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A class of 36 new 2-(6-phenylimidazo[2,-1-b][1,3,4]thiadiazol-2-yl)-1H-indoles was efficiently synthe-
sized and evaluated for their anti-biofilm properties against the Gram-positive bacterial reference strains
Staphylococcus aureus ATCC 25923, S. aureus ATCC 6538 and Staphylococcus epidermidis ATCC 12228, and
the Gram-negative strains Pseudomonas aeruginosa ATCC 15442 and Escherichia coli ATCC 25922. Many of
these new compounds, were able to inhibit biofilm formation of the tested staphylococcal strains
showing BIC50 lower than 10 mg/ml. In particular, derivatives 9c and 9h showed remarkable anti-biofilm
activity against S. aureus ATCC 25923 with BIC50 values of 0.5 and 0.8 mg/ml, respectively, whereas
compound 9aa was the most potent against S. aureus ATCC 6538, with a BIC50 of 0.3 mg/ml. Remarkably,
these compounds showed effects in the early stages of the biofilm formation without affecting the
mature biofilm of the same strains and the viability of the planktonic form. Their ability in counteracting
a virulence factor (biofilm formation) without interfering with the bacterial growth in the free life form
make them novel valuable anti-virulence agents.

© 2019 Elsevier Masson SAS. All rights reserved.
1. Introduction

Antibiotic resistance, caused by the overuse/misuse of antibi-
otics and by the great evolutionary capacity of microorganisms, is
currently considered a serious global threat.

Common pathogens including Enterococcus faecium, Staphylo-
coccus aureus, Klebsiella pneumoniae, Acinetobacter baumannii,
Pseudomonas aeruginosa, and Enterobacter species, known as
ESKAPE pathogens (e.g., capable of 'escaping' the biocidal action of
antibiotics), are the leading cause of severe nosocomial infections
which became resistant to various antibiotic therapies. As a coun-
teracting measure, in the last decade, many efforts have been made
for the development of new agents that target the virulence
mechanisms of important pathogens without affecting their
served.
viability. These new therapeutic strategies aim indeed at imposing
limited selective pressure in promoting the development of the
antibiotic-resistance [1e3].

According to current estimates by the National Institute of
Health, a percentage ranging from 65 to 80% of all bacterial in-
fections are biofilm-mediated [4]. The ability to grow as a biofilm is
considered one of the main natural resistance mechanisms devel-
oped by pathogens as well as one of the most relevant virulence
factor. This is indeed the main cause of nosocomial chronic in-
fections which are difficult to treat with conventional antibiotics,
including periodontitis, pneumonia in cystic fibrosis patients, and
numerous infections associated with indwelling devices such as
catheters, heart valves, and prostheses [5,6]. The biofilm is a
stratified bacterial community that grows on a biological or artifi-
cial surface, characterized by a multifactorial tolerance to antibi-
otics. In addition to limiting the penetration of antibiotics, biofilms,
contain, in the deepest layers, bacterial subpopulations (dormant
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cells) with low metabolic activity and proliferation rate that are
intrinsically resistant to conventional antibiotics. In this bacterial
community, single cells are embedded in a self-made polymeric
matrix essentially composed by exopolysaccharides or other
extracellular polymeric molecules, including extracellular DNA,
amyloid fibers, etc., as well as molecules originating from the host,
such as mucus and DNA.

Conventional antibiotic therapies effective on planktonic cells
are usually inactive against biofilms. In the last few years, several
attempts have beenmade to obtain newmolecules able to interfere
with the biofilm formation suitable for the treatment of biofilm-
associated infections [7e12].

Currently the main strategies to counteract biofilms involve
prevention of their formation or the dispersing of mature biofilm.
Inhibitors of biofilm formation are often compounds able to inhibit
the microbial attachment to surfaces, interfering with the bacterial
adhesion, which is considered the initial step in bacterial patho-
genesis. Other potential mechanisms of action for potential anti-
biofilm therapeutics consist in: i) regulating the quorum sensing
(QS) systemwhich is the bacterial cell-to-cell signaling responsible
for the coordination of many virulence factors, including biofilm
formation; ii) interfering with regulatory mechanisms such as
nucleotide secondmessenger signaling systems, and (iii) disrupting
the biofilm structure [13].

Indole compounds are widely described for their therapeutical
potential as anti-inflammatory, analgesic [14], antiviral [15], anti-
cancer [16e19] and antibacterial agents [20].

Indole is produced by more than 85 species of pathogens as
bacterial intercellular signal, which plays a key role in modulating
E. coli biofilm formation and P. aeruginosa virulence by repressing
motililty, chemotaxis and bacterial adhesion [13,21e23].

Lee et al. described the activity of indole-3-acetic acid, 3,30-
methylene bisindole, indole-3-propioninc acid, indole-3-carbinol,
indole-3-carboxyaldehyde and 3-indolylacetonitrile in inhibiting
E. coli O157:H7 and P. aeruginosa biofilm formation without
affecting microbial growth [24].

Moreover the imidazo[2,1-b] [1,3,4]thiadiazole ring system has
been recognized as a privileged scaffold for obtaining molecules
with a broad spectrum of biological activities, such as anticancer
[25], antioxidant [26], antitubercolar [27], anticonvulsivant [28],
analgesic [29], and antibacterial [30,31].

Despite the numerous therapeutic properties described for the
imidazo[2,1-b] [1,3,4]thiadiazole derivatives, the antibiofilm activ-
ity of this class of compounds has never been described.

However, the isosters triazolothiazole compounds 1e3 (Fig. 1)
were reported by Zhang et al. [32] as potent inhibitors of Sortase A
(SrtA), a Gram-positive transpeptidase involved in the process of
Fig. 1. Chemical structures of triazolothiazole compounds 1e3.
bacterial adhesion and, therefore, closely related to the biofilm
formation process [33,34]. Notably, compound 3 showed a signifi-
cant in vivo anti-infective activity in preventing S. aureus blood-
stream infections.

Our previous researches focused on nitrogen heterocyclic sys-
tems to counteract the global threat of the antibiotic resistance
[35e37], and we then develop a special interest towards indole
moiety [38e41]. Therefore, considering the interesting therapeutic
potentials of the imidazo[2,1-b] [1,3,4]thiadiazole scaffold, herein
we report the synthesis of a new series of 2-(6-phenylimidazo[2,-1-
b] [1,3,4]thiadiazol-2-yl)-1H-indole derivatives. These novel com-
pounds were assayed for their preventive effect on biofilm forma-
tion of the Gram-positive bacterial reference strains Staphylococcus
aureus ATCC 25923, S. aureus ATCC 6538 and Staphylococcus epi-
dermidis ATCC 12228, and of the Gram-negative strains Pseudo-
monas aeruginosa ATCC 15442 and Escherichia coli ATCC 25922.

2. Chemistry

A series of 36 new imidazothiadiazole derivatives 9 and 10 was
efficiently synthesized as described in Scheme 1. The 1H-indole-3-
carbonitrile 5a was commercially available, whereas carbonitriles
5b,c were obtained by reaction of the corresponding 1H-indole 4
with the chlorosulfonyl isocyanate (CSI) in anhydrous acetonitrile
at 0 �C in yield 98e100%. The methylation of derivatives 5 with
dimethyl carbonate in anhydrous DMF under reflux at 130 �C,
afforded the corresponding 1-methyl-1H-indole-3-carbonitrile 6
(yield 98%). The key intermediates 7a-f were prepared by reaction
of carbonitriles 5 and 6 thus obtained, with thiosemicarbazide in
trifluoroacetic acid (TFA) at 60 �C for 3 h (yield 98e100%).

Finally, the reaction between the appropriate 5-(1H-indol-3-yl)-
1,3,4-thiadiazol-2-amine 7a-f and the suitable a-bromoacetyl
compounds 8a-f in ethanol under reflux for 24 h gave the desired
new 2-(6-phenylimidazo[2,-1-b] [1,3,4]thiadiazol-2-yl)-1H-indoles
9a-aj as hydrobromide salts. Compounds 9e,f,k,l,q,r,ad,ae,ag-aj.
were treated with saturated aqueous NaHCO3 solution for obtain-
ing the corresponding free bases 10 which were purified by silica
gel column chromatography eluting by dichloromethane:ethyl ac-
etate, 1:1 (42e55%) (Table 1).

Reagents and conditions: i) CH3CN, CSI, 0 �C, 2 h, then DMF, 0 �C,
1.5 h (98e100%); ii) DMF, (CH3O)2CO, K2CO3, 130 �C, 3.5 h; iii) tri-
fluoroacetic acid, thiosemicarbazide, 60 �C, 3.5 h (98%); iv) anhy-
drous ethanol, 2-bromo-1-phenylethan-1-one 8, reflux, 24 h
(42e55%); v) NaHCO3 saturated aqueous solution.

3. Results and discussion

3.1. Inhibition of biofilm formation

All the synthesized compounds 9a-d,g-j,m-p,s-ac,af (hydro-
bromide salts) and 10e,f,k,l,q,r,ad,ae,ag-aj (free bases) were pri-
marily assayed in vitro for their antibacterial activity against the
planktonic form of the Gram-positive bacterial reference strains
S. aureus ATCC 25923, S. aureus ATCC 6538 and S. epidermidis ATCC
12228, and of the Gram-negative strains P. aeruginosa ATCC 15442
and E. coli ATCC 25922. and the minimum inhibitory concentration
(MIC) of the tested compounds was evaluated. The obtained results
highlighted no interference by the imidazo[2,1-b] [1,3,4]thiadia-
zoles 9 and 10 on the microbial planktonic growth (MIC> 100 mg/
mL). This result was desirable from the perspective of obtaining
derivatives with an anti-virulence profile, namely compounds able
to target key virulence factors rather than killing or inhibiting the
growth of pathogens, which is advantageous for imposing limited
selective pressure in promoting the development of the antibiotic-
resistance mechanisms.



Scheme 1. Synthesis of new 2-(6-phenylimidazo[2,1-b] [1,3,4]thiadiazol-2-yl)-1H-indoles 9a-aj.
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All the synthesized compounds 9 and 10 were then tested
in vitro in order to evaluate their ability in inhibiting biofilm for-
mation of the five tested strains. Compounds 9m,n,p,v,y,aj and
10f,l, showed no effect on the biofilm formation in the tested
strains. For all the other synthesized derivatives the biofilm
inhibitory concentration (BIC50) values, that is the concentration at
which the percentage of inhibition of biofilm formation is equal to
50% compared to the untreated growth control, were determined
and reported in Table 2.

All compounds were able to interfere with the bacterial biofilm
formation of the tested Gram-positive pathogens in a dose-
dependent manner eliciting in many cases BIC50 values lower
than 10 mg/ml. Interestingly, compounds 9c, 9h and 9aa, bearing
one or two methoxy groups on the phenyl ring, displayed the best
anti-biofilm activity against all tested Gram-positive strains with
BIC50 values ranging from 0.5 to 18.5 mg/ml. In particular, de-
rivatives 9c and 9h showed remarkable anti-biofilm activity against
S. aureus ATCC 25923 with BIC50 values of 0.5 and 0.8 mg/ml,
respectively, whereas compound 9aa was the most potent against
S. aureus ATCC 6538 with a BIC50 of 0.3 mg/ml.

Noteworthy compounds 10k and 9w, which bring a nitro sub-
stituent in para position of the phenyl ring, significantly inhibited
biofilm formation in all Gram-positive and Gram-negative tested
strains showing BIC50 between 1.4 and 38.4 mg/ml.

These results highlighted the influence of the substituents in the
phenyl ring on the ability of this class of compounds in interfering
with the biofilm formation. The presence of electron-donating
methoxy groups was indeed advantageous for the anti-biofilm ac-
tivity against Gram-positive pathogens, while the substitution on
the phenyl ring with electron-withdrawing nitro groups improved
the inhibitory activity against Gram-negative pathogens.

Conversely, the structural modifications made at the indole
nucleus, such as the introduction of a halogen atom at the 5 posi-
tion or the methylation of the nitrogen atom, did not significantly
influence the anti-biofilm activity of the compounds.

The minimal concentrations required to inhibit 90% of biofilm
formation (Table 3), as well as the concentration vs inhibition graph
(Fig. 2) were evaluated for the most active derivatives 9aa, 9c and
9h.

The new derivatives 9c, 9h and 9aa showed higher potency in
inhibiting staphylococcal biofilm formation compared to the other
indole derivatives so far described and elicited activity comparable
to the most potent anti-biofilm compounds reported in literature
[13].

Respect to the previous series of anti-biofilm compounds syn-
thesized by us [35e37], a significant improvement in the inhibition
of biofilm formation was observed. Among them, only the thiazole
nortopsentin derivatives recently described [35] showed analogous
inhibitory activity against staphylococcal biofilm with BIC50, in
some cases, in the low micromolar range, highlighting the impor-
tance of the indole scaffold for the anti-biofilm activity.

Compounds 9c, 9h, 9i, 9w, 9aa and 10k, which were the most
potent against the S. aureus strains, were also testedwith the aim to
evaluate their dispersal activity against the 24 h preformed biofilm
of the same strains. Among the tested compounds, only derivative
9c showed a weak activity eliciting an IC50 value of 142.5 mg/ml
against S. aureus ATCC 25923.

These results suggested a mechanism of anti-biofilm activity
related to the interference with adhesion or regulatory mecha-
nisms involved in bacterial communication systems characterizing
the first steps of biofilm formation, rather than an ability to disrupt
mature biofilms.

The selectivity showed by most of our compounds towards
Gram-positive pathogens and their activity in the first stages of the
biofilm formation without interferences on the microbial viability
and on the preformed biofilm led us to hypothesize the inhibition
of SrtA as possible mechanism of action [33]. To validate this hy-
pothesis, compounds 9c, 9h, 9k and 9aa,which showed the highest
anti-biofilm activity and the best selectivity towards the Gram-
positive strains, were selected for evaluating their inhibitory ac-
tivity against S. aureus SrtA. However, no compound proved to be
effective at the maximum tested concentration of 100 mM against
the transpeptidase. We therefore speculate that many other targets
can be involved in the anti-biofilm activity of this class of com-
pounds, including autoinducing peptides (AIPs), autoinducer-2 (AI-
2), bacterial second messengers, such as c-di-GMP and c-di-AMP,
and indole pathway [13]. In particular, indole plays a key role in the
communication system employed by the bacteria to coordinate
many processes involved in the antibiotic resistance including
biofilm formation, bacterial virulence, motility and dormant cell



Table 1
New 2-(6-phenylimidazo[2,1-b] [1,3,4]thiadiazol-2-yl)-1H-indole derivatives 9
(hydrobromide salts) and 10 (free bases).

Comp R R1 R2 Yield(%)

9a H H H 47
9b H H 3-OCH3 43
9c H H 2,5-OCH3 42
9d H H 4-F 42
9g H CH3 H 50
9h H CH3 3-OCH3 52
9i H CH3 2,5-OCH3 48
9j H CH3 4-F 50
9m Br H H 50
9n Br H 3-OCH3 50
9o Br H 2,5-OCH3 43
9p Br H 4-F 42
9s Br CH3 H 52
9t Br CH3 3-OCH3 45
9u Br CH3 2,5-OCH3 53
9v Br CH3 4-F 48
9w Br CH3 4-NO2 46
9x Br CH3 4-CF3 42
9y Cl H H 45
9z Cl H 3-OCH3 46
9aa Cl H 2,5-OCH3 46
9ab Cl H 4-F 45
9ac Cl H 4-NO2 42
9af Cl CH3 3-OCH3 50
10e H H 4-NO2 52
10f H H 4-CF3 50
10k H CH3 4-NO2 52
10l H CH3 4-CF3 42
10q Br H 4-NO2 42
10r Br H 4-CF3 45
10ad Cl H 4-CF3 46
10ae Cl CH3 H 42
10ag Cl CH3 2,5-OCH3 55
10ah Cl CH3 4-F 42
10ai Cl CH3 4-NO2 48
10aj Cl CH3 4-CF3 43
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formation. It was reported as indole-containing small molecules are
able to decrease in S. aureus the production of staphyloxanthin,
which is a virulence factor responsible for the oxidant and
neutrophil resistance of the pathogen. Additionally, in S. aureus, the
interference with the indole pathway inhibits the hemolytic ac-
tivity of the bacterium against human red blood cells.

Indole-signaling pathway is currently considered a valuable
target to counteract bacterial virulence and biofilm formation. A
recent study reported many indole-containing small molecules
able to inhibit biofilm formation by interfering with the bacterial
indole signalling [42].

Given the presence of the indole nucleus in these derivatives
and considered that the anti-biofilm properties of most indole
derivatives were due to the interference with the indole pathway,
we hypothesize that our new compounds might act by this
mechanism.
4. Conclusions

A library of 36 new 2-(6-phenylimidazo[2,-1-b] [1,3,4]thiadia-
zol-2-yl)-1H-indoles 9 and 10 has been efficiently synthesized and
evaluated for its anti-biofilm properties.
Despite the numerous biological properties described for the
imidazo[2,1-b] [1,3,4]thiadiazole scaffold, this is the first time that its
anti-biofilm activity was reported. Among the synthesized com-
pounds many derivatives were able to inhibit the biofilm formation
of the tested staphylococcal strains showing BIC50 lower than 10 mg/
ml, and in three cases (9c, 9h and 9aa) lower than 1 mg/ml.

Remarkably, compounds 9c, 9h, 9i, 9w, 9aa and 10k showed the
typical behaviour of anti-virulence agents, inhibiting the formation
of the bacterial biofilm, which is considered one of the most
important bacterial virulence factor, especially in the case of mi-
croorganisms once considered harmless such as S. epidermidis.

The anti-virulence strategy, aimed to counteract virulence fac-
tors without interfering with the microbial growth, has attracted
increasing interest in the fight against the antibiotic resistance.
Therefore the derivatives 9c, 9h and 9aa could be considered
attractive lead compounds for developing a new class of potent
inhibitors of staphylococcal biofilm formation. These innovative
antibiofilm strategies warrant further studies, in order to obtain
effective approaches that will be included in the therapeutic arse-
nals for use against difficult-to-treat infections, such as chronic and
medical devices associated infections.

5. Experimental

5.1. Chemistry

All melting points were taken on a Büchi-Tottoly capillary
apparatus and are uncorrected. IR spectra were determined in
bromoform with a Shimadzu FT/IR 8400S spectrophotometer. 1H
and 13C NMR spectra were measured at 200 and 50.0MHz,
respectively, in DMSO‑d6 solution, using a Bruker Avance II series
200MHz spectrometer. Column chromatography was performed
with Merck silica gel 230e400 mesh ASTM or with Büchi Sepacor
chromatography module (prepacked cartridge system). Elemental
analyses (C, H, N) were within ±0.4% of theoretical values and were
performed with a VARIO EL III elemental analyzer. Purity of all the
tested compounds was greater than 95%, determined by HPLC
(Agilent 1100 Series).

5.1.1. General procedure for the synthesis of 1H-indole-3-
carbonitriles (5b-c)

To a solution of the indole 4b,c (5.10mmol) in anhydrous
acetonitrile (4.5ml), chlorosulfonyl isocyanate (CSI) (0.44ml,
5.10mmol) was added dropwise. The reaction mixture was stirred
at 0 �C for 2 h. Anhydrous dimethylformamide (DMF) (2.8ml,
36.39mmol) was slowly added and the mixture was maintained
under stirring at 0 �C for 1.5 h. The reaction mixture was poured
into crushed ice and the precipitate was filtered off (yields
98e100%).

Analytical and spectroscopic data for compounds 5b,c are in
agreement with those previously reported [43].

5.1.2. General procedure for the synthesis of 1-methylindole-3-
carbonitriles (6a-c)

A mixture of the suitable 3-cyanoindole 5a-c (7.03mmol), 0.5 g
of K2CO3, anhydrous DMF (10ml) and dimethyl carbonate (1.8ml,
21.4mmol) was heated at 130 �C for 3.5 h. Then the reaction
mixture was cooled to 3 �C and water and ice (25ml) was slowly
added under stirring. The oily suspension thus obtained was
extracted with diethyl ether (3� 10ml) and the organic layer was
washed with water and brine, dried over anhydrous Na2SO4 and
evaporated under vacuum to obtain the 3-cyano-1-methylindole
6a-c in excellent yields.

Analytical and spectroscopic data are in accordance to those
reported in literature [44].



Table 2
Inhibition of biofilm formation, BIC50, mg/ml (mM).

Comp S. aureus ATCC 25923 S. aureus ATCC 6538 S. epidermidis ATCC 12228 P. aeruginosa 15442 E. coli
25922

9a 14.3 (35.9) 18.5 (46.5) 23.5 (59.1) n.s. n.s.
9b 34.3 (80.2) 16.1 (37.0) 14.3 (33.4) 34.3 (80.2) 29.8 (69.7)
9c 0.5 (1.2) 8.5 (18.5) 13.7 (29.9) n.s. n.s.
9d 6.5 (15.6) 5.6 (13.4) 12.8 (30.8) 19.7 (47.4) n.s.
9g 9.5 (23) 7.8 (18.9) 19.7 (47.9) n.s. n.s.
9h 0.8 (1.8) 12.4 (28.0) 18.5 (41.9) n.s. n.s.
9i 11.5 (24.3) 1.7 (3.6) 11.8 (25.0) 42.9 (91.0) n.s.
9j 3.7 (8.6) 7.7 (17.9) 29.6 (68.9) n.s. n.s.
9o 14.2 (26.4) 8.9 (16.5) 19.4 (36.1) n.s. n.s.
9s n.s. n.s. 10.6 (21.6) n.s. n.s.
9t 8.5 (16.0) 6.5 (12.4) 33.2 (63.8) 13.7 (26.3) n.s.
9u 50 (90.8) 4.9 (8.9) 28.8 (52.3) 15.7 (28.5) n.s.
9w 11.2 (20.9) 1.7 (3.1) 38.4 (71.7) 20.7 (38.6) 10.5 (19.6)
9z 14.6 (31.6) 7.0 (15.1) 15.1 (32.7) 13.4 (29.0) n.s.
9aa 11.9 (24.2) 0.3 (0.5) 9.3 (18.9) n.s. 45 (91.5)
9ab 23.1 (51.3) 10.9 (24.2) 45.3 (100.7) n.s. n.s.
9ac 26.4 (55.3) 17.1 (35.8) 13.6 (28.5) n.s. n.s.
9af n.s. n.s. 11.4 (23.9) n.s. n.s.
10e 17.2 (47.5) 7.3 (20.2) 14.9 (41.2) n.s. n.s.
10k 7.9 (21.0) 1.4 (3.0) 7.9 (21.0) 11.3 (30.1) 12.9 (34.3)
10q 12.5 (23.9) 14.1 (27.0) 9.9 (19.1) 22.6 (43.3) n.s.
10r 7.8 (16.8) 6.2 (13.3) 8.9 (19.2) n.s. n.s.
10ad 4.1 (9.7) 5.3 (12.6) 10.3 (24.5) n.s. n.s.
10ae n.s. n.s. 16.3 (36.5) n.s. n.s.
10ag 82.5 (163.0) 35.1 (69.4) 4.1 (8.1) n.s. n.s.
10ah n.s. 23.4 (50.4) 7.9 (17.0) n.s. n.s.
10ai n.s. 16.2 (33.0) 38.3 (78.0) n.s. n.s.

n.s. not significant because lower than 15% of inhibition percentage at the screening concentration of 100 mg/ml.

Table 3
Inhibition of biofilm formation expressed as BIC90.

Compounds BIC90[mg/ml]

9c (S.aureus 25923) 36.5
9h (S.aureus 25923) 23.3
9aa (S.aureus 6538) 16.2

Fig. 2. Concentration versus inhibition percentage graph, 9c and 9h towards S. aureus
ATCC 25923, and 9aa towards S. aureus ATCC 6538.

S. Cascioferro et al. / European Journal of Medicinal Chemistry 167 (2019) 200e210204
5.1.3. General procedure for the synthesis of 5-(1H-indol-3-yl)-
1,3,4-thiadiazol-2-amines (7a-f)

A solution of the appropriate 1H-indole-3-carbonitriles 5a-c or
1-methylindole-3-carbonitriles 6a-c (5mmol) and thio-
semicarbazide (5mmol) in trifluoroacetic acid (5ml) was heated at
60 �C for 3.5 h. The reaction mixture was then poured into ice and
slowly neutralized with NaHCO3 saturated solution. The obtained
precipitate was filtered off, washed with water, cyclohexane and
diethyl ether.
5.1.3.1. 5-(1H-Indol-3-yl)-1,3,4-thiadiazol-2-amine (7a). Light yel-
low solid, yield: 98%, m.p. 210e211 �C, IR cm�1: 3609 (NH), 3461-
3210 (NH2); 1HNMR DMSO‑d6 (ppm): 7.15e7.24 (4H, m, Ar-H, NH2),
7.45 (1H, d, J¼ 6.75 Hz, Ar-H), 7.85 (1H, d, J¼ 2.62 Hz, Ar-H), 8.11
(1H, d, J¼ 6.98 Hz, Ar-H), 11.64 (1H, s, NH). 13C NMR DMSO‑d6
(ppm): 107.2 (s), 111.9 (d), 120.4 (d), 120.6 (d), 122.4 (d), 124.1 (s),
126.6 (d), 136.4 (s), 152.3 (s), 165.8 (s). Anal. Calcd for C10H8N4S
(MW 216.26): C, 55.54%; H, 3.73%; N, 25.91%. Found: C, 55.71%; H,
3.68%; N, 25.75%.

5.1.3.2. 5-(1-Methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7b).
Light yellow solid, yield: 98%, m.p. 124e125 �C, IR cm�1: 3612 (NH),
3478-3228 (NH2), 1HNMR DMSO‑d6 (ppm): 3.85 (3H, s, CH3),
7.23e7.35 (2H, m, Ar-H), 7.55 (1H, d, J¼ 7.41 Hz, Ar-H), 8.06 (2H, d,
J¼ 6.05 Hz, Ar-H), 8.57 (2H, bs, NH2), 13C NMRDMSO‑d6 (ppm): 33.3
(q), 107.5 (s), 110.6 (d), 120.6 (d), 121.2 (d), 122.8 (d), 124.2 (s), 131.8
(d), 136.2 (s), 152.4 (s), 166.8 (s). Anal. Calcd for C11H10N4S (MW
230.29): C, 57.37%; H, 4.38%; N, 24.33%. Found: C, 57.48%; H, 4.42%;
N, 24.51%.

5.1.3.3. 5-(5-Bromo-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7c).
Yellow solid, yield: 92%, m.p. 232e233 �C. IR cm�1: 3445 (NH), 4147
(NH2). 1HNMR (200MHz, DMSO‑d6) d: 7.19e7.46 (4H, m, ArH, NH2),
7.91 (1H, s, Ar-H), 8.30 (1H, s, Ar-H), 11.83 (1H, bs, NH). 13C NMR
(50MHz, DMSO‑d6) d: 107.0 (s), 112.9 (s), 113.9 (d), 123.0 (d), 124.9
(d), 125.8 (s), 127.9 (d), 135.1 (s), 151.8 (s), 165.9 (s). Anal. Calcd for
C10H7BrN4S (MW 295.16): C, 40.69%; H, 2.39%; N, 8.98%. Found: C,
40.72%; H, 2.36%; N, 8.95%.

5.1.3.4. 5-(5-Bromo-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-
amine (7d). Yellow solid, yield: 98%, m.p. 174e175 �C, IR cm�1:
3558 (NH2), 1HNMR DMSO‑d6 (ppm): 3.84 (3H, s, CH3), 7.51 (2H, dd,
J¼ 1.92, 8.75 Hz, Ar-H), 8.08 (3H, m, Ar-H, NH2), 8.23 (1H, s, Ar-H).
13C NMR DMSO‑d6 (ppm): 32.9 (q), 105.4 (s), 112.7 (d), 113.5 (s),
123.0 (d), 125.1 (d), 125.9 (s), 132.3 (d), 135.7 (s), 151.3 (s), 166.2 (s).
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Anal. Calcd for C11H9BrN4S (MW 309.19): C, 42.73%; H, 2.93%; N,
18.12%. Found: C, 42.82%; H, 3.01%; N, 18.24%.

5.1.3.5. 5-(5-Chloro-1H-indol-3-yl)-1,3,4-thiadiazol-2-amine (7e).
Orange solid, yield: 98%, m.p. 234e235 �C, IR cm�1: 3564 (NH),
3255 (NH2), 1HNMR DMSO‑d6 (ppm): 7.19e7.50 (4H, m, Ar-H, NH2),
7.98 (1H, s, Ar-H), 8.14 (1H, s, Ar-H), 11.87 (1H, s, NH). 13C NMR
DMSO‑d6 (ppm): 106.9 (s), 113.6 (d), 119.9 (d), 122.5 (d), 125.0 (s),
125.1 (s), 128.4 (d), 134.9 (s), 151.8 (s), 166.0 (s). Anal. Calcd for
C10H7ClN4S (MW 250.70): C, 47.91%; H, 2.81%; N, 22.35%. Found: C,
47.75%; H, 2.92%; N, 22.54%.

5.1.3.6. 5-(5-Chloro-1-methyl-1H-indol-3-yl)-1,3,4-thiadiazol-2-
amine (7f). Yellow solid, yield: 100%, m.p. 95e96 �C, IR cm�1: 3609
(NH2), 1HNMR DMSO‑d6 (ppm): 3.84 (3H, s, CH3), 7.29 (1H, d,
J¼ 8.77, Ar-H), 7.58 (1H, d, J¼ 8.76, Ar-H), 8.08 (4H, Ar-H, NH2). 13C
NMR DMSO‑d6 (ppm): 33.0 (q), 105.2 (s), 112.3 (d), 119.9 (d), 122.7
(d), 125.2 (s), 125.7 (s), 132.7 (d), 135.5 (s), 166.4 (s). Anal. Calcd for
C11H9ClN4S (MW 264.74): C, 49.91%; H, 3.43%; N, 21.16%. Found: C,
50.03%; H, 3.68%; N, 21.32%.

5.1.4. General procedure for the synthesis of 3-(6-Phenylimidazo
[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indoles derivatives 9a-d,g-j,m-p,s-
ac,af and 10e,f,k,l,q,r,ad,ae,ag,ah,ai,aj

A solution of the suitable 5-(1H-indol-3-yl)-1,3,4-thiadiazol-2-
amine 7a-f (0.92mmol) and the appropriate 2-bromo-1-
phenylethanone 8a-f (0.92mmol) in 40ml of anhydrous ethanol
was heated under reflux for 24 h. Upon cooling, the corresponding
hydrobrobide was filtered off and washed with ethanol. Derivatives
9a-d,g-j,m-p,s-ac,af were isolated as pure compounds and were
characterized without further purifications. Instead, in the case of
compounds 9e,f,k,l,q,r,ad,ae,ag-aj. it was necessary the treatment
with saturated aqueous NaHCO3 solution for obtaining the corre-
sponding free base 10 which was purified by silica gel column
chromatography eluting by dichloromethane:ethyl acetate, 1:1.
Derivatives 9k,q,w,ac,ai,v were characterized only by 1HNMR
spectra due to their poor solubility.

5.1.4.1. 3-(6-Phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-1H-indole
hydrobromide (9a). Light yellow solid, yield: 47%, m.p. 305e306 �C,
IR cm�1: 2622 (NH), 3193 (NH); 1HNMR (200MHz, DMSO‑d6) d:
7.27e7.58 (6H, m, Ar-H), 7.89 (2H, d, J¼ 8.4 Hz, Ar-H), 8.14e8.18
(1H, m, Ar-H), 8.41 (1H, d, J¼ 2.98 Hz, Ar-H), 8.83 (1H, s, Ar-H),12.24
(1H, s, NH); 13C NMR (50MHz, DMSO‑d6) d: 106.0 (s),110.9 (d),112.6
(d), 120.3 (d), 121.6 (d), 123.3 (d), 123.7 (s), 124.6 (2xd), 127.7 (d),
128.8 (2xd), 130.0 (d), 132.1 (s), 136.7 (s), 142.6 (s), 142.8 (s), 158.2
(s). Anal. Calcd for C18H13BrN4S (MW 397.28): C, 54.42%; H, 3.30%;
N, 14.10%. Found: C, 54.61%; H, 3.15%; N, 14.18%.

5.1.4.2. 3-[6-(3-Methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-
yl]-1H-indole hydrobromide (9b). Light yellow solid, yield: 43%,
m.p. 284e285 �C, IR cm�1: 2719 (NH), 3153 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.82 (3H, s, OCH3), 6.87e6.92 (1H, m, Ar-H),
7.27e7.58 (6H, m, Ar-H), 8.14e8.18 (1H, m, Ar-H), 8.40 (1H, d,
J¼ 4.6 Hz, Ar-H), 8.84 (1H, s, Ar-H), 10.44 (1H, s, NH), 12.23 (1H, s,
NH). 13C NMR (50MHz, DMSO‑d6) d: 55.1 (q), 106.0 (s), 109.9 (d),
111.1 (d), 112.6 (d), 113.3 (d), 116.9 (d), 120.3 (d), 121.6 (d), 123.3 (d),
123.7 (s), 129.9 (d), 130.0 (d), 133.6 (s), 136.7 (s), 142.5 (s), 142.7 (s),
158.2 (s), 159.6 (s). Anal. Calcd for C19H15BrN4OS (MW 427.33): C,
53.40%; H, 3.54%; N, 13.11%. Found: C, 53.51%; H, 3.50%; N, 13.23%.

5.1.4.3. 3-[6-(2,5-Dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-
2-yl]-1H-indole hydrobromide (9c). Light yellow solid, yield: 42%,
m.p. 260e261 �C, IR cm�1: 2735 (NH), 3124 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.78 (3H, s, OCH3), 3.94 (3H, s, OCH3),
6.94e6.95 (1H, m, Ar-H), 7.09 (1H, d, J¼ 9.1 Hz, Ar-H), 7.28e7.32
(2H, m, Ar-H), 7.59e7.61 (2H, m, Ar-H), 8.15e8.20 (1H, m, Ar-H),
8.46 (1H, d, J¼ 3.15 Hz, Ar-H), 8.76 (2H, s, Ar-H, NH), 12.27 (1H, s,
NH). 13C NMR (50MHz, DMSO‑d6) d: 55.4 (q), 55.9 (q), 105.8 (s),
111.7 (d), 112.6 (d), 112.9 (d), 113.5 (d), 114.4 (d), 119.4 (s), 120.3 (d),
121.7 (d), 123.3 (d), 123.7 (s), 130.4 (d), 136.7 (s), 136.9 (s), 141.9 (s),
149.8 (s), 153.2 (s), 159.0 (s). Anal. Calcd for C20H17BrN4O2S (MW
457.33): C, 52.52%; H, 3.75%; N, 12.25%. Found: C, 52.61%; H, 3.68%;
N, 12.36%.

5.1.4.4. 3-[6-(4-Fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-
1H-indole hydrobromide (9d). Light yellow solid, yield: 42%, m.p.
318e319 �C, IR cm�1: 2719 (NH), 3181 (NH); 1HNMR (200MHz,
DMSO‑d6) d: 7.25e7.34 (4H, m, 4xAr-H), 7.53e7.57 (1H, m, Ar-H),
7.87e7.94 (2H, m, 2xAr-H), 8.12e8.16 (1H, m, Ar-H, NH), 8.40 (1H,
d, J¼ 2.98 Hz, Ar-H), 8.79 (1H, s, Ar-H); 12.03 (1H, s, NH), 12.24 (1H,
s, NH). 13C NMR (50MHz, DMSO‑d6) d: 106.0 (s), 110.7 (d), 112.6 (d),
115.5 (d), 115.9 (d), 120.2 (d), 121.6 (d), 123.2 (d), 123.7 (s), 126.6 (d),
126.7 (d), 128.6 (s), 133.0 (d), 136.6 (s), 141.5 (s), 142.8 (s), 158.3 (s),
159.2 (s). Anal. Calcd for C18H12BrFN4S (MW 415.27): C, 52.06%; H,
2.91%; N, 13.49%. Found: C, 52.15%; H, 2.78%; N, 13.40%.

5.1.4.5. 3-[6-(4-Nitrophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-
1H-indole (10e). Orange solid, yield: 52%, m.p. 359e360 �C, IR
cm�1: 3324 (NH); 1HNMR (200MHz, DMSO‑d6) d: 7.26e7.31 (2H,
m, 2xAr-H), 7.51e7.56 (1H, m, Ar-H), 8.07e8.33 (6H, m, Ar-H), 8.93
(1H, s, Ar-H),12.16 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d: 106.4
(s), 112.5 (d), 113.1 (d), 120.3 (d), 121.5 (d), 123.2 (d), 123.7 (s), 124.1
(2xd), 124.9 (2xd), 129.8 (d), 136.7 (s), 140.6 (s), 142.4 (s), 144.2 (s),
145.7 (s), 158.0 (s). Anal. Calcd for C18H11N5O2S (MW 361.37): C,
59.82%; H, 3.07%; N, 19.38%. Found: C, 59.97%; H, 3.25%; N, 19.51%.

5.1.4.6. 3-[6-(4-Trifluoromethylphenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1H-indole (10f). Light yellow solid, yield: 50%, m.p.
293e295 �C, IR cm�1: 3678 (NH); 1HNMR (200MHz, DMSO‑d6) d:
7.27e7.32 (2H, m, 2xAr-H), 7.53e7.57 (1H, m, Ar-H), 7.77 (2H, d,
J¼ 8.37, Ar-H), 8.08e8.20 (3H, m, Ar-H), 8.35 (1H, s, Ar-H), 8.88 (1H,
s, Ar-H), 12.16 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d: 106.3 (s),
112.0 (s), 112.5 (d), 120.3 (s), 120.3 (d), 121.5 (d), 123.2 (d), 123.7 (d),
124.8 (2xd),125.6 (2xd),129.7 (d), 136.7 (s), 137.9 (s), 142.8 (s), 143.6
(s), 157.8 (s).

Anal. Calcd for C19H11F3N4S (MW: 384.38): C, 59.37%; H, 2.88%;
N, 14.58%. Found: C, 59.41%; H, 2.95%; N, 14.70%.

5.1.4.7. 1-Methyl-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-
1H-indole hydrobromide (9g). Light yellow solid, yield: 50%, m.p.
282e283 �C, IR cm�1: 2604 (NH); 1HNMR (200MHz, DMSO‑d6) d:
3.90 (3H, s, CH3), 7.32e7.45 (5H, m, Ar-H), 7.60e7.64 (1H, m, Ar-H),
7.88 (2H, d, J¼ 4.22 Hz; Ar-H), 8.13e8.18 (1H, m, Ar-H), 8.40 (1H, s,
Ar-H), 8.78 (1H, s, Ar-H), 9.14 (1H, bs, NH); 13C (50MHz, DMSO‑d6)
d: 33.1 (q), 100.0 (s), 110.8 (d), 111.1 (d), 120.4 (d), 121.9 (d),123.3 (d),
124.0 (s), 124.6 (2xd),127.5 (d),128.7 (2xd),132.6 (s),133.3 (d),137.2
(s), 142.7 (s), 143.1 (s), 157.4 (s). Anal. Calcd for C19H15BrN4S (MW:
411.32): C, 55.48%; H, 3.68%; N, 13.62%. Found: C, 55.52%; H, 3.74%;
N, 13.51%.

5.1.4.8. 3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-
yl]-1-methyl-1H-indole hydrobromide (9h). Light yellow solid,
yield: 52%, m.p. 266e267 �C, IR cm�1: 2473 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.82 (3H, s, OCH3), 3.90 (3H, s, CH3),
6.86e6.91 (1H, m, Ar-H), 7.35e7.46 (5H, m, Ar-H, NH), 7.63e7.64
(1H, m, Ar-H), 8.13e8.17 (1H, m, Ar-H), 8.40 (1H, s, Ar-H), 8.80 (1H,
s, Ar-H), 10.45 (1H, bs, NH). 13C NMR (50MHz, DMSO‑d6) d: 33.1 (q),
55.0 (q), 105.0 (s), 109.9 (d), 111.0 (d), 112.0 (d), 113.1 (d), 116.9 (d),
120.4 (d), 121.9 (d), 123.2 (d), 124.0 (s),129.8 (d), 133.3 (d), 134.0 (s),
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137.2 (s), 142.6 (s), 143.1 (s), 157.4 (s), 159.6 (s). Anal. Calcd for
C20H17BrN4OS (MW: 441.34): C, 54.43%; H, 3.88%; N, 12.69%. Found:
C, 54.51%; H, 3.99%; N, 12.82%.

5.1.4.9. 3-[6-(2,5-Dimethoxyphenyl)imidazo[2,1-b][1,3,4]thiadiazol-
2-yl]-1-methyl-1H-indole hydrobromide (9i). Light yellow solid,
yield: 48%, m.p. 266e267 �C, IR cm�1: 2607 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.78 (3H, s, OCH3), 3.89 (3H, s, OCH3), 3.93
(3H, s, CH3), 6.87e6.93 (1H, m, Ar-H), 7.02e7.10 (1H, m, Ar-H),
7.32e7.40 (2H, m, Ar-H), 7.61e7.64 (2H, m, Ar-H), 7.88 (1H, bs,
NH), 8.14e8.18 (1H, m, Ar-H), 8.42 (1H, s, Ar-H), 8.67 (1H, s, Ar-H).
13C NMR (50MHz, DMSO‑d6) d:33.1 (q), 55.4 (q), 55.9 (q), 105.7 (s),
111.7 (s), 112.6 (s), 112.9 (s), 113.5 (d), 114.3 (d), 119.4 (s), 120.2 (d),
121.7 (d), 123.3 (d), 123.6 (s), 130.4 (d), 136.7 (s), 136.9 (s), 141.9 (s),
149.8 (s), 153.2 (s), 159.0 (s). Anal. Calcd for C21H19BrN4O2S (MW:
471.37): C, 53.51%; H, 4.06%; N, 11.89%. Found: C, 53.70%; H, 4.12%;
N, 11.98%.

5.1.4.10. 3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadiazol-2-yl]-
1-methyl-1H-indole hydrobromide (9j). Light yellow solid, yield:
50%, m.p. 269e270 �C, IR cm�1: 2610e2719 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.89 (3H, s, CH3), 7.23e7.37 (4H, m, Ar-H),
7.59e7.63 (1H, m, Ar-H), 7.86e7.93 (2H, m, Ar-H), 8.12e8.21 (2H,
m, Ar-H, NH), 8.37 (1H, s, Ar-H), 8.73 (1H, s, Ar-H); 13C NMR
(50MHz, DMSO‑d6) d: 33.1 (q), 105.1 (s), 110.5 (d), 111.0 (d), 115.4
(d), 115.8 (d), 120.4 (d), 121.8 (d), 123.2 (d), 124.0 (s), 126.4 (d), 126.6
(d), 129.5 (s), 133.2 (d), 137.2 (s), 142.6 (2xs), 142.7 (s), 157.2 (s). Anal.
Calcd for C19H14BrFN4S (MW: 429.31): C, 53.16%; H, 3.29%; N,
13.05%. Found: C, 53.08%; H, 3.88%; N, 12.72%.

5.1.4.11. 1-Methyl-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1H-indole (10k). Orange solid, yield: 52%, m.p.
299e300 �C, 1HNMR (200MHz, DMSO‑d6) d: 3.92 (3H, s, CH3),
7.34e7.38 (2H, m, 2xAr-H), 7.62e7.65 (1H, m, Ar-H), 8.12e8.40 (6H,
m, Ar-H), 9.00 (1H, s, Ar-H). Anal. Calcd for C19H13N5O2S (MW:
375.40): C, 60.79%; H, 3.49%; N, 18.66%. Found: C, 60.92%; H, 3.32%;
N, 18.79%.

5.1.4.12. 1-Methyl-3-{6-[4-(trifluoromethyl)phenyl]imidazo[2,1-b]
[1,3,4]thiadiazol-2-yl}-1H-indole (10l). Light yellow solid, yield: 42%
m.p. 242e243 �C, 1HNMR (200MHz, DMSO‑d6) d: 3.88 (3H, s, CH3),
7.30e7.39 (2H, m, Ar-H), 7.60 (1H, d, J¼ 8.37, Ar-H), 7.74 (2H, d,
J¼ 8.4, Ar-H), 8.04e8.17 (3H, m, Ar-H), 8.32 (1H, s, Ar-H), 8.84 (1H, s,
Ar-H). 13C NMR (50MHz, DMSO‑d6) d: 33.1 (q), 105.2 (s), 111.0 (d),
112.0 (d), 112.1 (s), 120.4 (d), 120.6 (s), 121.8 (d), 123.2 (d), 124.0 (s),
124.8 (2xd), 125.5 (d), 125.6 (s), 133.2 (d), 137.2 (s), 137.7 (s), 142.8
(s), 143.4 (s), 157.3 (s). Anal. Calcd for C20H13F3N4S (MW: 398.40): C,
60.29%; H, 3.29%; N, 14.06%. Found: C, 60.44%; H, 3.35%; N, 14.28%.

5.1.4.13. 5-Bromo-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-
1H-indole hydrobromide (9m). Light yellow solid, yield: 50%, m.p.
303e304 �C, IR cm�1: 2690e2804 (NH), 3553e3638 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 7.29e7.55 (5H, m, Ar-H), 7.87 (2H, d,
J¼ 7.6 Hz, Ar-H), 8.37 (2H, d, J¼ 18.81 Hz, Ar-H), 8.81 (1H, s, Ar-H),
12.33 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d: 106.0 (s),110.7 (d),
114.1 (s), 114.6 (d), 122.6 (d), 124.4 (2xd), 125.3 (s), 125.8 (d), 127.2
(d), 128.6 (2xd), 130.9 (d), 133.5 (s), 135.4 (s), 142.8 (s), 144.2 (s),
156.8 (s). Anal. Calcd for C18H12Br2N4S (MW: 476.19): C, 45.40%; H,
2.54%; N, 11.77%. Found: C, 45.58%; H, 2.63%; N, 11.59%.

5.1.4.14. 5-Bromo-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thia-
diazol-2-yl]-1H-indole hydrobromide (9n). Light yellow solid, yield:
50%, m.p. 299e300 �C, IR cm�1: 2629 (NH), 3113 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.81 (3H, s, OCH3), 6.85e6.90 (1H, m, Ar-H),
7.34e7.54 (5H, m, Ar-H), 8.30 (1H, d, J¼ 1.72 Hz, Ar-H), 8.43 (1H, d,
J¼ 2.96 Hz, Ar-H), 8.86 (1H, s, Ar-H), 10.16 (1H, bs, NH), 12.37 (1H, s,
NH). 13C NMR (50MHz, DMSO‑d6) d: 55.0 (q), 106.0 (s), 109.8 (d),
111.1 (d), 113.1 (d), 114.6 (d), 116.8 (d), 120.3 (s), 122.6 (d), 125.8 (d),
123.7 (s), 129.8 (d), 131.1 (d), 133.6 (s), 136.7 (s), 142.5 (s), 142.7 (s),
158.2 (s), 159.6 (s). Anal. Calcd for C19H14Br2N4OS (MW: 506.21): C,
45.08%; H, 2.79%; N, 11.07%. Found: C, 45.16%; H, 2.88%; N, 11.15%.

5.1.4.15. 5-Bromo-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]
thiadiazol-2-yl]-1H-indole hydrobromide (9o). Light yellow solid,
yield: 43%, m.p. 306e307 �C, IR cm�1: 2565e2645 (NH), 3604 (NH);
1HNMR (200MHz, DMSO‑d6) d: 3.77 (3H, s, OCH3), 3.93 (3H, s,
OCH3), 6.89e6.91 (1H, m, Ar-H), 7.05 (1H, d, J¼ 9Hz, Ar-H),
7.43e7.63 (3H, m, Ar-H), 8.32 (1H, d, J¼ 1.7 Hz, Ar-H), 8.46 (1H, d,
J¼ 2.98 Hz, Ar-H), 8.72 (1H, s, Ar-H), 12.38 (1H, s, NH). 13C NMR
(50MHz, DMSO‑d6) d: 55.4 (q), 55.8 (q), 105.7 (s), 111.6 (d), 112.7 (d),
113.8 (d), 113.9 (s), 114.2 (d), 114.6 (s), 120.6 (s), 122.6 (d), 125.3 (d),
125.1 (d), 131.4 (d), 135.5 (s), 138.2 (s), 141.9 (s), 149.9 (s), 153.1 (s),
157.8 (s). Anal. Calcd for C20H16Br2N4O2S (MW: 536.24): C, 44.80%;
H, 3.01%; N, 10.45%. Found: C, 44.71%; H, 3.20%, N, 10.56%.

5.1.4.16. 5-Bromo-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1H-indole hydrobromide (9p). Light yellow solid, yield:
42%, m.p. 289e290 �C, IR cm�1: 2868e2958 (NH), 3341e3484
(NH); 1HNMR (200MHz, DMSO‑d6) d: 7.22e7.54 (4H, m, Ar-H),
7.85e7.92 (2H, m, Ar-H), 8.36 (2H, d, J¼ 26.23 Hz, Ar-H), 8.78 (1H,
s, Ar-H), 12.34 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d: 105.9 (s),
110.5 (d), 114.0 (s), 114.6 (d), 115.3 (d), 115.7 (d), 122.6 (d), 125.3 (s),
125.8 (d), 126.2 (d), 126.4 (d), 127.9 (s), 130.4 (s), 130.8 (d), 131.2 (s),
135.4 (s), 142.9 (s), 156.7 (s). Anal. Calcd for C18H11Br2FN4S (MW:
494.18): C, 43.75%; H, 2.24%; N, 11.34%. Found: C, 43.82%; H, 2.18%;
N, 11.51%.

5.1.4.17. 5-Bromo-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1H-indole (10q). Orange solid, yield: 42%, m.p.
337e338 �C, IR cm�1: 3609 (NH); 1HNMR (200MHz, DMSO‑d6) d:
7.42e7.52 (2H, m, Ar-H), 8.10e8.34 (5H, m, Ar-H), 8.44 (1H, s, Ar-H),
9.09 (1H, s, Ar-H), 12.37 (1H, s, NH). Anal. Calcd for C18H10BrN5O2S
(MW: 440.27): C, 49.10%; H, 2.29%; N, 15.91%. Found: C, 49.25%; H,
2.03%; N, 15.79%.

5.1.4.18. 5-Bromo-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b]
[1,3,4]thiadiazol-2-yl]-1H-indole (10r). White solid, yield: 45%, m.p.
314e315 �C, IR cm�1: 3609 (NH); 1HNMR (200MHz, DMSO‑d6) d:
7.39e7.54 (2H, m, Ar-H), 7.76 (2H, d, J¼ 8.27 Hz, Ar-H), 8.02 (2H, d,
J¼ 8.03 Hz, Ar-H), 8.35 (2H, dd, J¼ 1.56, 2.94 Hz, Ar-H), 8.94 (1H, s,
Ar-H), 12.32 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d: 106.0 (s),
112.2 (d), 114.1 (s), 114.6 (s), 115.5 (d), 122.6 (d), 124.8 (2xd), 125.4
(s), 125.6 (s), 125.8 (d), 130.9 (d), 135.4 (s), 137.8 (s), 143.0 (s), 143.5
(s), 157.2 (s). Anal. Calcd for C19H10BrF3N4S (MW: 463.27): C,
42.96%; H, 2.18%; N, 12.09%. Found: C, 43.12%; H, 2.35%; N, 12.28%.

5.1.4.19. 5-Bromo-1-methyl-3-(6-phenylimidazo[2,1-b][1,3,4]thiadia-
zol-2-yl)-1H-indole hydrobromide (9s). White solid, yield 52%, m.p.
219e220 �C, IR cm�1: 2936 (NH); 1HNMR (200MHz, DMSO‑d6) d:
3.87 (3H, s, CH3), 7.27e7.61 (5H, m, Ar-H), 7.84 (2H, d, J¼ 7.19 Hz,
Ar-H), 8.26 (1H, d, J¼ 1.81 Hz, Ar-H), 8.40 (1H, d, J¼ 5.2 Hz, Ar-H),
8.81 (1H, s, Ar-H), 8.91 (1H, bs, NH). 13C NMR (50MHz, DMSO‑d6)
d: 33.4 (q), 104.7 (s), 110.9 (s) 113.2 (d), 114.6 (s), 122.6 (d), 124.5 (d),
125.5 (s), 125.8 (d), 127.5 (d), 128.7 (d), 132.8 (s), 134.5 (d), 136.0 (s),
142.6 (s), 143.4 (s), 156.8 (s). Anal. Calcd for C19H14Br2N4S (MW:
490.21): C, 46.55%; H, 2.88%; N, 11.43%. Found: C, 46.78%; H, 2.95%;
N, 11.51%.

5.1.4.20. 5-Bromo-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thia-
diazol-2-yl]-1-methyl-1H-indole hydrobromide (9t). Light yellow



S. Cascioferro et al. / European Journal of Medicinal Chemistry 167 (2019) 200e210 207
solid, yield 45%, mp 285e286 �C, 1HNMR (200MHz, DMSO‑d6) d:
3.80 (3H, s, CH3), 3.86 (3H, s, OCH3), 6.87 (1H, d, J¼ 7.86 Hz, Ar-H),
7.33e7.59 (5H, m, Ar-H), 8.24 (1H, d, J¼ 1.78 Hz, Ar-H), 8.41 (1H, s,
Ar-H), 8.82 (1H, s, Ar-H), 9.50 (1H, bs, NH). 13C NMR (50MHz,
DMSO‑d6) d: 33.3 (q), 55.0 (q), 104.7 (s), 109.7 (d), 113.1 (d), 114.5 (s),
116.8 (d), 122.6 (d), 125.5 (s), 125.7 (d), 129.6 (d), 129.8 (d), 134.3 (d),
135.9 (s), 142.5 (s), 143.5 (s), 156.7 (s), 159.2 (s), 159.5 (s). Anal. Calcd
for C10H16Br2N4OS (MW: 520.24): C, 46.17%; H, 3.10%; N, 10.77%.
Found: C, 46.28%; H, 3.02%; N, 10.91%.

5.1.4.21. 5-Bromo-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]
thiadiazol-2-yl]-1-methyl-1H-indole hydrobromide (9u). Light yel-
low solid, yield 53%, mp 290e291 �C, IR cm�1: 2473e2610 (NH);
1HNMR (200MHz, DMSO‑d6) d: 3.77 (3H, s, CH3), 3.88 (3H, s, OCH3),
3.92 (3H, s, OCH3), 6.39 (1H, bs, NH), 6.83e7.07 (2H, m, Ar-H),
7.44e7.63 (3H, m, Ar-H), 8.28 (1H, d, J¼ 1.68, Ar-H), 8.43 (1H, s,
Ar-H), 8.66 (1H, s, Ar-H). 13C NMR (50MHz, DMSO‑d6) d: 33.3 (q),
55.3 (q) 55.8 (q), 99.3 (s),100.7 (d),104.8 (s),106.5 (d), 111.1 (s),111.6
(d), 112.5 (d), 114.6 (s), 122.8 (d), 125.7 (d), 130.6 (d), 134.0 (d), 134.4
(s), 138.0 (s), 139.4 (s), 149.9 (s), 153.1 (s), 157.0 (s). Anal. Calcd for
C21H18Br2N4O2S (MW: 550.26): C, 45.84%; H, 3.30%; N, 10.18%.
Found: C, 45.93%; H, 3.60%; N, 10.32%.

5.1.4.22. 5-Bromo-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thia-
diazol-2-yl]-1-methyl-1H-indole hydrobromide (9v). White solid,
yield 48%, mp 293e294 �C, IR cm�1: 2588e2609 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.88 (3H, s, CH3), 7.21e7.30 (2H, t, Ar-H),
7.55 (2H, m, Ar-H), 7.87 (2H, dd, J¼ 1.9, 8.69 Hz, Ar-H), 8.28 (1H,
d, J¼ 1.62, Ar-H), 8.39 (1H, s, Ar-H), 8.75 (1H, s, Ar-H). Anal. Calcd for
C19H13Br2FN4S (MW: 508.20): C, 44.90%; H, 2.58%; N,11.02%. Found:
C, 45.06%; H, 2.64%; N, 11.13%.

5.1.4.23. 5-Bromo-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1-methyl-1H-indole hydrobromide (9w). Orange solid,
yield 46%, mp 320e321 �C, IR cm�1: 2925 (NH); 1HNMR (200MHz,
DMSO‑d6) d: 3.92 (3H, s, CH3), 7.53 (1H, d, J¼ 2.08, Ar-H), 7.63e7.68
(1H, m, Ar-H), 8.12 (2H, d, J¼ 8.86, Ar-H), 8.28e8.33(3H, m, Ar-H),
8.47 (1H, s, Ar-H), 9.08 (1H, s, Ar-H). Anal. Calcd for
C19H13Br2N5O2S (MW: 535.21): C, 42.64%; H, 2.45%; N, 13.08%.
Found: C, 42.78%; H, 2.58%; N, 13.23%.

5.1.4.24. 5-Bromo-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b]
[1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole (10x). Yellow solid, yield
42%, m.p. 254e255 �C, 1HNMR (200MHz, DMSO‑d6) d: 3.84 (3H, s,
CH3), 7.41e7.57 (2H, m, 2xAr-H), 7.71 (2H, d, J¼ 8.38 Hz, Ar-H), 8.00
(2H, d, J¼ 8.09 Hz, Ar-H), 8.23 (1H, d, J¼ 1.72 Hz, Ar-H), 8.32 (1H, s,
Ar-H), 8.85 (1H, s, Ar-H). 13C NMR (50MHz, DMSO‑d6) d: 33.3 (q),
104.9 (s), 112.1 (d), 113.1 (d), 114.5 (s), 122.7 (2xd), 124.7 (d), 125.5
(d), 125.5 (d), 125.7 (d), 127.3 (s), 134.2 (d), 135.9 (s), 137.9 (s), 143.1
(s), 143.3 (s), 156.6 (s). Anal. Calcd for C20H12BrF3N4S (MW: 477.30):
C, 50.33%; H, 2.53%; N, 11.74%. Found: C, 50.54%; H, 2.72%; N, 11.88%.

5.1.4.25. 5-Chloro-3-(6-phenylimidazo[2,1-b][1,3,4]thiadiazol-2-yl)-
1H-indole hydrobromide (9y). Light yellow solid, yield: 45%, m.p.
297e298 �C, IR cm�1: 2890 (NH), 3445 (NH); 1HNMR (200MHz,
DMSO‑d6) d: 7.27e7.58 (5H, m, Ar-H), 7.87 (2H, d, J¼ 7.14 Hz, Ar-H),
8.17 (1H, d, J¼ 1.82 Hz, Ar-H), 8.40 (1H, d, J¼ 2.86 Hz, Ar-H), 8.76
(1H, s, Ar-H),12.31 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d: 106.3
(s), 110.6 (d), 114.8 (d), 119.6 (d), 123.2 (d), 124.4 (2xd), 124.8 (s),
126.1 (s), 127.0 (d), 128.6 (2xd), 130.9 (d), 134.0 (s), 135.2 (s), 142.9
(s), 144.8 (s), 156.6 (s). Anal. Calcd for C18H12BrClN4S (MW 558.21):
C, 50.08%; H, 2.80%; N,12.98%. Found: C, 50.25%; H, 2.91%; N,12.90%.

5.1.4.26. 5-Chloro-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thia-
diazol-2-yl]-1H-indole hydrobromide (9z). White solid, yield: 46%,
m.p. 291e292 �C, IR cm�1: 3478 (NH), 2884 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.81 (3H, s, OCH3), 6.88 (1H, d, J¼ 6.84 Hz,
Ar-H), 7.28e7.59 (5H, m, Ar-H), 8.14 (1H, d, J¼ 1.82 Hz, Ar-H), 8.46
(1H, d, J¼ 2.90 Hz, Ar-H), 8.87 (1H, s, Ar-H), 10.19 (1H, bs, NH), 12.39
(1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d: 55.0 (q), 106.0 (s), 109.8
(d), 111.1 (s), 111.3 (s), 113.2 (d), 114.3 (2xd), 115.4 (s), 116.9 (d), 119.6
(s), 123.4 (d), 124.7 (s), 126.2 (s), 129.8 (d), 131.2 (s), 134.2 (s). Anal.
Calcd for C19H14BrClN4OS (MW: 461.76): C, 49.42%; H, 3.06%; N,
12.13%. Found: C, 49.58%; H, 3.21%; N, 12.25%.

5.1.4.27. 5-Chloro-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]
thiadiazol-2-yl]-1H-indole hydrobromide (9aa). White solid, yield:
46%, mp 265e266 �C, IR cm�1: 3473 (NH), 2902 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.77 (3H, s, OCH3), 3.93 (3H, s, OCH3),
6.86e6.92 (1H, m, Ar-H), 7.07 (1H, d, J¼ 9.05 Hz, Ar-H), 7.28e7.33
(1H, m, Ar-H), 7.57 (2H, m, Ar-H), 7.98 (1H, bs, NH), 8.15 (1H, s, Ar-
H), 8.51 (1H, s, Ar-H), 8.76 (1H, s, Ar-H), 12.41 (1H, s, NH). 13C NMR
(50MHz, DMSO‑d6) d: 55.3 (q), 55.7 (q), 106.1 (s), 112.7 (d), 114.2 (s),
114.8 (d), 116.3 (s), 119.5 (d), 123.3 (d), 124.8 (s), 126.9 (s), 131.4 (d),
135.2 (s), 150.6 (s), 152.7 (s), 152.9 (d), 153.1 (s), 157.3 (s). Anal. Calcd
for C20H16BrClN4O2S (MW: 491.79): C, 48.84%; H, 3.28%; N, 11.39%.
Found: C, 48.96%; H, 3.42%; N, 11.51%.

5.1.4.28. 5-Chloro-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1H-indole hydrobromide (9 ab). Light yellow solid, yield:
45%, m.p. 288e289 �C, IR cm�1: 3484 (NH), 2890 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 7.20 (1H, s, NH), 7.23e7.33 (3H, m, Ar-H),
7.57 (1H, d, J¼ 8.68 Hz, Ar-H), 7.59 (1H, s, Ar-H), 7.86e7.90 (2H,
m, Ar-H), 8.15 (1H, d, J¼ 1.96 Hz, Ar-H), 8.43 (1H, d, J¼ 2.94, Ar-H),
8.78 (1H, s, Ar-H), 12.34 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d:
106.1 (s), 110.6 (d), 114.2 (d), 115.4 (d), 115.8 (d), 119.6 (d), 123.3 (d),
124.7 (s), 126.1 (s), 126.3 (d), 126.5 (d), 130.0 (s), 131.1 (d), 135.2
(s),142.9 (s),143.2 (s),157.0 (s). Anal. Calcd for C18H11BrClFN4S (MW:
449.73): C, 48.07%, H, 2.47%, N,12.46%. Found: C, 48.15%, H, 2.55%, N,
12.52%.

5.1.4.29. 5-Chloro-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1H-indole hydrobromide (9ac). Yellow solid, yield: 42%,
m.p. 342e343 �C, IR cm�1: 3381 (NH), 2890 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 7.35 (1H, s, Ar-H), 7.58 (1H, d, J¼ 8.84 Hz,
Ar-H), 8.15e8.47 (7H, m, Ar-H), 9.07 (1H, s, NH), 12.37 (1H, s, NH).
Anal. Calcd for C18H11BrClN5O2S (MW: 476.73): C, 45.35%, H, 2.33%,
N, 14.69%. Found: C, 45.45%, H, 2.38%, N, 14.75%.

5.1.4.30. 5-Chloro-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b]
[1,3,4]thiadiazol-2-yl]-1H-indole (10ad). White solid, yield: 46%,
m.p. 312e313 �C, IR cm�1: 2884 (NH); 1HNMR (200MHz, DMSO‑d6)
d: 7.28 (1H, d, J¼ 6.96 Hz, Ar-H), 7.55 (1H, d, J¼ 6.96 Hz, Ar-H), 7.74
(2H, d, J¼ 8.12 Hz, Ar-H), 8.02e8.14 (3H, m, Ar-H), 8.40 (1H, s, Ar-H),
8.92 (1H, s, Ar-H), 12.34 (1H, s, NH). 13C NMR (50MHz, DMSO‑d6) d:
106.1 (s), 112.2 (d), 114.2 (d), 119.6 (d), 123.2 (d), 124.7 (s), 124.7 (s),
124.8 (2xd), 125.6 (d), 125.6 (d), 126.1 (s), 131.2 (d), 135.2 (s), 137.6
(s), 142.8 (s), 143.5 (s), 157.4 (s). Anal. Calcd for C19H10ClF3N4S (MW:
418.82): C, 54.49%, H, 2.41%, N,13.38%. Found: C, 54.56%, H, 2.52%, N,
13.43%.

5.1.4.31. 5-Chloro-1-methyl-3-(6-phenylimidazo[2,1-b][1,3,4]thiadia-
zol-2-yl)-1H-indole (10ae). White solid, yield: 42%, m.p.
290e291 �C, 1HNMR (200MHz, DMSO‑d6) d: 3.88 (3H, s, CH3),
7.27e7.39 (4H, m, Ar-H), 7.43 (1H, d, J¼ 7.18 Hz, Ar-H), 7.64 (2H, d,
J¼ 8.76 Hz, Ar-H), 8.13 (1H, s, Ar-H), 8.38 (1H, s, Ar-H), 8.72 (1H, s,
Ar-H). 13C NMR (50MHz, DMSO‑d6) d: 55.9 (q), 99.5 (s), 105.1 (s),
110.6 (d), 112.8 (d), 119.7 (d), 123.2 (d), 124.4 (d), 124.9 (d), 126.5 (s),
127.1 (2xd), 128.6 (d), 133.9 (s), 134.3 (d), 135.7 (s), 142.7 (s), 144.8
(s),156.1(s). Anal. Calcd for C19H13ClN4S (MW: 364.85): C, 62.55%, H,
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3.59%, N, 15.36%. Found: C, 62.76%, H, 3.81%, N, 15.42%.

5.1.4.32. 5-Chloro-3-[6-(3-methoxyphenyl)imidazo[2,1-b][1,3,4]thia-
diazol-2-yl]-1-methyl-1H-indole hydrobromide (9af). White solid,
yield: 50%, m.p. 290e291 �C, IR cm�1: 2970 (NH); 1HNMR
(200MHz, DMSO‑d6) d: 3.81 (3H, s, CH3), 3.87 (3H, s, OCH3), 6.87
(1H, d, J¼ 6.78 Hz, Ar-H), 7.33e7.41 (4H, m, Ar-H), 7.62 (1H, d,
J¼ 8.77 Hz, Ar-H), 8.09 (1H, d, J¼ 2.00 Hz, Ar-H), 8.43 (1H, s, Ar-H),
8.81 (1H, s, Ar-H), 9.36 (1H, bs, NH). 13C NMR (50MHz, DMSO‑d6) d:
33.4 (q), 55.0 (q), 104.8 (s), 109.8 (d), 111.1 (d), 112.8 (d), 113.2 (d),
116.9 (d), 119.6 (d), 123.2 (d), 124.9 (s), 126.6 (s), 129.8 (d), 134.0 (s),
134.6 (d),135.7 (s),142.5 (s), 143.2 (s),156.9 (s),159.6 (s). Anal. Calcd
for C20H16BrClN4OS (MW: 475.79): C, 50.49%; H, 3.39%; N, 11.78%.
Found: C, 50.62%; H, 3.48%; N, 11.90%.

5.1.4.33. 5-Chloro-3-[6-(2,5-dimethoxyphenyl)imidazo[2,1-b][1,3,4]
thiadiazol-2-yl]-1-methyl-1H-indole (10 ag). White solid, yield:
55%, m.p. 289e290 �C. 1HNMR (200MHz, DMSO‑d6) d: 3.76 (3H, s,
CH3), 3.91 (6H, s, 2xOCH3), 6.80e6.86 (1H, m, Ar-H), 7.02 (1H, d,
J¼ 8.97 Hz Ar-H), 7.36 (1H, dd, J¼ 2.06, 2.03 Hz, Ar-H), 7.63e7.72
(2H, m, Ar-H), 8.17 (1H, d, J¼ 1.94 Hz, Ar-H), 8.40 (1H, s, Ar-H), 8.52
(1H, s, Ar-H). 13C NMR (50MHz, DMSO‑d6) d: 33.3 (q), 55.2 (q), 55.7
(q), 105.2 (s), 111.5 (d), 112.4 (d), 112.8 (d), 112.9 (d), 114.2 (d), 119.7
(d), 122.8 (s), 123.2 (d), 124.9 (s), 126.5 (s), 134.3 (d), 135.8 (s), 140.3
(s), 142.0 (s), 149.9 (s), 153.1 (s), 155.9 (s). Anal. Calcd for
C21H17ClN4O2S (MW: 424.90): C, 59.36%; H, 4.03%; N,13.19%. Found:
C, 59.52%; H, 4.28%; N, 13.30%.

5.1.4.34. 5-Chloro-3-[6-(4-fluorophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1-methyl-1H-indole (10ah). White solid, yield: 42%, m.p.
295e296 �C. 1HNMR (200MHz, DMSO‑d6) d: 3.88 (3H, s, CH3),
7.20e7.39 (3H, m, Ar-H), 7.64 (1H, d, J¼ 8.76 Hz, Ar-H), 7.84e7.91
(2H, m, Ar-H), 8.12 (1H, d, J¼ 1.76 Hz, Ar-H), 8.38 (1H, s, Ar-H), 8.70
(1H, s, Ar-H). 13C NMR (50MHz, DMSO‑d6) d: 33.5 (q), 105.1 (s),110.4
(d), 112.9 (d), 114.8 (s), 115.8 (d), 118.4 (d), 119.8 (d), 122.1 (d), 123.0
(d), 125.2 (s), 126.2 (d), 126.5 (s), 134.1 (d), 135.7 (s), 142.8 (s), 143.9
(s), 156.3 (s), 187.7 (s). Anal. Calcd for C19H12ClFN4S (MW: 382.84):
C, 59.61%; H, 3.16%; N,14.63%. Found: C, 59.82%; H, 3.24%; N,14.90%.

5.1.4.35. 5-Chloro-3-[6-(4-nitrophenyl)imidazo[2,1-b][1,3,4]thiadia-
zol-2-yl]-1-methyl-1H-indole (10ai). Yellow solid, yield 48%, m.p.
315e316 �C. 1HNMR (200MHz, DMSO‑d6) d: 3.91 (3H, s, CH3),
7.38e7.43 (1H, m, Ar-H), 7.69 (1H, d, J¼ 8.77, Ar-H), 8.09e8.17 (3H,
m, Ar-H), 8.29 (2H, d, J¼ 8.79, Ar-H), 8.48 (1H, s, Ar-H), 9.05 (1H, s,
Ar-H). Anal. Calcd for C19H12ClN5O2S (MW: 409.85): C, 59.61%; H,
3.16%; N, 14.63%. Found: C, 59.82%; H, 3.24%; N, 14.90%.

5.1.4.36. 5-Chloro-3-[6-(4-trifluoromethylphenyl)imidazo[2,1-b]
[1,3,4]thiadiazol-2-yl]-1-methyl-1H-indole (10aj). White solid,
yield: 43%, m.p. 245e246 �C. 1HNMR (200MHz, DMSO‑d6) d: 3.87
(3H, s, CH3), 7.32e7.38 (1H, m, Ar-H), 7.61 (1H, d, J¼ 8.77, Ar-H) 7.73
(2H, d, J¼ 8.34 Hz, Ar-H), 8.01e8.11 (3H, m, Ar-H), 8.37 (1H, s, Ar-H),
8.86 (1H, s, Ar-H). 13C NMR (50MHz, DMSO‑d6) d: 33.3 (q), 99.5 (s),
105.0 (s), 112.1 (d), 112.7 (d), 119.6 (d), 123.1 (d), 124.7 (2xd), 124.9
(s), 125.5 (2xd), 126.5 (s), 134.4 (d), 135.7 (s), 137.9 (s), 143.1 (s),
143.3 (s), 156.6 (s). Anal. Calcd for C20H12ClF3N4S (MW: 432.85): C,
55.50%; H, 2.79%; N, 12.94%. Found: C, 55.71%; H, 2.90%; N, 12.88%.

5.2. Biology

5.2.1. Minimum inhibitory concentrations (MICs)
The following Gram-positive and Gram-negative bacterial

reference strains were used: S. aureus ATCC 25923, S. aureus ATCC
6538 and S. epidermidis ATCC 12228, P. aeruginosa ATCC 15442 and
E. coli ATCC 25922. MICs were determined by a previously
described micromethod [10]. Briefly, a series of solutions were
prepared with a range of concentrations from 100 to 0.75 mg/mL
(obtained by two-fold serial dilution). The serial dilutions were
made in tryptic soy broth (TSB, VWR International, Leuven) in a 96-
wells plate, starting from a stock solution of 1mg/mL in NaCl 0.9%
w/v. A 10 mL volume of a bacterial suspension from a 24 h culture
containing ~106 cfu/mL was added to each well. The plate was
incubated at 37 �C for 24 h; after this time, the MICs were deter-
mined using a microplate reader (Glomax Multidetection System
TM297 Promega, Milano, Italy) as the lowest concentrations of the
studies compounds whose OD, read at 570 nm, was comparable
with the negative control wells (broth only, without inoculum).
Each assay was performed in triplicate and repeated at least twice.

5.2.2. Biofilm prevention assay
Above mentioned bacterial strains were incubated in test tubes

with Tryptic Soy Broth (TSB) (5mL) containing 2% w/v glucose at
37 �C for 24 h. The bacterial suspensions were then diluted to
achieve a turbidity equivalent to a 0.5 McFarland standard. The
diluted suspension (2.5 mL) was added to each well of a single cell
culture polystyrene sterile, flat-bottom 96-well plate filledwith TSB
(100 mL) with 2% w/v glucose. A screening concentration of 100 mg/
mL of all compounds were directly added to the wells to assess
inhibition percentages values, or in the case of determination of
BIC50 (the concentration at which the percentage of inhibition of
biofilm formation is equal to 50% compared to the untreated con-
trol), concentrations in the range among 100 and 0.1 mg/mL. Plates
were incubated at 37 �C for 24 h. After biofilm growth, the content
of each well was removed, wells were washed twice with sterile
PBS 1X and stained with 150 mL of 0.1% w/v crystal violet solution
for 30min at room temperature. Excess solution was removed and
the plate was washed twice using tap water. A volume of 125 mL of
acetic acid of 33% v/v was added for 15min to each stained well to
solubilize the dye.

The plate was read at 570 nm using amicroplate reader (Glomax
Multidetection System Promega). BIC50 were obtained by
comparing the optical densities (ODs) of growth control wells with
that of the sample wells, and the value was calculated by using a
linear regression graph in Excel. Each assay was performed in
triplicate and repeated at least twice.

The percentage of inhibition was calculated through the
following formula:

% of inhibition ¼ ((OD growth control�OD sample)/OD growth
control)� 100

5.2.3. Anti-biofilm activity against preformed biofilm
A suspension of bacteria (0.5 McFarland standard) was obtained

using the procedure described above for the inhibition of biofilm
formation test. 2.5 ml of suspension was added to each well of a 96-
weel plate containing TSB (100 ml) with 2% w/v glucose. After the
growth of a biofilm (24 h old), the content of each well was
removed, wells were washed up twice with sterile PBS and then
filled with fresh TSB medium (200 ml). After that, different con-
centrations of compounds were added starting from a concentra-
tion equal or greater than MIC obtained against planktonic form of
tested strains using TSB as medium. The microtiter plate was sealed
and incubated at 37 �C for further 24 h. The content of each well
was removed, wells were washed up twice with sterile PBS (100 ml
to each well) and the 96-weel plate was placed at 60 �C for 1 h
before staining with a 0.1% w/v crystal violet solution. After 30min,
plates were washed with tap water to remove any excess stain.
Biofilm formation was determined by solubilizing crystal violet as
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above described and the absorbance was read at 540 nm using a
microplate reader (Glomax Multidetection System Promega). The
percentages of inhibition were calculated with the above-reported.
Each assay was performed in triplicate and repeated at least twice.

5.2.4. Screening as sortase A (SrtA) inhibitors
The compounds 9c, 9h and 9 ab, showing the best activity in

inhibiting biofilm formation of S. aureus, were tested at a screening
concentration of 100 mM (1% DMSO) in black 96-well plates
(Greiner Bio-One) as SrtA inhibitors. A known SrtA inhibitor, 4-
(hydroxymercuri)benzoic acid, was used as positive control. The
inhibitory activity of the three compounds was evaluated by
quantifying the increase in fluorescence intensity upon cleavage of
the Fluorescence Resonance Energy Transfer (FRET) peptide sub-
strate into two separate fragments resulting in the release of 5-Fam
fluorescence, which can be monitored at excitation/emis-
sion¼ 490/520 nm. A commercial kit (SensoLyte® 520 Sortase A
Activity Assay Kit * Fluorimetric*) was used with slight modifica-
tions. Briefly, the reactions were performed in a volume of 100 ml
containing 1X assay buffer, 2.5 mg/ml SrtA protease recombinant,
4 mM fluorescent peptide substrate, and the prescribed concen-
trations of the test compounds or positive control. The peptide
substrate without the recombinant SrtA was incubated under the
same conditions, and used as a negative control. The reactions were
conducted adding both the test compounds and the diluted enzyme
solution to the microplate wells. Then sortase substrate solution
was added into each well. For kinetic reading, immediately start
measuring fluorescence at Ex/Em ¼ 490/520 nm continuously
recording data every 5 min for 60 min. All fluorescence-reading
results are expressed in relative fluorescence units (RFU).

Appendix A. Supplementary data

Supplementary data to this article can be found online at
https://doi.org/10.1016/j.ejmech.2019.02.007.
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