20h 0.5 8 2 1
20j 0.25 8 1 0.5
21 62 125 125 125
22 62 62 125 125
23a 4 16 16 8
23b 0.25 8 2 2
23c 0.03 16 0.03 0.03
23X 0.03 16 0.03 0.03
23d 0.5 4 0.5 0.5
23e 0.03 4 0.125 0.25
23f 0.03 4 0.125 0.06
239 0.03 4 0.06 0.06
23h 0.03 n.d. 0.06 0.03
23i 0.03 250 0.06 0.03
23] 0.03 16 0.03 0.03
23k 0.03 125 0.03 0.03
23l 0.5 2 0.5 0.5

14



25j >250 >250 >250 >250
26j 1000 1000 1000 1000
29d 250 250 250 250
29e 125 250 250 250
29h 250 250 250 250
29Kk 125 125 125 125
29I 125 125 125 125
31d >1000 >1000 >1000 >1000
3le >1000 > 500 >1000 >1000
31h 250 >1000 >1000 >1000
31k >500 >500 >500 >500
31l >500 >500 >500 >500
35d 1 >250 4 4
35e 0.5 >250 4 2
35h 0.5 >250 1 1

35j 0.5 >250 1 1
INH 0.5 >250 >250 4

n.d. — not determined

Selected 5-alkylsulfanyl-1-(3,5-dinitrophenylidtetrazoles Z0h, 20j), 2-alkylsulfanyl-5-(3,5-

dinitrophenyl)-1,3,4-oxadiazoles23e 23f, 23g 23h, 23j, 23K) and two trifluoromethyl

analogues5d and35j were further tested against 7 multidrug-resissairatins ofM.th. (Table 3,

Table S2). All of the compounds exhibited outstagdanti-TB activities with MIC values of

0.25 - 0.5uM for the tetrazole derivative20h and 20; and 0.03 - 0.0uM for the 1,3,4-

15



oxadiazole derivatives of seri@8, and no cross-resistance was observed with ditleefirst or
second-line anti-TB drugs. Trifluoromethyl analogugbd and 35j had slightly lower but

comparable activities to those of the dinitrophedsiivatives of serie23.

Table 3 In vitro antimycobacterial activities of selected compouf@h, 20j, 23¢ 23f, 23g,
23h, 23), 23k, 35dand35j and common anti-TB drugs against MDR strainslotb. The results

are expressed as MIGN]) after 14 days of incubation.

MDR M. tuberculosis strains

Praha 1 Praha 4 Praha 131 9449/2007 234/2005 7357/1998 8666/2010

20h 0.5 0.5 0.5 0.5 0.5 0.5 0.5
20j 0.25 0.25 0.25 0.25 0.25 0.25 0.25
23e 0.03 0.03 0.03 0.03 0.03 0.03 0.03
23f 0.06 0.03 0.06 0.06 0.06 0.06 0.06
239 0.03 0.03 0.03 0.03 0.03 0.03 0.03
23h 0.03 0.03 0.03 0.03 0.03 0.03 0.03
23] 0.03 0.03 0.03 0.03 0.03 0.03 0.03
23k 0.03 0.03 0.03 0.03 0.03 0.03 0.03
35d 1 1 1 2 1 1 1

35j 0.t 0.2t 0.t 0.t 0.5/0. 0.5/0.! 0.5/0.!
Streptomycin 16 (R) >32 (R) >32 (R) >32 (R) 32 (R) >32 (R) >3 (
Isoniazid 16 (R) 16 (R) 16 (R) 64 (R) 16 (R) 16 (R) 32 (R)
Ethambutol 32 (R) 16 (R) 32 (R) 8 (S) 16 (R) 16 (R) 16 (R)
Rifampin >8 (R) >8 (R) >8 (R) >8 (R) >8 (R) >8 (R) >8 (R)
Ofloxacin 1(S) >16 (R) 16 (R) 2 (S) 0.5 (S) 8 (R) 8 (R)
Gentamicin 1 (S) 0.5 (S) >8 (R) 1(S) 0.25 (S) 1(S) 2 (S)

16



Clofazimine 0.5 (R) 0.5 (R) 0.25 (S) 0.125(S) 0.125(S) 0% 2(R)
Amikacin 0.5 (S) 1(S) >32 (R) 0.5 (S) 0.5 (S) 1(S) 2 (S)

S — Strain susceptible to the given antibiotic drug

R — Strain resistant to the given antibiotic drug

In vitro antibacterial and antifungal activities. To probe the selectivity of the inhibitory
activities of the studied compounds towards myctéas, the effects of selected tetrazole-based
compounds20h and 20j and oxadiazole-based compour8g 23f, 23h, 23] and 23k against
eight bacterial strains (4 gram positive cocci dngram negative rods) and eight fungal strains
(5 yeasts and 3 molds) were evaluated. The reshitteed that none of the studied compounds
possessed antibacterial or antifungal activitidsctvindicated that the antimycobacterial effects

of these compounds were highly selective (Tabledi5.

Table 4. In vitro antifungal activities of selected compounds exggdsas MIC (UM§.

Yeast strains Mold strains
CT CK CG TA AF AC ™

24h 48h 24h 48h 24h 48h 24h 48h 24h 484h 48h 24h 48h 72h 120h
20h >500 =>500 =>500>500 =>500 >500 >500 =>500 >500 >500 >500 >500 >500 =>500 =>500>500
20j >500 >500 >500 >500 =>500 >500 >500 =>500 >500 >500 >500 >500 >500 =>500 >500>500
23e >500 >500 >500>500 =>500 >500 >500 >500 >500 =>500 >500 >500 >500 >500 >500>500
23f >500 >500 >500 >500 >500 >500 >500 >500 >500 >500 >500 >500 =>500 =>500 =>500>500
23h  >125 >125 >125>125 >125 >125 >125 >125 >125 >125 >125 >125 >125 >125 >125>125
23] >125 >125 >125>125 >125 >125 >125 >125 >125 >125 >125 >125 >125 >125 >125>125
23k >125 =>125 >125>125 =>125 >125 >125 >125 >125 >125 >125 >125 >125 >125 >125>125
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FLU 0.82 - 1.6 - 105 - 26 - 210 - >500 - >500 - 105 -
AMB 0.54 - 0.54 - 1 - 0.54 - 0.27 - 0.54 - 1 - 0.54 -
%CA - Candida albicansATCC 44859;CT - Candida tropicalis156; CK - Candida krusei
E28; CG - Candida glabrata20/I; TA - Trichosporon asahiil188; AF - Aspergillus fumigatus
231; AC - Absidia corymbifera272; TM - Trichophyton mentagrophyte445; FLU -
Fluconazol AMB — Amphotericin B.
Table 5. In vitro antibacterial activities of selected compoundsesged as MIC (uM).
Strains oigram positive coct Strains oigram negative roc
SA MRSA SE EF EC KP KP-E PA
24+ 48F 24+ 48F 24+ 48F 24F 48F 24F 48fF 24F 48t 24F 48F 24h 48h
20h 125 12t 12t 125 50C 50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50(
20 62 62 128 12t 25C 25C >50C >50C >50C =>50C >50C =>50C =>50C =>50C =>50C =>50C
23e >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C
23f >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C =>50C
23h >50C >50C >50C >50C >50C >50C >50C >50C >50C >50C =>50C >50C >50C >50C >50C =>50C
23] >128 >12F >12F >12F >12F >12F >12F >12F >12F >12F >12F >12F >12F >12F >12F >12%
23k  >12F >12t >12f >12F >12t >12f >12F >12% >12f >12F >12% >12t >12F >12% >12t >12°%
VAN 0.3t - 0.3t - 0.3t - 0.7 - - - - - - - - -
GEN - - - - - - - - 0.2¢ - 0.2¢ - 0.2¢ - 1 -

%A - Staphylococcus aureuATCC 6538; MRSA - methicillin resistantStaphylococcus

aureus HK5996/08; SE - Staphylococcus epidermididK6966/08; EF - Enterococcussp.
HK14365/08;EC - Escherichia coliATCC 8739;KP - Klebsiella pneumonia&lK11750/08;
KP-E - extended spectrui-lactamase producinglebsiella pneumonia&lK14368/08;PA -
Pseudomonas aeruginogd CC 9027;VAN — VancomycinGEN — Gentamicin.

In vitro effects of the studied compounds on mammalian cebroliferation/viability. We

tested the effects of the most promising compowmdsiammalian cell viability using the HuH7

(human hepatocellular carcinoma), A431 (human epdal carcinoma), MDCK (Madin-Darby
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canine kidney cells) and HepG2 (human hepatoceledecinoma) cell lines (Table 6). The data

are presented as a relative viability at a cona#iotr of 30 UM compared to the vehicle-treated

controls (100% viability). The results showed takthe 3,5-dinitrophenyltetrazol@®h and20j

and 3,5-dinitrophenyloxadiazol@8e 23f, 23g 23h, 23j and23k had negligible effects on the

cell viability of these cell lines after 48 h ok&tment. The selectivity indices, which were

calculated as the ratio between thegl@n the HepG2 cell lines and MIC agaildttb., were

higher than 60 for the tetrazole-based compowt@its and 20j and higher than 1000 for the

tested oxadiazole-based compou8dg 23f, 23g 23h, 23j and23k (Table 6).

Table 6. Viability determined via viability cell assays aft 48 hours of treatment with

compound=20h, 20j, 23¢ 23f, 23g 23h, 23j and 23k for the Huh7, A431, MDCK and HepG2

cell lines and the calculated selectivity indicatues. Vehicle-treated control viability was set to

100%. (CellTiter96® Assa$)

HUH7 A431 MDCK HepG2 ;Z'ee)‘(’“"“y
ICs,  Viability ICsy Viabilty ICsy Viability ICso Viability ICso (HepG2) /
(uM)  at30puM (M) at30puM (M) at30puM (uM) at30puM MIC (M.th)
20n >30 115 30 74 =30 85 S30 134 =60
20f >30 137 =30 90 ~30 84 >30 145  >120
23e >30 118  >30 93 >30 119 >30 126  >1000
23f >30 144 =30 o1 >30 115 =30 129  >1000
23g >30 158  >30 105  >30 105  >30 129  >1000
23h >30 126 =30 100  >30 110  >30 126  >1000
23 >30 153  >30 126  >30 Ol ~30 125  >1000
23k >30 143 >30 99 >30 114 >30 113 >1000
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aStandard deviations werel0% of the mean

Conclusions

In this work we found that 5-alkylsulfanyl-1-(3,%adrophenyl)-H-tetrazoles Z0) and 2-
alkylsulfanyl-5-(3,5-dinitrophenyl)-1,3,4-oxadiaegl 3) possessed excellent activity against
replicating M.tb. strains, including the clinically isolated multidy and extensively drug-
resistant strains. The samples had MIC values wsak 0.03 pM, and they did not show any
cross resistance with first or second-line anti-dmBgs. The studied compounds were designed
as the reverse analogues of the previously stuthatkyl-5-[(3,5-dinitrobenzyl)sulfany!]-H-
tetrazoles 11) [19] and 2-alkyl/aryl-5-[(3,5-dinitrobenzyl)sulfigl]-1,3,4-oxadiazoles1@) [21].
Interestingly, the direct attachment of a 3,5-dophenyl moiety to the tetrazole in compounds
20 or to the oxadiazole in compounds3 did not lead to significant changes in the
antimycobacterial activity compared to the previtmal compound$l and13. Furthermore, the
compounds of serie®) and23 had highly selective antimycobacterial effectsause they were
completely inactive against 4 gram positive andrangnegative bacterial strains and 8 fungal
strains. Thein vitro cytotoxicity experiments revealed that thesd@alues of the studied
compounds against four mammalian cell lines, indgdepatic cell lines HepG2 and HuH7,
were higher than 30 pM. Thus, the selectivity iediof the most promising compounzi3e
23f, 23g 23h, 23j and 23k were higher than 1000. The structure-activity trefeship study
revealed that the presence of two nitro groupsigbly beneficial for high antimycobacterial
activity. The replacement of a nitro group for afgxy group in compoung5j or the reduction
of one nitro group to an amino group in se@&compounds abolished the antimycobacterial
activities, and acetylation of these hydroxy or rmnigroups did not restore the activity.

However, in contrast to the previous oxadiazold leampound4.3, the replacement of one nitro
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group in compound®@3 for another strong electron-withdrawing substituentrifluoromethyl
group, did not diminish the activity. The antimyeskerial activities of the trifluoromethyl
analogues35 were only slightly lower than that of the origir@mpound23. The compounds
studied in this work, in particular compounds afies&20, 23 and35, proved to be highly active
antimycobacterial agents with selective action amdrant further studies on their mechanisms

of action andn vitro/in vivoassessments.

Experimental section

General. The structural identity of the prepared compouwds confirmed vidH-NMR and
3C-NMR spectroscopy analyses. The purity of all twmpounds reported was95% as
determined using elemental analysis. All chemiaaed for synthesis were obtained from
Sigma-Aldrich (Schnelldorf, Germany) and were usedreceived. TLC was performed on
Merck aluminum plates with silica gel 6@sk Merck Kieselgel 60 (0.040 - 0.063 mm) was used
for column chromatography. Melting points were meleal using a Bichi B-545 apparatus
(BUCHI Labortechnik AG, Flawil, Switzerland) andeauncorrected. ThéH and **C NMR
spectra were recorded using Varian Mercury Vx BB 80 VNMR S500 NMR spectrometers
(Varian, Palo Alto, CA, USA). Chemical shifts wereported a$ values in parts per million
(ppm) and were indirectly referenced to tetrameditghe (TMS) viathe solvent signal. The
elemental analysis was performed on an Automaticrddinalyser EA1110CE (Fisons
Instruments S.p.A., Milano, Italy). HRMS (ESI+, ESéxperiments were performed using the
Q-Exactive Plus Mass Spectrometer (Thermo Scienfremen, Germany) with direct infusion

into the detector of the sample dissolved in agatwater, 1:1.
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3,5-Dinitrophenyl isothiocyanatél8): Thiophosgene (2.51 g, 1.76 mL, 0.022 mol) wadedd
dropwise to a solution of 3,5-dinitroaniline (203011 mol) in toluene (20 mL). The mixture was
stirred under a nitrogen atmosphere at 100 °C foo8s. Upon completion, the reaction mixture
was cooled to room temperature (rt) and neutralizéd a saturated solution of,ROs;. The
bilayer mixture was intensively stirred for 24 heat rt. The organic phase was separated, dried
with anhydrous sodium sulfate and evaporated uretirced pressure. The product was purified
using column chromatography (Hexane/EtOAc, 10:igld¥ 51% as an orange solid; mp 39 —
41 °C.*H NMR (300 MHz, CDC}) § 8.91 (t,J = 2.1 Hz, 1H), 8.38 — 8.33 (m, 2HYC NMR (75
MHz, CDCk) 6 149.03, 143.45, 135.44, 125.63, 116.56. Anal. €&¢ GH3N304S: C, 37.34;
H, 1.34; N, 18.66; O, 28.42; S, 14.24. Found: C537H, 1.17; N, 18.62; S, 14.36.

1-(3,5-Dinitrophenyl)-1H-tetrazole-5-thiol (19): The suspension of 3,5-dinitrophenyl
isothiocyanate8) (1.25 g, 5.55 mmol) and sodium azide (0.54 g3 &nol) in water (25 mL)
was stirred at 80 °C for 5 hours. Upon completibie, reaction mixture was cooled down to rt,
washed with EtOAc (2 x 25 mL) and then acidifiedhaHCI to pH 1 - 2. The precipitated
product was filtered, washed with water, dried asatystallized from CEDH. Yield: 17% as a
yellow solid; mp: 134 — 136 °GH NMR (300 MHz, DMSO) 9.33 (d,J = 2.1 Hz, 2H), 8.93 (t,
J = 2.1 Hz, 1H)°C NMR (75 MHz, DMSO)$ 164.54, 148.26, 135.66, 124.15, 119.04. Anal.
Calcd for GH4NgO,4S: C, 31.35; H, 1.50; N, 31.33; S, 11.95. Found3T33; H, 1.67; N, 31.29;
S, 11.82.

General procedure for the synthesis of 5-alkylsulfiayl-1-(3,5-dinitrophenyl)-1H-
tetrazoles (20d, 20h, 20j): An alkylating agent (0.51 mmol) was added toohutson of 1-(3,5-
dinitrophenyl)-H-tetrazole-5-thiol 19) (0.15 g, 0.56 mmol) and triethylamine (0.062 ¢§10

mmol)) in CHCN (5 mL). The reaction mixture was refluxed fon@urs. Upon completion, the
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solvent was evaporated under reduced pressurecriide product was dissolved in EtOAc (15
mL), washed with 5% aqg. N@O; (1 x 10 mL)and water (2 x 15 mL), and the organic layer was
dried over anhydrous sodium sulfate and evaporaléeé. pure product was obtained using
column chromatography (hexane/EtOAc, 10:1).
5-Benzylsulfanyl-1-(3,5-dinitrophenyl)-1H-tetrazo{0d): Benzyl bromide was used as an
alkylating agent. Yield: 96% as a light yellow sblimp 117 - 119 °C*H NMR (500 MHz,
acetone) 9.13 (td,J = 2.1, 0.6 Hz, 1H), 8.93 (dd,= 2.0, 0.7 Hz, 2H), 7.46 — 7.41 (m, 2H), 7.34
— 7.25 (m, 3H), 4.67 (s, 2H}*C NMR (126 MHz, acetone) 155.41, 149.97, 136.86, 136.14,
130.05, 129.55, 128.87, 125.66, 120.59, 38.68. Analcd for G4H10NsO4S: C, 46.93; H, 2.81,;
N, 23.45; S, 8.95. Found: C, 47.31; H, 3.18; N523S, 8.62.
5-[(4-Chlorobenzyl)sulfanyl]-1-(3,5-dinitrophenyl)--tetrazole(20h): 4-Chlorobenzyl chloride
was used as an alkylating agent. Yield: 82% ast# frellow solid; mp 100 - 102 °GH NMR
(500 MHz, acetonej 9.13 (td,J = 2.1, 0.7 Hz, 1H), 8.96 (dd,= 2.1, 0.7 Hz, 2H), 7.49 (d,=
8.3 Hz, 2H), 7.34 (dJ = 8.3 Hz, 2H), 4.68 (s, 2H}°C NMR (126 MHz, acetone) 155.28,
149.98, 136.14, 134.23, 131.85, 129.52, 125.61,602@B7.67. Anal. Calcd forgHgCINgO4S:
C,42.81; H, 2.31; N, 21.40; S, 8.16. Found: C482H, 2.4; N, 21.68; S, 8.19.
5-[(3,4-Dichlorobenzyl)sulfanyl]-1-(3,5-dinitrophgh-1H-tetrazole (20j): 3,4-Dichlorobenzyl
chloride was used as an alkylating agafield: 72% as a light yellow solid; mp 97 - 99 *t&
NMR (500 MHz, acetonej 9.14 (t,J = 2.1 Hz, 1H), 8.98 (d] = 2.1 Hz, 2H), 7.73 (d] = 2.1
Hz, 1H), 7.52 (dJ = 8.3 Hz, 1H), 7.48 (dd] = 8.3, 2.1 Hz, 1H), 4.70 (s, 2HYC NMR (126
MHz, acetone)s 155.20, 150.00, 138.50, 136.10, 132.62, 132.12.153 131.51, 130.25,
125.62, 120.65, 36.94. Anal. Calcd fog48sCloNeO4S: C, 39.36; H, 1.89; N, 19.67; S, 7.50.

Found: C, 39.52; H, 2.06; N, 19.87; S, 7.63.
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3,5-Dinitrobenzohydrazid@1) [22]: Methyl 3,5-dinitrobenzoate was obtainedif8% yield by
refluxing 3,5-dinitrobenzoyl chloride in MeOH for fhour. Upon cooling, the precipitated
product was filtered and washed with 1% NaOH. nnlext step, hydrazine hydrate (80%, 0.94
g, 0.91 mL, 15 mmol) was added dropwise into tHatgm of methyl 3,5-dinitrobenzoate (1.13
g, 5 mmol) in EtOH (20 mL) at 0 °C. The reactionxtare was stirred for 4 hours at rt. Upon
completion, the precipitated product was filtered avashed with EtOH (10 mL) and,Et (10
mL). The product was used without further purifioat Yield: 84% as a yellowish solid; mp 153
- 154 °C (lit.[22] mp 155 - 157 °CJH NMR (300 MHz, DMSOY 10.50 (s, 1H, M), 9.00 (d,J

= 2.1 Hz, 2H), 8.93 (t) = 2.1 Hz, 1H), 4.74 (s, 2H,H}).2*C NMR (75 MHz, DMSOY 161.50,
148.38, 136.09, 127.36, 120.84. Anal. Calcd fad#bl,Os: C, 37.18; H, 2.67; N, 24.77. Found:
C,37.42; H, 2.68; N, 24.32.

5-(3,5-Dinitrophenyl)-1,3,4-oxadiazole-2-thi®2) [23]: Carbon disulfide (0.7 g, 0.56 mL, 9.2
mmol) was added to a solution of 3,5-dinitrobenzbhyide 21) (0.7 g, 3.1 mmol) and KOH
(0.21 g, 3.75 mmol) in water (15 mL). The reactmixture was heated at 90 °C for 10 hours.
The product precipitated from the reaction mixtwith some side products, and 1 M NaOH (3
mL) was added to the reaction mixture. The reaatmdxture was stirred for 10 min and filtered.
The aqueous solution was then acidified with HOQpib2 - 3 and extracted with EtOAc (2 x 20
mL). The organic layers were combined, washed witter (2 x 15 mL) and dried over
anhydrous sodium sulfate. The solvent was evapbrateler reduced pressure, and the product
was purified using column chromatography (mobilaggh CHGJ/hexane/CHCOOH, 24:6:1, R

= 0.26). Yield: 40% as a yellow solid; mp 203 - 20 *H NMR (300 MHz, acetone) 9.12 (t,

J=2.1Hz, 1H), 9.02 (d] = 2.1 Hz, 2H)}*C NMR (75 MHz, acetond) 179.37, 158.54, 150.13,
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127.02, 126.69, 121.91. Anal. Calcd fogHaN4OsS: C, 35.83, H, 1.50; N, 20.89; S, 11.96.
Found: C, 36.11; H, 1.90; N, 20.52; S, 11.63.
3-Nitro-5-(5-sulfanyl-1,3,4-oxadiazol-2-yl)phen@?4) was isolated as a by-product from a
previous reaction (mobile phase: CHGéxane/CHCOOH, 24:6:1, R= 0.13). Yield: 32% as a
yellow solid; mp 195 - 197 °GH NMR (500 MHz, DMSO) 14.82 (s, 1H), 7.62 (i = 1.8 Hz,
1H), 7.54 (tJ = 2.1 Hz, 1H), 7.41 (t) = 1.9 Hz, 1H)}*C NMR (126 MHz, DMSOY 177.64,
159.53, 151.10, 149.39, 124.31, 115.88, 110.06,6806\nal. Calcd for gHsN3O,S: C, 40.17,;

H, 2.11; N, 17.57; S, 13.4. Found: C, 40.63; H3210, 17.32; S, 13.59.

General procedure for the synthesis of the 2-alkyldfanyl-5-(3,5-dinitrophenyl)-1,3,4-
oxadiazoles(23a - )): Method A:An alkylating agent (0.51 mmol) was added to aitsmh of 5-
(3,5-dinitrophenyl)-1,3,4-oxadiazole-2-thi@d3) (0.15 g, 0.56 mmol) and triethylamine (0.062 g,
0.61 mmol) in CHCN (7 mL). The reaction mixture was stirred ovemmigt rt. Upon reaction
completion (as determined by TLC), the solvent waaporated under reduced pressure. The
crude product was dissolved in EtOAc (15 mL), amel érganic solution was washed with 1%
NaOH (15 mL) and water (2 x 15 mL) and dried ove@malrous sodium sulfate. The solvent was
evaporated under reduced pressure, and the pregscpurified via crystallization or column
chromatography.

Method B:The alkylating agent (0.51 mmol) and TBAB (0.025nat) solution in CHCI, (5
mL) was added to the solution of 5-(3,5-dinitropheriyB;4-oxadiazole-2-thiol2@) (0.15 g,
0.56 mmol) and NaOH (0.024 g, 0.61 mmol) in wagem(L). The reaction mixture was gently
stirred overnight at rt. Upon completion, the origdayer was separated, washed with water (2 x
7 mL) and dried over anhydrous sodium sulfate. $bkwent was evaporated under reduced

pressure, and the product was purified via crygtlbn or column chromatography.
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5-(3,5-Dinitrophenyl)-2-methylsulfanyl-1,3,4-oxadide (23a): Dimethyl sulfate was used as an
alkylating agent. The product was prepared via Mett8 and was purified using column
chromatography (mobile phase: hexane/EtOAc, 3tE B41). Yield: 60% as a white solid; mp
124 - 127 °C*H NMR (500 MHz, acetonej 9.10 (s, 3H), 2.86 (s, 3H)*C NMR (126 MHz,
acetone) 167.82, 163.57, 150.13, 127.73, 126.90, 121.5F214Anal. Calcd for gHgN4OsS:
C, 38.30; H, 2.14; N, 19.85; S, 11.36. Found: C,838H, 2.35; N, 19.96; S, 11.22. The
formation of 5-(3,5-dinitrophenyl)-3-methyl-1,3,4adiazole-2(81)-thione was also observed
(mobile phase: hexane/EtOAc, 3:1f R 0.56) [24]. The compound was obtained in a 108lgy
'H NMR (500 MHz, acetone) 9.12 (t,J = 2.1 Hz, 1H), 9.01 (d] = 2.1 Hz, 2H), 3.82 (s, 3H).
13C NMR (126 MHz, acetone) 176.80, 155.52, 149.32, 125.88, 125.79, 36.13.
5-(3,5-Dinitrophenyl)-2-propylsulfanyl-1,3,4-oxadm@le (23b): Propyl bromide was used as an
alkylating agent. The product was prepared via et and was purified using column
chromatography (mobile phase: hexane/EtOAc, 6:1BldY40% as a white solid; mp 70 - 72 °C.
H NMR (300 MHz, acetone) 9.10 (s, 3H), 3.39 (] = 7.2 Hz, 2H), 1.97 — 1.83 (m, 2H), 1.07
(t, J = 7.3 Hz, 3H).**C NMR (75 MHz, acetone} 167.20, 163.49, 150.10, 127.73, 126.91,
121.52, 34.97, 23.48, 13.20. Anal. Calcd faiHGoN4OsS: C, 42.58; H, 3.25; N, 18.06; S, 10.33.
Found: C, 43.12; H, 3.35; N, 17.86; S, 10.58.
5-(3,5-Dinitrophenyl)-2-hexylsulfanyl-1,3,4-oxade (23¢): Hexyl bromide was used as an
alkylating agent. The product was prepared via Meth and was purified using column
chromatography (mobile phase: hexane/EtOAc, 7:18ldY66% as a white solid; mp 72 - 75 °C.
'H NMR (500 MHz, acetonej 9.12 (s, 3H), 3.47 — 3.38 (m, 2H), 1.96 — 1.83 i), 1.57 —

1.47 (m, 4H), 1.37 — 1.35 (m, 2H), 0.93 — 0.88 8i). *C NMR (126 MHz, acetone) 176.98,
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173.23, 159.86, 137.49, 136.64, 131.26, 42.87,3488.20, 38.56, 32.86, 23.95. Anal. Calcd for
C14H16N4OsS: C, 47.72; H, 4.58; N, 15.90; S, 9.10. Foun4&1; H, 4.42; N, 15.53; S, 9.42.
2-Benzylsulfanyl-5-(3,5-Dinitrophenyl)-1,3,4-oxarlée (23d): Benzyl bromide was used as an
alkylating agent. The product was prepared via Mett8B and was purified using column
chromatography (mobile phase: hexane/EtOAc, 3:1BldY68% as a yellow solid; mp 155 - 157
°C (with decomposition)H NMR (300 MHz, DMSOY¥ 8.97 (t,J = 2.1 Hz, 1H), 8.94 (dl = 2.1
Hz, 2H), 7.55 - 7.47 (m, 2H), 7.39 - 7.27 (m, 3464 (s, 2H)*C NMR (75 MHz, DMSO)%
165.41, 162.77, 148.88, 136.67, 129.29, 128.78,0228.26.38, 125.92, 121.14, 36.08. Anal.
Calcd for GsH1oN4OsS: C, 50.28; H, 2.81; N, 15.64; S, 8.95. Found4€91, H, 2.74; N, 15.37;
S,9.12.

5-(3,5-Dinitrophenyl)-2-[(4-methoxybenzyl)sulfan{l]3,4-oxadiazole(239: 4-Methoxybenzyl
chloride was used as an alkylating agent. The mtodias prepared via Method A and was
purified by crystallization (EtOH/ED). Yield: 84% as a yellowish solid; mp 142 - 145, *H
NMR (500 MHz, DMSO)5 8.97 (t,J = 2.1 Hz, 1H), 8.94 (d] = 2.1 Hz, 2H), 7.42 (d) = 8.6
Hz, 2H), 6.90 (dJ = 8.6 Hz, 2H), 4.59 (s, 2H), 3.72 (s, 3H)C NMR (126 MHz, DMSO)»
165.50, 162.71, 159.07, 148.87, 130.61, 128.27,3626.25.92, 121.10, 114.15, 55.25, 35.82.
Anal. Calcd for GeH1oN4OsS: C, 49.48; H, 3.11; N, 14.43; S, 8.26. Foundd@€62: H, 3.28; N,
14.35; S, 8.64.

2-[(2-Chlorobenzyl)sulfanyl]-5-(3,5-dinitrophenyl);3,4-oxadiazole (23f):  2-Chlorobenzyl
chloride was used as an alkylating agent. The mtodias prepared via Method A and was
purified by crystallization (EtOH/D). Yield: 86% as a yellowish solid; mp 137 - 139, *H
NMR (500 MHz, DMSO)5 8.99 - 8.97 (m, 1H), 8.95 - 8.94 (m, 2H), 7.68657(m, 1H), 7.53 -

7.49 (m, 1H), 7.39 - 7.32 (m, 2H), 4.72 (s, 2HE NMR (126 MHz, DMSO) 164.86, 162.98,
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148.89, 133.93, 133.55, 131.89, 130.26, 129.84,6627126.42, 125.89, 121.20, 34.44. Anal.
Calcd for GsHgCIN4OsS: C, 45.87; H, 2.31; N, 14.26; S, 8.16. Found4€.06; H, 2.48; N,
14.28; S, 8.29.

2-[(3-Chlorobenzyl)sulfanyl]-5-(3,5-dinitrophenyl);3,4-oxadiazole (23g): 3-Chlorobenzyl
chloride was used as an alkylating agent. The mtodias prepared via Method A and was
purified using column chromatography (mobile phdsexane/EtOAc, 4:1). Yield: 74% as a
yellowish solid; mp 112 - 114 °GH NMR (500 MHz, DMSO) 8.97 (t,J = 2.1 Hz, 1H), 8.94
(d, J = 2.2 Hz, 2H), 7.62 — 7.60 (m, 1H), 7.50- 7.47 (tH), 7.40 - 7.34 (m, 2H), 4.64 (s, 2H).
%C NMR (126 MHz, DMSO) 165.20, 162.87, 148.86, 139.47, 133.19, 130.58,122 127.99,
127.93, 126.38, 125.91, 121.15, 35.23. Anal. CébedC;sHoCIN,OsS: C, 45.87; H, 2.31; N,
14.26; S, 8.16. Found: C, 46.41; H, 2.54; N, 13943.11.
2-[(4-Chlorobenzyl)sulfanyl]-5-(3,5-dinitrophenyl)3,4-oxadiazole (23h): 4-Chlorobenzyl
chloride was used as an alkylating agent. The mtodias prepared via Method A and was
purified by crystallization (CECN/H,0). Yield: 79% as a light beige solid; mp 163 - 268'H
NMR (500 MHz, DMSO)5 8.97 (t,J = 2.1 Hz, 1H), 8.93 (d] = 2.1 Hz, 2H), 7.54 (d] = 8.3
Hz, 2H), 7.41 (d,) = 8.3 Hz, 2H), 4.63 (s, 2H}°C NMR (126 MHz, DMSOY 165.23, 162.83,
148.87, 136.00, 132.63, 131.17, 128.71, 126.38,9D25121.14, 35.24. Anal. Calcd for
Ci1sHoCIN4OsS: C, 45.87; H, 2.31; N, 14.26; S, 8.16. Found4€&56; H, 2.54; N, 14.53; S, 8.19.
2-[(2,4-Dichlorobenzyl)sulfanyl]-5-(3,5-dinitrophgh-1,3,4-oxadiazole (23i): 2,4-
Dichlorobenzyl chloride was used as an alkylatiggrda. The product was prepared via Method
A and was purified by crystallization (EtOH/@). Yield: 63% as a white solid; mp 129 - 130
°C.H NMR (500 MHz, acetone) 9.14 — 9.10 (m, 3H), 7.78 (d= 8.3 Hz, 1H), 7.60 (d] = 2.2

Hz, 1H), 7.42 (dd, = 8.3, 2.2 Hz, 1H), 4.77 (s, 2HJC NMR (126 MHz, acetone) 166.00,
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163.95, 150.12, 135.74, 135.26, 134.02, 133.75,183128.39, 127.58, 127.02, 121.69, 34.55.
Anal. Calcd for GsHgCIoN4OsS: C, 42.17; H, 1.89; C, 13.11; N, 7.50. Found4CS8; H, 1.91;

N, 12.79; S, 7.37.

2-[(3,4-Dichlorobenzyl)sulfanyl]-5-(3,5-dinitrophgh-1,3,4-oxadiazole (23)): 3,4-
Dichlorobenzyl chloride was used as an alkylatiggra. The product was prepared via Method
A and was purified using column chromatography (heophase: hexane/EtOAc, 4:1). Yield:
85% as a white solid; mp 132 - 134 %€, NMR (500 MHz, DMSO) 8.97 (t,J = 2.1 Hz, 1H),
8.93 (d,J = 2.1 Hz, 2H), 7.81 (d] = 2.0 Hz, 1H), 7.61 (d] = 8.3 Hz, 1H), 7.51 (dd] = 8.3, 2.0
Hz, 1H), 4.63 (s, 2H):*C NMR (126 MHz, DMSO) 165.09, 162.90, 148.86, 138.32, 131.28,
131.14, 130.83, 130.60, 129.66, 126.38, 125.91,162B4.61. Anal. Calcd for gHsCloN4OsS:
C,42.17; H, 1.89; N, 13.11; S, 7.50. Found: 42H12.25; N, 12.86; S, 8.25.
2-[(4-Bromobenzyl)sulfanyl]-5-(3,5-dinitrophenyl)3l4-oxadiazole (23k): 4-Bromobenzyl
bromide was used as an alkylating agent. The ptodas prepared via Method A and was
purified using column chromatography (mobile phdsexane/EtOAc, 4:1). Yield: 74% as a
white solid; mp 188 - 189 °CH NMR (300 MHz, DMSO) 8.97 (t,J = 2.1 Hz, 1H), 8.93 (d]

= 2.1 Hz, 2H), 7.55 (dJ = 8.5 Hz, 2H), 7.47 (d] = 8.5 Hz, 2H), 4.62 (s, 2H}*C NMR (75
MHz, DMSO)6 165.25, 162.87, 148.89, 136.47, 131.66, 131.58.4P2 125.90, 121.21, 121.18,
35.29. Anal. Calcd for gHoBrN4OsS: C, 41.21; H, 2.07; N, 12.81; S, 7.33. Found4C15; H,
2.23; N, 12.82; S, 7.58.

5-(3,5-Dinitrophenyl)-2-[(4-nitrobenzyl)sulfanyl];3,4-oxadiazolg?23l): 4-Nitrobenzyl chloride
was used as an alkylating agent. The product wesaped via Method B and was purified using
column chromatography (mobile phase: hexane/Et®AL, Yield: 52 % as a white solid; mp

187 - 188 °C'H NMR (300 MHz, DMSOY 8.98 - 8.96 (m, 1H), 8.92 — 8.90 (m, 2H), 8.22Xd,
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= 9.0 Hz, 2H), 7.80 (dJ = 9.0 Hz, 2H), 4.76 (s, 2H}*C NMR (75 MHz, DMSO)$ 165.01,
162.94, 148.88, 147.11, 145.12, 130.61, 126.41,8729.23.84, 121.19, 35.09. Anal. Calcd for
CisH9NsO7S: C, 44.67; H, 2.25; N, 17.36; S, 7.95. Foundd£7; H, 2.19; N, 17.2; S, 8.24.
2-Cyclohexylsulfanyl-5-(3,5-dinitrophenyl)-1,3,4aokazole (23x): Cyclohexyl bromide was
used as an alkylating agent. The product was pedpadaa Method A, but DMF was used as the
solvent. The reaction mixture was heated at 80 GC20 hours, but the reaction was not
complete. The product was purified using column oohatography (mobile phase:
hexane/EtOAc, 10:1, fR= 0.31). Yield: 20% as a white solid; mp 89 - 9. *H NMR (500
MHz, Acetone) 9.14 — 9.11 (m, 3H), 3.94 — 3.89 (m, 1H), 2.2820Am, 2H), 1.88 — 1.78 (m,
2H), 1.73 — 1.60 (m, 2H), 1.57 — 1.48 (m, 2H), 1-44.27 (m, 2H)}*C NMR (126 MHz,
Acetone)d 166.41, 163.48, 150.10, 127.75, 126.95, 121.55%44733.85, 26.36, 25.98. Anal.
Calcd for G4H14N4OsS: C, 48.0; H, 4.03; N, 15.99; S, 9.15. Found: £88; H, 4.25; N, 15.41;
S, 8.84.

Formation of 3-cyclohexyl-5-(3,5-dinitrophenyl)-143oxadiazole-2(8)-thione was also
observed (mobile phase: hexane/EtOAc, 10fl5 R.39). The compound was obtained in a 5%
yield (yellow solid); mp 193 - 196 °CH NMR (500 MHz, acetone) 9.14 (t,J = 2.1 Hz, 1H),
9.06 (d,J = 2.1 Hz, 2H), 4.64 — 4.53 (m, 1H), 2.12 — 2.02 @#), 2.00 — 1.91 (m, 2H), 1.89 —
1.72 (m, 2H), 1.59 — 1.45 (m, 2H), 1.40 — 1.28 2i). *C NMR (126 MHz, acetone) 176.43,
156.76, 150.13, 126.95, 126.69, 121.90, 59.21, BB029.33, 25.67. Anal. Calcd for
C14H14N4OsS: C, 48.0; H, 4.03; N, 15.99; S, 9.15. Found: £08; H, 4.41; N, 15.78; S, 9.3.
3-(5-((3,4-Dichlorobenzyl)sulfanyl)-1,3,4-oxadiazsll)-5-nitrophenol (25)): 3,4-
Dichlorobenzyl chloride (0.22 g, 1.12 mmol) was edido a solution of 3-(5-mercapto-1,3,4-

oxadiazol-2-yl)-5-nitrophenol2d) (0.3 g, 1.25 mmol) and triethylamine (0.127 ¢l mL,
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1.25 mmol) in CHCN (10 mL). The reaction mixture was refluxed foh1Upon cooling, the
product precipitated from the reaction mixture. Tgreduct was filtered, washed with water,
dried and recrystallized from EtOH/B. Yield: 90% as a yellow solid; mp 179 - 181 €.
NMR (500 MHz, DMS0)s 7.77 (d,J = 2.1 Hz, 1H), 7.69 (tJ = 1.8 Hz, 1H), 7.60 (d] = 8.3
Hz, 1H), 7.55 (tJ = 2.2 Hz, 1H), 7.52 — 7.45 (m, 2H), 4.56 (s, 2HC NMR (126 MHz,
DMSO) § 164.59, 163.68, 151.06, 149.41, 138.31, 131.23,1#3 130.83, 130.57, 129.60,
124.71, 116.22, 110.05, 107.12, 34.68. Anal. CébedC;sHyCIoN3O4S: C, 45.24; H, 2.28; N,
10.55; S, 8.05. Found: C, 45.45; H, 2.50; N, 109,%8.33.
3-(5-((3,4-Dichlorobenzyl)sulfanyl)-1,3,4-oxadiazsyl)-5-nitrophenyl acetate (26j): Two
methods were employed: 1. Triethylamine (0.053.52 @nmol) was added to a mixture of 3-(5-
((3,4-dichlorobenzyl)sulfanyl)-1,3,4-oxadiazol-2-@-nitrophenol 25j) (0.15 g, 0.38 mmol) in
THF (7 mL). The mixture was cooled to 5 °C, andtgicehloride (0.04 g, 0.51 mmol) was
added. The reaction mixture was refluxed for 5 Bolihe reaction mixture was then filtered and
evaporated under reduced pressure. The productpurised using column chromatography
(mobile phase: hexane/EtOAc, 3:1). Yield: 52%.

2. Acetyl chloride (0.071 g, 0.9 mmol) was added &o suspension of 3-(5-((3,4-
dichlorobenzyl)sulfanyl)-1,3,4-oxadiazol-2-yl)-5trmphenol 25j) (0.12 g, 0.3 mmol) and
diisopropylethylamine (DIPEA) (0.117 g, 0.155 mL9 ®nmol) in CHCN (7 mL). The reaction
mixture was stirred at rt for 48 h. The yellow saisgion turned into a white suspension.
Although the reaction was not complete, the solvead evaporated under reduced pressure, and
the crude product was dissolved in EtOAc (15 mLy arashed with water (2 x 15 mL). The
organic layer was dried over anhydrous sodium sullad evaporated under reduced pressure.

The product was purified using column chromatogyafrhobile phase: hexane/EtOAc, 5:2).
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Yield: 72% as a white solid; mp 202 - 204 96. NMR (500 MHz, acetone) 8.79 (t,J = 2.1

Hz, 1H), 8.63 (tJ = 1.8 Hz, 1H), 8.39 — 8.36 (m, 1H), 7.79 {d 1.4 Hz, 1H), 7.58 — 7.54 (m,
2H), 4.64 (s, 2H), 2.19 (s, 3HFC NMR (126 MHz, acetone) 169.91, 165.18, 150.09, 142.52,
138.93, 132.75, 132.21, 132.11, 131.61, 130.18,382a.22.45, 116.72, 115.95, 35.76, 24.33.
Anal. Calcd for G/H11CIoN3OsS: C, 46.38; H, 2.52; N, 9.54; S. 7.28. Found: €82; H, 2.71,

N. 9.40; S, 7.05.

3-Amino-5-nitrobenzohydrazid27): Methyl-3,5-dinitrobenzoate (1 g, 4.4 mmol) wassolved

in methanol (20 mL), and 80% hydrazine hydrate {Ir, 22 mmol) was added. The reaction
mixture was refluxed for 4 hours. The methanol eraporated under reduced pressure, and the
crude product was purified using column chromatplya(mobile phase: CHgMeOH/EgN,
100:1:1). Yield: 63% as a yellow solid; mp 220 22Z.'H NMR (300 MHz, DMSO)% 9.91 (s,
1H), 7.74 — 7.71 (m, 1H), 7.48 — 7.45 (m, 1H), 7(88,J = 2.3, 1.4 Hz, 1H), 6.00 (s, 2H), 4.52
(s, 2H).23C NMR (75 MHz, DMSO) 164.73, 150.32, 148.87, 135.50, 118.63, 109.28,180
Anal. Calcd for C, 42.86; H, 4.11; N, 28.56. Foun,d43.07; H, 4.00; N, 28.42.
5-(3-Amino-5-nitrophenyl)-1,3,4-oxadiazole-2-thi@@8): Carbon disulfide (0.15 mL, 2.55
mmol) was added dropwise to a suspension of 3-anibrobenzohydrazide2?) (0.5 g, 2.55
mmol) and KOH (0.143 g, 2.55 mmol) in ethanol (15)nThe reaction mixture was refluxed for
8 hours and cooled to rt, and the solvent was eatga under reduced pressure. The crude
product was dissolved in water (50 mL), acidifiethw2% HCI (5 mL) to pH = 1 and extracted
with EtOAc (3 x 20 mL). The combined organic extsawere washed with water (2 x 15 mL),
dried over anhydrous sodium sulfate and evaporateter reduced pressure. Yield: 82% as a
yellow solid; mp 118 °C'*H NMR (300 MHz, DMSO) 7.62 — 7.59 (m, 1H), 7.53 &= 2.1 Hz,

1H), 7.42 — 7.38 (m, 1H), 6.21 (s, 2HJC NMR (75 MHz, DMSOY 177.62, 159.54, 151.09,
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149.38, 124.30, 115.87, 110.06, 106.88al. Calcd for GHeN4OsS: C, 40.34; H, 2.54; N,
23.52; O, 20.15; S, 13.46. Found C, 39.13; H, 2\§£22.62; S, 15.84.
3-(5-(Benzylsulfanyl)-1,3,4-oxadiazol-2-yl)-5-n&raline (29d): Benzyl bromide (0.044 mL,
0.38 mmol) was added to a solution of 5-(3-aminuitEephenyl)-1,3,4-oxadiazole-2-thi¢28)
(0.1 g, 0.42 mmol) and triethylamine (0.025 mL,2mmol) in CHCN (7 mL). The reaction
mixture was refluxed for 2 hours. Upon completias @letermined by TLC), the solvent was
evaporated under reduced pressure. The crude pgradsaissolved in EtOAc (15 mL), and the
organic solution was washed with 10%,88s (2 x 15 mL) and brine (1 x 15 mL) and dried
over anhydrous sodium sulfate. The solvent was @edpd under reduced pressure, and the
product was purified using column chromatographyplite phase: hexane/EtOAc, 1:1). Yield:
51% as a yellow solid; mp 198 - 199 & NMR (500 MHz, DMSO)s 7.70 (dd,J = 2.2, 1.4
Hz, 1H), 7.55 (tJ = 2.2 Hz, 1H), 7.51 (ddl = 2.2, 1.4 Hz, 1H), 7.49 — 7.46 (m, 2H), 7.37 327.
(m, 2H), 7.31 — 7.26 (m, 1H), 6.24 (s, 2H), 4.582d). °C NMR (126 MHz, DMSOY 164.44,
163.99, 151.08, 149.43, 136.63, 129.23, 128.77,9827124.75, 116.20, 110.03, 107.12, 36.13.
Anal. Calcd for GsH12N4O3S: C, 54.87; H, 3.68; N, 17.06; S, 9.76. Found €49; H, 4.04; N,
16.17; S, 9.55.

General procedure for the synthesis of 3-(5-alkyldtanyl-1,3,4-oxadiazol-2-yl)-5-
nitroanilines (29¢ 29h, 29k, 29I): A solution of the alkylating agent (0.57 mmohdaTBAB
(0.057 mmol) in CHCI, (5 mL)was added to a solution of 5-(3-amino-5-nitrophgiy8,4-
oxadiazole-2-thiolZ8) (0.15 g, 0.63 mmol) and NaOH (0.03 g, 0.76 mnmolyater (5 mL). The
reaction mixture was gently stirred overnight atipon completion, the reaction mixture was
diluted with CHCI, (10 mL), and the organic layer was separated, &hghth 10% NaCO; (2

x 15 mL) and brine (1 x 10 mL) and dried over anmbyd sodium sulfate. The solvent was
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evaporated under reduced pressure, and the pradscpurified using crystallization or column
chromatography.

3-(5-((4-Methoxybenzyl)sulfanyl)-1,3,4-oxadiazoiR5-nitroaniline (296€: 4-Methoxybenzyl
chloride was used as an alkylating agent. The mtodwas purified using column
chromatography (mobile phase: hexane/EtOAc, 2:1BldY91% as a yellow solid; mp 158 - 160
°C.'H NMR (300 MHz, DMSO) 7.71 (dd,J = 2.2, 1.4 Hz, 1H), 7.58 — 7.54 (m, 1H), 7.51 (dd,
J=2.2,1.4 Hz, 1H), 7.39 (d,= 8.7 Hz, 2H), 6.89 (d] = 8.7 Hz, 2H), 6.25 (s, 2H), 4.53 (s, 2H),
3.72 (s, 3H).BC NMR (75 MHz, DMSO0)5 164.39, 164.09, 159.05, 151.09, 149.43, 130.58,
128.26, 124.78, 116.19, 114.18, 110.01, 107.126535.84. Anal. Calcd for £H14aN404S: C,
53.61; H, 3.94; N, 15.63; S, 8.95. Found C, 53t$13.93; N, 15.37; S 8.87.
3-(5-((4-Chlorobenzyl)sulfanyl)-1,3,4-oxadiazol43-y-nitroaniline  (29h):  4-Chlorobenzyl
chloride was used as an alkylating agent. The mtopkecipitated from the reaction mixture. It
was filtered, washed with hexane (2 x 10 mL), amdew (1 x 10 mL). Yield: 56% as a yellow
solid; mp 203 - 204 °CtH NMR (300 MHz, DMSO) 7.69 (s, 1H), 7.59 — 7.46 (m, 4H), 7.40
(m, 2H), 6.25 (s, 2H), 4.57 (s, 2HC NMR (75 MHz, DMSO)5 164.52, 163.84, 151.08,
149.41, 135.98, 132.61, 131.13, 128.72, 124.73,1914.10.04, 107.13, 35.27. Anal. Calcd for
C15H11CIN4OsS: C, 49.66; H, 3.06; N, 15.44; S, 8.84. Found¥89; H, 3.14; N, 15.21; S, 9.09.
3-(5-((4-Bromobenzyl)sulfanyl)-1,3,4-oxadiazol-2"ynitroaniline  (29k):  4-Bromobenzyl
bromide was used as an alkylating agent. The ptopartially precipitated from the reaction
mixture. The precipitated product was filtered arashed with hexane (1 x 10 mL) and water (1
x 10 mL). The filtrate was extracted with CHQ x 15 mL), and the organic extracts were dried
over anhydrous sodium sulfate and evaporated. Aitiadal portion of the product was purified

using column chromatography (mobile phase: hexd®&E, 2:1). Yield: 85% as a yellow solid;
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mp 209 - 211 °C*H NMR (300 MHz, DMSO) 7.69 (t,J = 1.8 Hz, 1H), 7.59 — 7.48 (m, 4H),
7.47 — 7.39 (m, 2H), 6.25 (s, 2H), 4.55 (s, 2KE NMR (75 MHz, DMSO)5 164.53, 163.84,
151.09, 149.42, 136.42, 131.66, 131.46, 124.74,1721116.20, 110.05, 107.14, 35.33. Anal.
Calcd for GsH11BrN4OsS: C, 44.24; H, 2.72; N, 13.76; S, 7.87. Found £2@; H, 2.84; N,
13.69; S, 7.97.

3-Nitro-5-(5-((4-nitrobenzyl)sulfanyl)-1,3,4-oxadi@-2-yl)aniline (291): 4-Nitrobenzyl chloride
was used as an alkylating agent. The product figrpeecipitated from the reaction mixture.
The precipitated product was filtered and washeith Wexane (2 x 10 mL) and water (1 x 10
mL). The filtrate was extracted with CHE2 x 15 mL), and the organic extracts were driegrov
anhydrous sodium sulfate and evaporated. An additiportion of the product was purified
using column chromatography (mobile phase: hexd@#E, 2:1). Yield: 71% as a yellow solid,;
mp 200 - 201 °C*H NMR (500 MHz, DMSO) 8.21 (d,J = 8.7 Hz, 2H), 7.77 (d] = 8.7 Hz,
2H), 7.67 — 7.64 (m, 1H), 7.55 @,= 2.2 Hz, 1H), 7.50 — 7.48 (m, 1H), 6.24 (s, 2#)0 (s,
2H). **C NMR (126 MHz, DMSO) 164.60, 163.57, 151.06, 149.39, 147.06, 145.00,513
124.67, 123.80, 116.17, 110.05, 107.12, 35.14. Avalcd for GsH11NsOsS: C, 48.26; H, 2.97;
N, 18.76; S, 8.59. Found C, 48.28; H, 2.69; N, 8333 8.4.
N-(3-(5-sulfanyl-1,3,4-oxadiazol-2-yl)-5-nitrophdyacetamide (30): Acetyl chloride (1.41 g,
1.28 mL, 18 mmol) was added to a solution5ef3-amino-5-nitrophenyl)-1,3,4-oxadiazole-2-
thiol (28) (1.5 g, 6.3 mmol) and diisopropylethylamine (DMWE2.27 g, 3.14 mL, 18 mmol) in
anhydrous CECN (20 mL). The reaction mixture was stirred fort&urs at rt. The solvent was
evaporated under reduced pressure, and the crodagbrwas dissolved in EtOAc (75 mL) and
washed with 10% N&Os; (3 x 20 mL). The organic phase was dried over drdus sodium

sulfate and evaporated under reduced pressure. pfbduct was purified using column
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chromatography (hexane/EtOAc/@EDOH, 66:33:1). Yield: 81% as a yellow solid; mp225
253 °C (with decompositionfH NMR (500 MHz, DMSO)5 14.90 (s, 1H), 10.63 (s, 1H), 8.64
(t, J = 2.1 Hz, 1H), 8.44 — 8.42 (m, 1H), 8.13Jt= 1.8 Hz, 1H), 2.12 (s, 3HJC NMR (126
MHz, DMSO)§ 177.57, 169.58, 158.91, 148.64, 141.44, 124.40,972 115.62, 114.39, 24.28.
Anal. Calcd for GoHgN4O4S: C, 42.86; H, 2.88; N, 19.99; O, 22.84; S, 11Hdund C, 43.02;
H, 2.96; N, 19.36; S, 11.88.

General procedure for the synthesis ofN-(3-(5-alkylsulfanyl-1,3,4-oxadiazol-2-yl)-5-
nitrophenyl)acetamides (31d, 31e, 31h, 31k and 31IAn alkylating agent (0.32 mmol) was
added to a solution df-(3-(5-sulfanyl-1,3,4-oxadiazol-2-yl)-5-nitrophepgtetamide 30) (0.1

g, 0.36 mmol) and triethylamine (0.054 mL, 0.4 mmolCH;CN (7 mL). The reaction mixture
refluxed for 3 - 4 h. Upon completion (as deterrdibg TLC), the solvent was evaporated under
reduced pressure. The crude product was dissotv&tiGAc (15 mL), and the organic solution
was washed with 10% MNaOs; (2 x 15 mL) and brine (1 x 15 mL) and dried ovehydrous
sodium sulfate. The solvent was evaporated undlercesl pressure, and the product was purified
using column chromatography.
N-(3-(5-(benzylsulfanyl)-1,3,4-oxadiazol-2-yl)-Srophenyl)acetamidg31d): Benzyl bromide
was used as an alkylating agent. The reaction maxtas refluxed for 4 hours. The product was
purified using column chromatography (mobile phakexane/EtOAc/CECOOH, 60:40:1).
Yield: 52% as a yellow solid; mp 192 - 193 &l NMR (300 MHz, DMSO) 10.65 (s, 1H),
8.67 (t,J = 2.1 Hz, 1H), 8.51 () = 1.8 Hz, 1H), 8.22 (t) = 1.8 Hz, 1H), 7.53 — 7.46 (m, 2H),
7.39 — 7.25 (m, 3H), 4.60 (s, 2H), 2.11 (s, 38¢ NMR (75 MHz, DMSO)5 169.60, 164.53,

163.85, 148.70, 141.46, 136.61, 129.28, 128.80,012824.82, 121.37, 115.62, 114.87, 36.12,
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24.30. Anal. Calcd for GH14N4O4S: C, 55.13; H, 3.81; N, 15.13; S, 8.66. Found £238; H,
4.08; N, 14.89; S, 8.5.
N-(3-(5-((4-methoxybenzyl)sulfanyl)-1,3,4-oxadiazgll)-5-nitrophenyl)acetamide (31e: 4-
Methoxybenzyl chloride was used as an alkylatingnagThe reaction mixture was refluxed for
4 hours. The product was purified using column platography (mobil phase:
hexane/EtOAc/CECOOH, 60:40:1). Yield: 92% as a yellow solid; mp18192 °C.'H NMR
(500 MHz, DMSO)S 10.64 (s, 1H), 8.67 (8 = 2.1 Hz, 1H), 8.51 ({J = 1.8 Hz, 1H), 8.23 (] =
1.8 Hz, 1H), 7.41 (d) = 8.5 Hz, 2H), 6.90 (dl = 8.5 Hz, 2H), 4.54 (s, 2H), 3.72 (s, 3H), 2.11 (s
3H). C NMR (126 MHz, DMSOY 169.56, 164.59, 163.78, 159.05, 148.68, 141.48,5I13
128.19, 124.81, 121.35, 115.58, 114.82, 114.1723%535.85, 24.26. Anal. Calcd for
CigH16N4OsS: C, 53.99; H, 4.03; N, 13.99; S, 8.01. FoundX75; H, 3.96; N, 14.17; S, 9.72.
N-(3-(5-((4-chlorobenzyl)sulfanyl)-1,3,4-oxadiazbid)-5-nitrophenyl)acetamide (31h): 4-
Chlorobenzyl chloride was used as an alkylatinghaagehe reaction mixture was refluxed for 4
hours. The product was purified using column chrog@phy (mobile phase:
hexane/EtOAc/CECOOH, 60:40:1). Yield 64 % as a yellow solid; mpl20203 °C.'H NMR
(500 MHz, DMSO)5 10.66 (s, 1H), 8.68 (= 2.1 Hz, 1H), 8.53 (] = 1.7 Hz, 1H), 8.24 — 8.23
(m, 1H), 7.53 (dJ) = 8.4 Hz, 2H), 7.41 (d] = 8.4 Hz, 2H), 4.59 (s, 2H), 2.12 (s, 3RC NMR
(126 MHz, DMSO)s 169.59, 164.35, 163.93, 148.71, 141.44, 135.98,603 131.14, 128.71,
124.82, 121.42, 115.67, 114.91, 35.27, 24.28. Abalcd for G7H13CIN,O4S: C, 50.44; H, 3.24;
N, 13.84; S, 7.92. Found C, 50.66; H, 3.48; N, 13% 8.01.
N-(3-(5-((4-bromobenzyl)sulfanyl)-1,3,4-oxadiazeft5-nitrophenyl)acetamide (31k): 4-
Bromobenzyl bromide was used as an alkylating agér reaction mixture was refluxed for 3

hours. The product was purified using column chrog@phy (mobile phase:
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hexane/EtOAc/CECOOH, 60:40:1). Yield: 60% as a yellow solid; mp820209 °C.*H NMR
(500 MHz, DMSO) 10.63 (s, 1H), 8.65 (8 = 2.1 Hz, 1H), 8.50 (] = 1.7 Hz, 1H), 8.21 — 8.20
(m, 1H), 7.53 (dJ) = 8.5 Hz, 2H), 7.46 (d] = 8.5 Hz, 2H), 4.56 (s, 2H), 2.11 (s, 3RC NMR
(126 MHz, DMSO)s 169.55, 164.33, 163.89, 148.65, 141.42, 136.3%,683 131.45, 124.76,
121.34, 121.16, 115.59, 114.83, 35.33, 24.26. AGalcd for G/H13BrN,O4S: C, 45.45; H,
2.92; N, 12.47; S, 7.14. Found C, 45.74; H, 3.081X26; S, 7.27.
N-(3-nitro-5-(5-((4-nitrobenzyl)sulfanyl)-1,3,4-adkiazol-2-yl)phenyl)acetamide  (31I): 4-
Nitrobenzyl chloride was used as an alkylating ag€&he reaction mixture was refluxed for 3
hours. The product was purified using column chrog@phy (mobile phase:
hexane/EtOAc/CECOOH, 60:40:1). Yield: 63% as a yellow solid; mp717178 °C.*H NMR
(500 MHz, DMSO) 10.63 (s, 1H), 8.62 (8= 2.1 Hz, 1H), 8.49 () = 1.7 Hz, 1H), 8.20 (d] =
8.8 Hz, 2H), 8.17 (ddj = 2.2, 1.5 Hz, 1H), 7.78 (d,= 8.8 Hz, 2H), 4.71 (s, 2H), 2.10 (s, 3H).
13C NMR (126 MHz, DMSOY¥ 169.60, 164.12, 164.03, 148.65, 147.09, 145.09,444 130.57,
124.75, 123.84, 121.38, 115.66, 114.87, 35.17,724ARal. Calcd for €H13NsO6S: C, 49.16;
H, 3.15; N, 16.86; S, 7.72. Found C, 49.45; H, 318216.54; S, 8.07.
3-Nitro-5-(trifluoromethyl)benzoic acig32a) [21]: Fuming nitric acid (5.5 mL) was added
dropwise into a mixture of 3-trifluoromethylbenzaacid (5 g, 0.026 mol) and concentrated
sulphuric acid (23 mL) under vigorous stirring. Tie@ction mixture was stirred for 3 hours at rt
and then poured on ice. The crude product wasddtedissolved in EtOAc (30 mL) and washed
with water (2 x 25 mL) and brine (1 x 25 mL). Theganic layer was dried over anhydrous
NaSO, and evaporated under reduced pressure. Yield:&v&dight yellow solid; mp 128 - 130

°C.'H NMR (500 MHz, acetone) 9.00 (t,J = 1.8 Hz, 1H), 8.78 (t = 1.9 Hz, 1H), 8.66 (] =
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1.7 Hz, 1H).23C NMR (126 MHz, acetone) 164.52, 149.77, 134.72, 132.76 (o 34.2 Hz),
132.37 (q,J = 3.6 Hz), 128.46, 125.20 (§= 3.9 Hz), 123.72 (q] = 272.4 Hz).

Methyl 3-nitro-5-(trifluoromethyl)benzoaté32b) [25]: 3-Nitro-5-trifluoromethylbenzoic acid
(328 (1 g, 4.25 mmol) was dissolved in methanol (15 nalnd 5 drops of concentrated sulfuric
acid were added. The mixture was refluxed for 48He solvents were then evaporated under
reduced pressure, and the residue was dissolMetDiAc (20 mL) and washed with 5% p&O;

(3 x 20 mL) and brine (1 x 20 mL). The organic layes dried over anhydrous 0, and
evaporated under reduced pressure. Methyl 3-nirdtdoromethylbenzoate was used without
further purification. Yield: 87% as a colorless. 0#f NMR (500 MHz, CDC}) § 9.05 (t,J = 1.8
Hz, 1H), 8.68 (tJ = 1.8 Hz, 1H), 8.63 (s, 1H), 4.05 (s, 3HJC NMR (126 MHz, CDGJ) 5
163.62, 148.47, 133.16, 132.83 (or 34.7 Hz), 131.87 (q] = 3.5 Hz), 127.50, 124.42 (4,=
3.8 Hz), 122.37 (q] = 273.2 Hz), 53.26.

3-Nitro-5-(trifluoromethyl)benzohydrazid@3) [26]: Hydrazine hydrate (2 mL, 20.06 mmol)
was added into a solution of methyl 3-nitro-5-(triromethyl)benzoate3@b) (1 g, 4.01 mmol)
in ethanol (20 mL). The mixture was refluxed foh@urs. The solvent was evaporated, and the
residue was dissolved in CHQRO mL) and washed with water (3 x 20 mL) and érih x 20
mL). The organic layer was dried over anhydrousS{y and evaporated under reduced
pressure. The product was purified using columormatography (mobile phase: CHMGleOH,
20:1). Yield: 43% as a yellowish solid; mp 120 27°Z.'"H NMR (500 MHz, acetone) 9.94 (s,
1H), 8.96 (s, 1H), 8.66 (s, 1H), 8.63 (s, 1L NMR (126 MHz, CROD) § 165.45, 150.03,
137.44, 133.36 (q] = 34.3 Hz), 130.72 (g} = 3.6 Hz), 126.67, 124.20 (§= 272.3 Hz), 123.99

(q,J=3.9 H2).
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5-(3-Nitro-5-(trifluoromethyl)phenyl)-1,3,4-oxadiae-2-thiol (34): Carbon disulfide (0.353 mL,
5.85 mmol) was added to a mixture of 3-nitro-5H(toromethyl)benzohydrazide38) (486 mg,
1.95 mmol) and KOH (110 mg, 1.95 mmol) in EtOH (80). The reaction mixture was refluxed
for 48 hours. Upon completion, the reaction mixtweaes filtered, and the filtrate was evaporated
and extracted with 5% N@O; (3 x 25 mL). The aqueous extracts were combinedaaiuified
with HCI to pH = 1. The precipitate was filteredyiedl and purified using column
chromatography (mobile phase: hexane/EtOAG@BIOH, 70:10:1). Yield: 26% as a yellow
solid; mp: 179 - 181 °CH NMR (500 MHz, acetone) 13.59 (s, 1H), 8.94 (] = 1.9 Hz, 1H),
8.76 (t,J = 2.1 Hz, 1H), 8.63 (dJ = 1.8 Hz, 1H).”*C NMR (126 MHz, acetonej 179.36,
158.93, 150.10, 133.49 (d,= 34.6 Hz), 129.07 (q] = 3.7 Hz), 127.01, 125.20, 124.09 (o5
3.8 Hz), 123.53 (q] = 272.5 Hz).
General procedure for the synthesis of 2-(alkylsudinyl)-5-(3-nitro-5-
(trifluoromethyl)phenyl)-1,3,4-oxadiazoles (35d, 3& 35h and 35j): 5-(3-Nitro-5-
(trifluoromethyl)phenyl)-1,3,4-oxadiazole-2-thidd4) (75 mg, 0.26 mmol) and NaOH (10 mg,
0.26 mmol) were dissolved in water (20 mL). A smintof the alkylating agent (0.26 mmol) and
tetrabutylammonium bromide (0.026 mmol) in £Hp (20 mL) was carefully added to the
reaction mixture. The resulting two phase systera gently stirred for 4 h. The organic layer
was then separated, washed with 5%Q@ (3 x 25 mL), dried over anhydrous 0, and
evaporated. The product was purified using colummromatography (mobile phase:
hexane/EtOAc, 6:1).

2-(Benzylsulfanyl)-5-(3-nitro-5-(trifluoromethyl)phyl)-1,3,4-oxadiazole (35d):  Benzyl
bromide was used as an alkylating agent. Yield: 54% 94 — 96 °C*H NMR (500 MHz,

CDCl:) § 8.99 (t,J = 1.8 Hz, 1H), 8.63 (t] = 1.9 Hz, 1H), 8.58 (d] = 1.7 Hz, 1H), 7.51 — 7.47

40



(m, 2H), 7.40 — 7.31 (m, 3H), 4.58 (s, 2K5C NMR (126 MHz, CDG) 6 166.02, 162.75,
148.83, 135.05, 133.58 (4~ 34.8 Hz), 129.13, 128.87, 128.59 J¢; 3.6 Hz), 128.31, 126.45,
124.28, 122.89 (q¢] = 3.7 Hz), 122.22 (g) = 273.3 Hz), 36.92HRMS (ESI+):m/z [M + H]*
calcd for GeH11FsN30sS: 382.04677; found: 382.04639.
2-((4-Methoxybenzyl)sulfanyl)-5-(3-nitro-5-(trifltmmethyl)phenyl)-1,3,4-oxadiazol856): 4-
Methoxybenzyl chloride was used as an alkylatingnagYield: 16%; mp 93 — 95 °CH NMR
(500 MHz, CDC}) § 9.00 (t,J = 1.8 Hz, 1H), 8.65 — 8.62 (m, 1H), 8.60 — 8.57 {iH), 7.41 (d,
J = 8.6 Hz, 2H), 6.89 (dJ = 8.6 Hz, 2H), 4.55 (s, 2H), 3.81 (s, 3HJC NMR (126 MHz,
CDCl;) 6 166.18, 162.70, 159.58, 148.86, 133.60J(¢;, 34.9 Hz), 130.43, 128.58 (4,= 3.5
Hz), 126.89, 126.52, 124.28, 122.86 Jor 3.8 Hz), 122.24 (q) = 273.3 Hz), 114.26, 55.28,
36.66. HRMS (ESI+)m/z[M + H] " calcd for G;H13FsN30,4S: 412.05734; found: 412.05713.
2-((4-Chlorobenzyl)sulfanyl)-5-(3-nitro-5-(trifluomethyl)phenyl)-1,3,4-oxadiazol@5h): 4-
Chlorobenzyl chloride was used as an alkylatingiagéield: 45%; mp 112 — 114 °GH NMR
(500 MHz, CDC}) § 8.99 (t,J = 1.8 Hz, 1H), 8.63 () = 1.9 Hz, 1H), 8.59 — 8.57 (m, 1H), 7.43
(d, J = 8.5 Hz, 2H), 7.33 (dJ = 8.5 Hz, 2H), 4.54 (s, 2H}*C NMR (126 MHz, CDGJ) &
165.69, 162.90, 148.88, 134.30, 133.76, 133.64 q34.9 Hz), 130.53, 129.05, 128.61 Jox
3.5 Hz), 126.41, 124.31, 122.98 (tr 3.8 Hz), 122.24 (q] = 273.4 Hz), 36.12. HRMS (ESI+):
m/z [M + H]" calcd for GeH1oCIFsN305S: 416.00780; found: 416.00739.
2-((3,4-Dichlorobenzyl)sulfanyl)-5-(3-nitro-5-(thiforomethyl)phenyl)-1,3,4-oxadiazql&5j):
3,4-Dichlorobenzyl chloride was used as an alkytatigent. Yield: 48%; mp 92 — 94 &
NMR (500 MHz, CDC}) 6 9.00 (t,J = 1.8 Hz, 1H), 8.64 () = 1.9 Hz, 1H), 8.59 (t = 1.6 Hz,
1H), 7.61 (dJ = 2.1 Hz, 1H), 7.43 (d] = 8.2 Hz, 1H), 7.35 (dd] = 8.2, 2.1 Hz, 1H), 4.52 (s,

2H). °C NMR (126 MHz, CDGJ) & 165.36, 163.03, 148.87, 135.54, 133.67J(g, 35.0 Hz),
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132.92, 132.59, 131.05, 130.76, 128.65) &, 3.6 Hz), 128.55, 126.33, 124.34, 123.06)&,
3.8 Hz), 122.22 (g, = 273.6 Hz), 35.49. HRMS (ESI+)m/z [M + H]" calcd for
Ci16H9CloF3N303S: 449.96883; found: 449.96869.

In vitro antimycobacterial assay.The in vitro antimycobacterial activity of the prepared
compounds was evaluated against the mycobactetialns Mycobacterium tuberculosis
CNCTC My 331/88M. kansasiiCNCTC My 235/80 antl. aviumCNCTC My 330/88 from the
Czech National Collection of Type Cultures (CNCT@)nically isolatedM. kansasii6509/96;
and the multidrug-resistant straihd. tuberculosis7357/1998,M. tuberculosis234/2005,M.
tuberculosis9449/2007 M. tuberculosis8666/2010,M. tuberculosisPraha 1M. tuberculosis
Praha 4 andV. tuberculosisPraha 131. Basic suspensions of the mycobact&rains were
prepared according to a 1.0 McFarland standardnfne basic suspension, subsequent dilutions
of each strain were mad#l. tuberculosis10°®, M. avium 10° and M. kansasii10”. The
appropriate dilutions of the strains were prepased] 0.1 mL was added to each well of the
microtiter plates containing the sample compounds.

The activities of the compounds were determinedhg@amicromethod for the determination of
the minimum inhibitory concentration in Sula's ssynithetic medium (SEVAC, Prague). The
compounds were dissolved in dimethyl sulfoxide added to the medium at concentrations of
1000, 500, 250, 125, 62, 32, 16, 8, 4, 2, 1, 0.85,00.125, 0.06 and 0.03 umol/L. The MICs,
i.e., the lowest concentration of a substance atlwimycobacterial growth inhibition occurred
(the concentration that inhibited >99% of the myaxtkrial population), were determined after
incubation at 37 °C for 7/14/21 days for both stsadfM. kansasiiand after 14/21 days for the

M. tuberculosisandM. aviumstrains. Isoniazid (INH) was used as a prototypeydr
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In vitro antibacterial and antifungal assaysFor the assessment iof vitro antibacterial and
antifungal activities of the synthesized substanties broth microdilution method was used.
This method was performed according to CLSI/EUCAE&Tlinical&Laboratory Standard
Institute/European Committee on Antimicrobial Systw®lity Testing) instructions with slight
modifications. The set of tested fungi included éasts and yeast-like organisnGaqdida
albicansATCC 44859 (CA),Candida tropicalis156 (CT),Candida kruseE28 (CK),Candida
glabrata 20/ (CG) andTrichosporon asahil188 (TA)) and 3 moldsAspergillus fumigatu231
(AF), Absidia corymbifera272 (AC) andTrichophyton mentagrophyte445 (TM)). The
procedure was performed with two-fold dilutions thie studied substances in RPMI 1640
cultivation medium buffered at pH 7.0 with 0.165 lfhoof 3-morpholinopropane-1-sulfonic
acid. The compounds were dissolved in DMSO, andfitted concentrations of the substances
ranged from 500 to 0.488M (because of solubility limits the final concerioas of some of the
substances ranged from 250 or 125 to 0.488. Positive controls (drug-free cultivation
medium inoculated with the tested fungi) and negatontrols (drug-free cultivation medium)
were included. The MIC values were determined &feand 48 h of static incubation at 35 °C.
For T. mentagrophytesthe final MICs were determined after 72 and 12@fhincubation.
Fluconazole and amphotericin B were used as protatyugs.

The set of the tested bacteria included 4 strdirggam positive cocci§taphylococcus aureus
ATCC 6538 (SA), methicillin resistantStaphylococcus aureuH 5996/08 (MRSA),
StaphylococcuspidermidisH 6966/08 (SE) anBinterococcusp.J 14365/08 (EF)) and 4 strains
of gram negative rod€écherichiacoli ATCC 8739 (EC)Klebsiellapneumoniaed 11750/08
(KP), Klebsiella pneumoniae(a producer of extended-spectrum beta-lactama@&ESBL) J

14368/08 (KP-E) an®seudomonageruginosaATCC 9027 (PA)). The concentration range was
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the same as that used for the aforementioned flingi. Mueller Hinton broth was used as the
cultivation medium for the antibacterial suscepitipitesting. The MIC values were determined
after 24 and 48 h of static incubation at 35 °Cnatanycin was used as a prototype drug for
gram positive cocci, and gentamicin was used astatgpe drug for gram negative rods.

In vitro cell proliferation/viability assay (MTS assay).Cell lines and culture conditions: The
MDCK cells (Madin-Darby canine kidney cells), A43human epidermoid carcinoma) and
HepG2 (human hepatocellular carcinoma) cell linesewcultivated in Dulbecco’s Modified
Eagle’s Medium (DMEM) supplemented with 10% (v/ejdl bovine serum (FBS) and 1% (v/v)
non-essential amino acids. The HuH7 cells (humaratoeellular carcinoma) were maintained
in DMEM with 10% (v/v) fetal bovine serum (FBS).

The cells were seeded into 96-well cultivation gdat20 x 10 cells per well) 24 h before the
treatment. Then, the cells were exposed to thectespounds for 48 h at a concentration of 30
uM. Stock solutions of the test compounds were pegpan DMSO at a concentration of 30 mM
(the final concentration of DMSO in the culture diot exceed 0.1% v/v).

Cell proliferation/viability assay: The CellTiter 98AQueouOne Solution Cell Proliferation
Assay (Promega, MadispiWI, USA) was performed to evaluate the toxicity of ttesst
compoundsn vitro in the four mammalian cell lines. The method isdzhon the colorimetric
method of MTS tetrazolium ([3-(4,5-dimethylthiazlyl)-5-(3-carboxymethoxyphenyl)-2-(4-
sulfophenyl)-2H-tetrazolium] bioreduction into codal formazan via viable cells. The formazan
production is thus proportional to the number able cells. All experiments were conducted
according to the manufacturer’s protocol. Brieflye cells were treated with the test compounds
or vehicle alone (DMSO) for 48 h in the Opti-MEMduced serum medium (Life Technologies)

to avoid potential binding of test compounds ortte serum proteins. At the end of the
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treatment, 20uL of the MTS reagent was added directly to eachucallwell and further
cultivated for 4 h. Finally, the absorbance of tomverted formazan was recorded at 490 nm
using a plate reader (BioTec Synergy 2, WinoosKi, USA). In the toxic control, SDS (10%
v/v) was added to the cells 45 minutes before tiditian of the MTS reagent. The relative
viability of the cells treated either by the veRi¢DMSO, 0.1%) or SDS was set to be 100% or
0%, respectively. The results were expressed asrelaive cell viability at a 30uM

concentration. All experiments were performed iplicates and repeated at least three times.
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Highlights

e 3,5-Dinitrophenyl tetrazoles and oxadiazoles with high antimycobacterial activity

* MiICvalues of 0.03 - 0.06 uM against Mycobacterium tuberculosis

»  Activity against MDR/XDR strains and no cross-resistance with common anti-TB drugs
e Selective antitubercular effect and low in vitro toxicity to mammalian cell lines

e Defined structure-activity relationships
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