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ARTICLE INFO ABSTRACT

Keywords: A family of 6 new 1-aryl-4-benzothiazolyl-1,2,3-triazoles with CHs, F, CF3, NOg, OCH3 and N(CH3) substituents
Push-pull architectl{re in the R4 of the phenyl ring has been prepared from the respective aldehyde treated with ortho-aminothiophenol.
ISg;vatoﬂuorochromlsm The compounds are characterized in solution using multinuclear NMR spectroscopy and in the solid state by X-

ray diffraction. The emission spectra of the compounds with stronger electron-donating groups, OCHs and N
(CHg3),, exhibit a red-shifted band (391 and 515 nm, respectively), the latest showing the largest Stokes shift and
the highest quantum yield, which increases with the decrease polarity of the solvent. The excited-state lifetimes
of all compounds showed a bi-exponential decay with a short (5-12 ns), according to an admixture of intra-
molecular charge transfer (ICT) and n-7*, and a long (45-100 ns) component. The calculated structures of their
first singlet excited state by TD-DFT in acetonitrile (ACN) solution allows to estimate the change in the dipole
moments, which explains the ICT character of their first singlet excited state for the NOy and N(CHgz), de-
rivatives. Important to note that compound with the electron-donating N(CHgs)2 substituent showed strong sol-
vatofluorochromism (correlated well with the ICT and the dipole moments). Interestingly, some of the
compounds are active in human A2780, HeLa and A549 cancer cell lines, exhibiting ICsy values in the low
micromolar range, whereas showing low cytotoxicity in healthy CHO cells. Important to note that the N(CHs)2
derivative showed cytoplasmic staining as determined by confocal fluorescent microscopy.

Antitumor activity
1,2,3-triazole derivatives

1. Introduction

The design of n-conjugated azaheterocyclic-based donor-acceptor
type chromophores (push-pull architecture) has been the subject of
intense research during the last decade because their photophysical
properties can be easily modulated by external stimuli [1]. In this
context, bicyclic heterocycles, like benzothiazole, act as moderate to
strong electron-withdrawing groups. The molecules that incorporate
this type of heterocycles as an attractor exhibit an intense positive sol-
vatochromism in their emission (red-shift with increasing the polarity of

the solvents), which indicates that they undergo an intramolecular
charge transfer (ICT) when excited [2-4]. Many of these push-pull sys-
tems show appreciable photoluminescence. However, unlike absorp-
tion, fluorescent emission is significantly affected by the nature of the
substituents. In compounds with moderately electron-donating groups
(alkyl, alkyloxy, etc.) or electron-withdrawing groups (e.g. CF3) only a
moderate loss or even an increase in fluorescent intensity is occasionally
observed, with a red shift of the emission band [5].

Benzothiazoles also represent privileged scaffolds in medicinal
chemistry with many applications as anticancer agents [6-13], enzyme

Abbreviations: ICT, intramolecular charge transfer; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-diphenyltetrazoliumbromide; MTG, MitoTracker Green; ICso, concen-

tration of the compound inhibiting cell growth by 50%.
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inhibitors [14], antibacterial agents [15,16], anti-inflammatory [17],
bioimaging agents [18-20], and antifungal agents [21]. Recently,
different 2-arylbenzothiolate derivatives have shown anticancer activity
against cervical cancer cell lines, HL-60 and U-937 [17]. The 5-fluoro-
benzothiazole prodrug (Phortress) is a suitable candidate for Phase I
clinical trials [22].

On the other hand, the 1,2,3-triazole ring is a major pharmacophore
system among nitrogen-containing heterocycles as antimicrobial [23,
24], anticancer [25-27], anti-tubercular, antiviral, antidiabetic, anti-
malarial, anti-leishmanial, and neuroprotective agents [28]. Other
interdisciplinary applications of 1,2,3-triazole scaffolds are related to
different areas of science, such as homogeneous catalysis [29], coordi-
nation chemistry [30-32], and materials science [33]. Thus for example,
3-triazolylquinoxalines allow an excellent entry to tunable emission
solvatochromic fluorophores with triazole ligation [34], and
coumarin-triazoles exhibit an extraordinary utility in the photophysical
and medicinal industries due to their fluorogenic activity [35-37].

In 2005 Bianchard-Desce and coworkers described for first time the
association of an electron-donating and an electron-withdrawing con-
nected by a triazole ring [38,39]. In 2008 Diederich et al. have described
push-pull type chromophores containing 1,2,3-triazoles as n -linker
fragments and the influence of isomeric charge transfer between the 1,
2.3-triazole fragment and the dicyanovinyl group on their optical
properties [40]. Furthermore, Zych et al. have recently combined a
terpyridine moiety with a (4-substituted)-1,2,3-triazol-1-yl ring at the
4-position of the phenyl ring of 4'-phenyl-2,2’:6,2"-terpyridine and
have established the influence of the substituents on the optical and
photophysical properties of the derivatives as well as their support with
quantum-mechanical calculations based on DFT methods [41-43].

With this in mind, the aim of this article is synthesis, structure and
optoelectronic properties of a series of new benzothiazolyl-1,2,3-triazole
(BTAT) derivatives (compounds 5a-f in Scheme 1.). Theorical calcula-
tions have been performed in order to rationalize the charge transfer
(CT) character of relevant absorptions, the large Stokes shifts and sol-
vatochromic behavior. The biological activity of the new BTAT towards
numerous cancer cell lines have also been studied. The synthesis of some
derivatives with a similar structure (5-methyl substituted) have previ-
ously been reported [44].

2. Results and discussion
2.1. Synthesis and characterization

The synthesis of the 2-(1-(aryl)-1,2,3-triazol-4-yl)benzothiazoles 5a-
f (Scheme 1) was initiated with the preparation of the previously re-

ported aromatic azides 2a-f [23] following a slight modification of
established literature methods. The formation of the triazoles 3a-f
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Scheme 1. Synthetic route for the preparation of 1,2,3-triazole derivatives.
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involved the 1,3-dipolar cycloaddition reaction between propargyl
alcohol and the corresponding aromatic azide catalyzed by Cu(I). Then,
the 1,2,3-triazole alcohols 3a-f were further oxidized to 1,2,3-triazo-
le-4-carbaldehydes 4a-f using oxalyl chloride in DMSO. Finally, to
synthesize the 1-aryl-4-benzothiazolyl-1,2,3-triazoles 5a-f, the respec-
tive aldehydes (4a-f) were treated with 2-aminothiophenol, leading to
the products as white solids in good yields (ranging from 60 to 80%),
except in the case of compound 5d that could not be obtained directly
from the reaction.

Reagents and conditions: i) NaNO,, HC1 6 M, H,0, 0 °C, 1 h. ii) NaNsg,
2 h, r.t. iii) propargyl alcohol, 5% CuSO4-5H20, 10% sodium ascorbate.
iv) 'BuOH/H,0 (1:1), 72 h, r.t. v) (COCl),, DMSO, DCM anh., —78 °C,
atm. Ny, 15 min. vi) EtgN, —78 °C, atm. Ny, 15 min vii) 24 h, atm. Ny, r.t.
viii) 5% CF3COOH, EtOH, 24 h, r.t. ix) DDQ, DCM anh., 2 h. 0 °C.

Instead, the reduced form 6d was generated, and an oxidation step
was required to synthesize the desired compound 5d. All compounds 5a-
f were fully characterized by 'H NMR, 13C NMR and high-resolution ESI-
mass spectrometry and microanalysis (Figs. S1-S70, Supp Info). The
high-resolution ESI mass spectra of the compounds 5a-f showed the
sodiated molecular ion [M+Na] " and [M+H]". The fragment [M-2N +
H] ™" was observed as the more intense peak. In the 'H NMR spectra, the
resonances of the respective protons of the synthesized compounds were
assigned on basis of their chemical shifts, multiplicities and coupling
constants (Fig. 1). The triazole protons Hg were observed as a singlet
between 8.5 and 8.7 ppm. This resonance is sensitive to the substituent
on the triazole fragment (see below).

The two protons adjacent to the thiazole ring (Hy and Hs) show two
resonances around 8 ppm as pseudo-doublets. The signals of the aro-
matic protons of the phenyl substituent (Hy1, His, Hi4 and Hjs), since
they are equivalent two to two, were assigned easily. The resonances of
Hii, Hig, Hi4 and Hjs protons of such ring are very dependent on the
nature of the R substituent, highly withdrawing substituents (NO», CF3)
lead to larger shifts while electron-donor substituents (OCHs, N(CHs)2)
lead to lower ones. The quaternary carbons are assigned by overlapping
the spectrum of 3C and DEPT-135 (see Supp Info). As shown in Fig. 2,
there is a good correlation between chemical shift, experimental and
theoretical, of Hg proton of the triazole group and the Hammett con-
stants of the R substituent (see below).
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Fig. 1. Aromatic region of 'H NMR of compounds 5a-f in CDCls.
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Fig. 2. Experimental and calculated chemical shifts of Hg proton versus Ham-
mett constants of the R substituent.

2.2. Solid-state structure

Suitable crystals of 5¢ were obtained by slow evaporation of a so-
lution in acetonitrile (ACN). The compound 5c crystallizes in a mono-
clinic system, space group P2;/n, with four molecules in the unit cell.
The molecules in the unit cell are disposed antiparallel and rotated to
each other (Fig. S83). Its X-ray molecular structure is depicted in Fig. 3.

Relevant interatomic distances, angles and torsional angles are listed
in Tables S1-S3. The bond distances values N1-C7 of 1.304(2) A and
N1-C1 of 1.393(2) A are in range for an N(spz)—C(spZ) double and
single bond order character, respectively, whereas C7-C8 bond distance
of 1.459(3) has a value for a typical single Csp>—Csp? bond [46]. Bond
lengths values S1-C7 of 1.753(2) A and S1-C6 of 1.730(2) A are char-
acteristic for a single S— Csp? bond. The N2-N3 bond length of 1.304(2)
A is shorter than that expected for an N-N single bond (1.42 A) [471,
while the two C-N bond lengths (C8-N2, 1.367(3) A and C9-N4, 1.357
2 i\), involving the triazole ring are between the characteristic single
(1.42 f\) and double bond lengths (1.27 ;\) [48]. The molecule is not
planar because of the twisting of the benzothiazole ring system and the
triazole unit. Thus, the dihedral angle between them (N1-C7-C8-C9) is
—15.6(3)°.

As well as, the dihedral angle between the triazole ring and the 4-
(trifluoromethyl)phenyl unit (C9-N4-C10-C11) is 17.1(3)° (Fig. S84).
Theoretical calculations have been carried out in ACN solution to obtain
information on the structure and electronic properties of compounds 5a-
f. The optimized geometries of their most stable conformations are
shown in Fig. 4 and their conformations are in excellent agreement with
that of the experimental structure of 5¢ (Fig. 3). A second conformation
for each compound was found, in which the S atom and the Hg atoms are
cis, are reported in supplementary (Fig. S85) and are more than 10 kJ/
mol less stable. The structures shown in Fig. 4 have also been used to
obtain the calculated 'H NMR chemical shift values of the Hg atom in

Fig. 3. X-ray crystal structure of 5¢ with atom labeling scheme. ORTEP view at
50% probability level. Hydrogens have been omitted for clarity.
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Fig. 4. Structures of the compounds 5a-f obtained by DFT calculations in
ACN solution.

ACN solution, reported in Fig. 2.

2.3. Absorption properties

The absorption spectra of compounds were carried in ACN solutions
(Gx 107° M) at room temperature, data are shown in Table 1. The ab-
sorption spectra of compounds 5a-f show an intense absorption band
with a shoulder in the region between 250 and 330 nm with molar
extinction coefficients around 20000 M~ ¢cm ™! (Fig. 5). In general, the
absorption spectra of compounds 5a-f are characterized by bands
assigned mainly to the n-n* transition the aromatic system of the triazole
fragment and the benzothiazole moiety. In Fig. 5 (top) we show the
observed electronic absorption spectra of compounds 5a-f.

As can be seen from Fig. 5, the absorption maxima depend on the low
or moderately electron-donating (CH3, OCH3) or electron-withdrawing
substituent groups (F, CF3) in the triazole fragment that are blue-
shifted instead of compounds 5d and 5f with strong electron-
withdrawing (NO2) or electron-donating substituent (N(CHs)2),
respectively, show red-shifted maxima.

It is interesting to note that the lowest energy experimental absorp-
tion bands and trends (Fig. 5 top) are nicely reproduced by the theo-
retical spectra obtained by TD-DFT calculations (Fig. 5 bottom)

The wavelength, oscillator strength and composition of the first two
significant absorption peaks of compounds 5a-f are listed in Table 2 (see
also Fig. 5, bottom). In particular, the most intense absorption peak is
also the lowest energy peak, and involves essentially a HOMO-LUMO
electronic transition for all six compounds 5a-f.

The analysis of the HOMO and LUMO (Fig. S86) allows us to
conclude that such transition can be described as a charge-transfer band
only for compounds 5d and 5f since it corresponds to a shift of the
involved electron from the benzothiazole moiety to the substituted

Table 1
Optical properties data for compounds 5a-f in ACN solution at r.t.
Compound  Agps/nm (e/M ! Aem Stokes/ D" °/ns (%)
em™Y) (Aex)/nm  cm!
5a 226 (26312) 293 361 6429 0.02 6.2 (48)
(22594) (300) 63.9 (52)
5b 227 (25224) 292 360 6469 0.01 5.8 (20)
(19544) (290) 50.0 (80)
5¢ 225 (27960) 295 365 6501 0.01 5.2 (20)
(15348 (300) 53.5 (80)
5d 221 (21372) 311 375 5588 <0.01 12.8 (34)
(20974) (300) 45.4 (66)
S5e 224 (12158) 292 391 8671 0.08 3.6 (26)
(12002) (300) 69.7 (74)
5f 224 (25670) 320 515 11833 0.19 6.2 (67)
(27302) (315) 99.9 (33)

# Ref. Cou314 (®r = 0.68 at EtOH) [45].
b Under nitrogen atmosphere.
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Fig. 5. Experimental (top) and calculated (bottom) electronic absorption
spectra of compounds 5a-f in ACN solution.

Table 2

Absorption wavelength (A, nm), oscillator strength (f) and major contributions of
occupied and virtual molecular orbitals (H: HOMO, L: LUMO), of the lower
energy absorption transitions of compounds 5a-f, obtained by TD-DFT calcula-
tions in ACN solution (see Fig. 5, bottom).

Compound  Transition X (nm) f Major contributions (%)
5a So—S1 267.46 0.92 H-L(83)
So—S> 252.36  0.25 H-1-L (70)
5b So—S1 266.79 0.84 H-L(82)
So—S2 252,50 0.25 H-1-L (69), H-L (11), H-L+3
(10)
5¢ So—S1 267.58 0.89 H-L (71), H->L+1 (12)
So—S2 253.47 0.24 H-1-L (51), H-1-L+1 (22), H-L
11
5d So—S> 279.00 1.04 H-L(53), H-2-L (14), H>L+1
(24
So—Ss 251.14 0.16 H-L+1 (55), H-2-L (10), H-1-L
(11), H-1-L+1 (11)
5e So—S1 268.61 0.99 H-L (71), H-2-L (17)
So—S2 252.42  0.23  H-2-L (40), H-1-L (34)
5f So—S1 282.36 1.21  H-L (56), H-1-L (21), H>L+1
18
So—S4 250.11 0.12 H-2-L (43), H-1-L (22), H>L+1
(22)

phenyl group (5d) or, in the opposite way, from the substituted phenyl
group to the benzothiazole fragment (5f). For compounds 5a-c and 5e,
the HOMO and LUMO are located almost over the same region of the
structure so the low-lying absorption band for these compounds can be
described as a n-n* transition.

In 5d and 5f with strong electron-withdrawing or electron-donor
substituents, respectively, the HOMO and LUMO are essentially in the
opposite region of the molecule, only sharing the 1,2,3-triazole ring. It is
remarkable how the electronic properties of the benzothiazole ring are

Dyes and Pigments 209 (2023) 110905

modified (Fig. 6) [49]. In compound 5f, HOMO is located in the
electron-rich region of the structure, the phenyl ring with the N(CHzs)2
substituent, and LUMO is in the benzothiazole region. When the phenyl
ring contains the strong electron-withdrawing NO; substituent in 5d, the
benzothiazole fragment behaves as an electron-donor system and the
HOMO is located over this ring, while the LUMO is located in the
substituted phenyl ring. Interestingly, for compounds 5d and 5f the first
electronic transition occurs at lower energy (279 and 282 nm, respec-
tively), while for the remaining compounds the analogous transition
occurs at a slightly higher energy (around 267-269 nm, see Table 2).
Figure S87 shows, for compounds 5a-f, the absolute values (in a.u.)
of the HOMO and LUMO energy levels and the energy difference (in kJ/
mol) between them. In this plot, independently of the electron-donor or
electron-withdrawing nature of the substituents, it is seen that 5a, 5b, 5¢
and 5e have approximately the same values of both HOMO and LUMO
calculated energies and very similar energy difference between them (in
the range 652-662 kJ/mol). On the other hand, the electron-
withdrawing NO2 group in 5d induces a stabilization of the LUMO, so
decreasing the HOMO-LUMO energy difference to 574 kJ/mol while the
electron-donor N(CHgs)2 group in 5f induces destabilization of the
HOMO, so decreasing the energy difference to about 576 kJ/mol.

2.4. Emission properties

The emission properties of all compounds have been studied in ACN
solutions. Compounds 5a-d show an unstructured band in the blue re-
gion between 360 and 390 nm (Table 1) and compounds 5e and 5f
which contain stronger electron-donating groups, OCHsz and N(CHjs)o,
exhibit a red-shifted band at 391 and 515 nm, respectively [42,43,50]. A
plausible explanation could be that the introduction of
electron-withdrawing substituents stabilizes the energy levels of both
HOMO and LUMO. In contrast, electron-donating groups, destabilize the
energy levels of both HOMO and LUMO [41,42,49]. In this way, the
transition energy remains essentially the same. Also, compound 5f
shows the largest Stokes shift. The corresponding spectra are shown in
Fig. 7.

Compounds 5a-d exhibit low fluorescence quantum yields (Table 1),
even 5d is almost non-emissive with ®g less than 0.01, perhaps due to
inhibition of fluorescence by the -NO; group [51]. However, compound
5f has the highest quantum yield, which increase with the decrease
polarity of the solvent (see below, Table 3 and Fig. 8). Time-correlated
single photon counting (TCSPC) measurements yield to the
excited-state lifetimes of all compounds which show a bi-exponential
decay with a short (5-12 ns) and a long (45-100 ns) component. The
bi-exponential intensity decays can be according to an admixture of ICT
and 7m-7* transitions. To support the observed ICT character of the
emission bands of compounds 5a-f, we have represented their HOMO
and LUMO in supplementary (Fig. S86). Moreover, we have calculated
the structure of their first singlet excited state by TD-DFT in ACN solu-
tion (Fig. S88) to estimate the change in dipole moment occurring
following the electronic transition. Interestingly, in the excited state
structures the benzothiazole and phenyl rings are more coplanar. The
data obtained are shown in Table 4 and it is possible to see that the
dipole moment decreases for compounds 5a-c and 5e, while it increases
for 5d and 5f. Such trend well explains the ICT character of their first

LUMO =
9 9 9
9 9 9
5d 5f

Fig. 6. HOMO and LUMO of 5d and 5f.
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Fig. 7. Normalized emission spectra of compounds 5a-f in ACN solution. Peak
marked with * is an artifact.

Table 3
Optical properties 5f in solid and in various solvents at r.t.
dabs/nm (/M hem (hex)/  Stokes/ " <°/ns (%)
cm’l) nm em !
Solid - 454 - - -
(270)
Toluene 323 (28890) 415 6863 0.56 10.0 (40)
(290) 54.1 (60)
Chloroform 323 (27680) 437 8077 0.27 4.6 (38)
(300) 87.6 (62)
Ethanol 322 (30740) 518 11751 0.16 4.2 (35)
(300) 85.0 (65)
ACN 320 (27302) 515 11833 0.19 6.2 (67)
(315) 99.9 (33)
DMSO 322 (27080) 525 12008 0.17 7.0 (80)
(315) 86.2 (20)
@ Ref. Cou314 (®r = 0.68 at EtOH) [45].
b Under nitrogen atmosphere.
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Fig. 8. Top: normalized emission spectra of compound 5f in solid and in
different solvents. Bottom: image of the emission of 5f in different solvents (Aex
= 312 nm).
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Table 4

Dipole moments (Debye) of compounds 5a-f in the ground state (jgs) and in the
first excited state pigs, and their difference (p1gs — pigs), obtained by DFT and TD-
DFT calculations, respectively, in ACN solution.

Compound e Hies HiEs - Has
5a 5.14 4.93 —0.21

5b 3.64 3.24 —0.40
5c 3.38 2.85 —0.53
5d 4.47 6.32 1.85

Se 6.38 6.26 —0.11

5f 7.64 8.08 0.43

singlet excited state, as inferred on the basis of their HOMO and LUMO
(Fig. 6).

To gain insight into the ICT character of the excited state, emission
spectra of compounds 5¢, 5e and 5f in different solvents at room tem-
perature have been further studied (Fig. 8, Figs. S73-574 and Table 3).
The large and positive solvatochromism as well as the sensitivity of the
emission intensity indicate a considerable ICT characteristic of the
compounds [52].

Compound 5c¢ does not exhibit solvatochromism (Fig. S73) and
neither does it show an increase in the dipole moment in the excited
state (Table 4). Compound 5e (Fig. S74) shows a slight solvatochrom-
ism, whereas compound 5f shows a strong solvatochromic behavior.
Thus, by increasing the polarity of the solvent, e.g., toluene, chloroform,
ethanol, ACN and DMSO the emission maxima shift to the red Ay, = 415,
437, 518, 515, and 525 nm, respectively. This strong solvatochromic
behavior is in agreement with the pronounced CT character of the
excited state, as confirmed by calculations (see below). Moreover, as the
polarity of the solvent increases the emission intensity and the fluores-
cence quantum yields decrease (®f, toluene = 0.56, ®g, DMSO = 0.17).

The decrease in the fluorescence quantum yield is common for
compounds with strong ICT character [53,54]. In the other hand, com-
pound 5c¢ with less ICT character of the excited state do not show this
emission maxima redshift with the increase of the solvent polarity
(Fig. S73). In order to study the emission behavior of 5f, emission
spectra of solution of 5f in different mixtures of DMSO/H;0 were
recorded (Fig. 9). With small increases of the water proportion, the in-
tensity of the emission band at 525 nm decreases and the maxima gets
redshifted. At equal proportion DMSO/H50, the emission of 5f was
quenched, as in the mixture 1/3 (v/v) DMSO/H30. When the water
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=
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& 1.0E+07 4
8
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Fig. 9. Top: emission spectra of compound 5f (10 M) in mixtures DMSO/H,0
with increasing water proportion. Bottom: image of the samples under UV
irradiation (Aex = 320 nm).
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percentage reaches 90% of the mixture, a new emission band was
observed at higher energy, and its intensity and emission maxima
blueshift got increases with the water proportion. This higher energy
band could be explained with the aggregation of the molecules of 5f or it
can be attributed to either aggregation induced emission (AIE) or crys-
talline induced emission (CIE) as the proportion of water increases.
Similar behavior has been observed in systems where the crystallization
leads to enhanced emission [55].

To determinate if 5f aggregated in solutions with high water pro-
portions, the 'H NMR spectra of samples of 5f (1 mM) with different
proportions of DMSO-ds/D20 were recorded. The results showed that
the compound began to precipitate when the water percentage reached
33% and the precipitate could be observed at bare eye (Fig. 10, bottom).
Also, resonance of the Hg proton gets displaced to lower chemical shift
with the increase of water proportion in the mixture.

2.5. Antiproliferative activity

Once the optical properties were determined, the antiproliferative
activities of the present compounds were evaluated against a panel of
human cancer cells including ovarian cancer cells (A2780), cervix
adenocarcinoma (HeLa) and lung carcinoma epithelial cells (A549).
Moreover, a non-tumorigenic ovarian cell line (CHO) was used to
evaluate selectivity of the compounds towards tumoral cells over normal
cells. The clinical drug cisplatin was used as a reference for anticancer
evaluation. As shown in Table 5 and Fig. S89, the compounds exerted
moderate to high antiproliferative activity in A2780 and HeLa cancer
cells, with half-maximal inhibitory concentration (ICsp) values in the
low micromolar range, whereas mild to minimal toxicity was observed
in A549 cells; the ICsy values being markedly higher. Interestingly,
normal ovarian CHO cells were not affected by these compounds up to
100 pM in contrast to cisplatin, which delivered strong cytotoxicity to-
wards these cells. This might point out a preferential selectivity of these
compounds towards cancer cells, although further research will be
needed to prove this assumption. Compared to HeLa cell line, the higher
anticancer activities were found in A2780 cells. Overall, 5¢, 5d and 5f
were the most active agents with higher selectivity factors (SF).
Although the mechanism of action of these compounds needed further
investigation, it seems that the more active molecules are those con-
taining either moderate or strong electron withdrawing (CF3, NO2) or
strong electron-donating N(CHs), substituents. Regarding to anticancer
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With precipitate

In solution

% D0 0% 125% 2% 1} 333 % 41.7% 50 %

Fig. 10. Top: aromatic region of 'H NMR spectra of 5f (1 mM) solutions in
different DMSO-dg/D>0O mixtures. Bottom: image of the samples under UV
irradiation (Aex = 312 nm).
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Table 5
ICs values [pM] after 48 h treatment with compounds 5a-f and cisplatin.”
Compound  A2780 HeLa A549 CHO Selectivity
factor.”
5a 22+ 2 32+4 17 + >100 >4.5
2
5b >100 [83% 59+ >100 >100 -
+ 6] 0.4
5¢ 7.2+ 0.9 36 +5 >100 >100 >13.8
5d 5.5+ 0.8 23+2 >100 >100 >18.2
Se 11+2 46 + 4 54 + >100 >9.1
4
5f 14 +2 10.0 + 21 + >100 >7.1
0.9 1
Cisplatin 1.9+0.1 21 +2 39 + 7.8 + 4.1
4 0.4

@ Cell viability determined by MTT assays represented as mean + SD of three
independent experiments. The term >100 indicates that no ICso was found up to
that concentration. If significant difference was observed at 100 pM, the
respective percentage of inhibition is given in parentheses.

b Selectivity factor calculated as ICso[normal CHO]/ICso[tumoral A2780].

effects, contrast-phase microscopy revealed that the compounds could
exert cytotoxicity to cancer cells which resulted in rounded and de-
tached cells, an indicative of cell death induction (Figs. S90 and S91).

2.6. Cellular uptake and localization of 5f

The emission properties of compound 5f allowed us to track its up-
take and localization inside cancer cells. HeLa cells were incubated with
the compound for 1 h and imaged using confocal microscopy. As shown
in Fig. 11 and Fig. S92, compound 5f was able to internalize into living
cancer cells, thereby emitting intracellular fluorescence. Strikingly, the
fluorescence of the compound was observed evenly distributed around
cell cytoplasm but not within nuclei, which suggest that nuclear DNA
was not likely to be the main target. In fact, the cytoplasmic localization
may indicate that, in contrast to platinum-anticancer drugs such as
cisplatin, these compounds may exert their anticancer activity through

Overlay

0 pM

10 pM

Fig. 11. Confocal microscopy images of HeLa cancer cells treated with 5f at
indicated concentrations for 1 h and co stained with 100 nM of mitochondrial
dye. Aex/Aem: 405/450 nm for 5f; 488/530 nm for MitoTracker Green (MTG).
Scale bar: 20 pm.
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interaction with proteins and biomolecules in the cytosol. In addition,
co-localization studies were carried out using MitoTracker Green (MTG)
for mitochondria.

As observed in Fig. 11, confocal imaging showed that 5f fluorescence
was partially overlapped with that generated by MTG. However, 5f
fluorescence was observed in the whole cytoplasm. The Pearson corre-
lation coefficient of the green and blue fluorescence signals from MTG
and 5f respectively was 0.38, thus indicating a partial co-localization
with MTG. Therefore, we hypothesize that one of the targets of 5f ac-
tion could be mitochondria, although this compound might accumulate
in other subcellular organelles.

3. Conclusions

We have prepared a series of six BTAT derivatives. The compounds
are characterized in solution using multinuclear NMR spectroscopy and
in the solid state by X-ray diffraction. The synthesized donor-acceptor
molecules exhibit optical properties based on charge-transfer emission
depending on the substituent in the 1,2,3-triazole moiety. If we consider
the HOMO and LUMO orbitals as representative of the ground and of the
first excited state wave functions, respectively, a partial explanation of
the fact that 5a, 5b, 5¢ and 5e have approximately the same position of
absorption and emission maxima, can be provided by the plot reporting
in Fig. S87. Thus, independently of the electron-donor or electron-
withdrawing nature of the substituents, it is seen that 5a, 5b, 5¢ and
5e have approximately the same values of both HOMO and LUMO
calculated energies and very similar energy difference between them.
On the other hand, the electron-withdrawing NO, group in 5d induces a
stabilization of the LUMO, so decreasing the HOMO-LUMO energy dif-
ference while the electron-donor N(CHs);, group in 5f induces destabi-
lization of the HOMO, decreasing the energy difference. This compound
with the electron-donating N(CH3), substituent showed moderate pho-
toluminescence quantum yield that increased with the decrease polarity
of the solvent as well as strong solvatochromic behavior due to an
intramolecular charge transfer excited-state. DFT and TD-DFT modeling
indicates that the character of the lowest energy excitation changes
upon the substitution on the triazole moiety.

The cytotoxic activities obtained for compounds 5a-f vary according
to the cell line studied. Thus they showed moderate to high anti-
proliferative activity in A2780 and HeLa cancer cells, with ICsg values in
the low micromolar range, whereas mild to minimal toxicity was
observed in A549 cells. All compounds do not present appreciable
toxicity on no tumorigenic CHO cell line, that is an asset for further
applications.

The emission properties of compound 5f allowed us to track its up-
take and localization inside cancer cells. HeLa cells were incubated with
5f which was able to internalize into living cancer cells, thereby emitting
intracellular fluorescence. Strikingly, the fluorescence of the compound
was observed evenly distributed around cell cytoplasm but not within
nuclei, which suggest that nuclear DNA was not likely to be its target.

4. Experimental section
4.1. General methods

All chemicals were of reagent grade and were used without further
purification. When necessary, solvents were dried and distilled by gen-
eral methods before use. The 'H and 13C NMR spectra were recorded on
Bruker AC 300E, Bruker AV 400, or Bruker AV 600 NMR spectrometer.
Chemical shifts are cited relative to SiMey4 or by reference to the residual
H and '3C solvent peaks. The 1°F NMR spectra were recorded on Bruker
AC 200, and the chemical shifts were determined by reference to tri-
fluoroacetic acid °F NMR resonance. UV/Vis spectroscopy was carried
out on a PerkinElmer Lambda 750 S spectrometer and FT-IR spectros-
copy was carried out on a PerkinElmer 1430. ESI mass (positive mode)
analyses were performed on a HPLC/MS TOF 6220. Excitation and
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emission spectra were recorded on a Jobin Yvon Fluorolog 3-22 spec-
trofluorometer with a 450 W xenon lamp double-grating mono-chro-
mators and a TBX-04 photomultiplier. The solution measurements were
carried out in a right-angle configuration using 10 mm quartz fluores-
cence cells. Lifetimes were measured using an IBH FluoroHub TCSPC
controller and a NanoLED pulse diode excitation source; the estimated
uncertainty is + 10%. The C, H, N and S analyses were performed with a
LECO CNHS-932 microanalyzer.

4.2. General procedure to synthetize (1-(aryD)-1,2,3-triazol-4-yl)
methanol 3a-f

The synthesis of compounds 3a-f were performed as previously
described [23]. Amine 1a-f (10 mmol) was added to a 100 mL round
bottom flask in an ice-bath with 10 mL of HCl aq 6 M. When the mixture
reaches 0 °C, 20 mL of NaNO; solution (1.5 eq, 15 mmol, 1.035 g) was
added drop by drop. The reaction was stirred 1 h at 0 °C. Then, 30 mL of
a solution of NaNs (2 eq, 20 mmol, 1.3 g) and the mixture was stirred at
0 °C for 15 min and 2 h at r.t. An extraction to the crude of reaction was
performed with AcOEt (4 x 20 mL), the organic phases were dried with
MgSOy4 (anh.), filtered, concentrated and the crude of reaction was pu-
rified by flash chromatography column in silica, using as eluent a
mixture of AcOEt/Hexane, yielding the respective product 2a-f (Yields
= 50-85%).

The corresponding azide 2a-f (8 mmol) was dissolved in 16 mL of a
mixture 1:1 "BuOH/H,0. Then propargylic alcohol (1.1 eq, 8.8 mmol,
493.3 mg), CuSO4-5H20 (5%, 0.4 mmol, 117.9 mg) and sodium ascor-
bate (10%, 0.8 mmol, 158.5 mg). The mixture was stirred for 72 h in the
dark. Then, an extraction to the reaction crude was performed with DCM
(4 x 100 mL), the organic phases were dried with MgSO4 (ahn.), the
solvent was removed under reduced pressure and the crude was purified
by a short flash chromatography column in silica with a mixture of
AcOEt/Hexane 8/2 as eluent, obtaining the desired 1,2,3-triazoles 3a-f.
The final yield of the desired 1,2,3-triazoles are between 56 and 72%.

(1-(4-(dimethylamino)phenyl)-1H-1,2, 3-triazol-4-yl)methanol 3h.
Grey powder. Yield = 68% (1.19 g). 1H NMR (401 MHz, DMSO-dg): =
8.46 (s, 1H), 7.64 (d, J = 9.1 Hz, 2H), 6.84 (d, J = 9.1 Hz, 2H), 5.27 (s,
1H), 4.58 (s, 2H), 2.96 (s, 6H). *C{'H} NMR (101 MHz, DMSO-ds):
150.2(C), 148.6(C), 126.4(C), 121.1(CH), 120.6(CH), 112.4(CH), 55.0
(CH,), 40.0 (CHs). HRMS (ESI/Q-TOF) m/z: [M+H]" Caled for
C11H15N40 219.1240; Found 219.1239. HRMS (ESI/Q-TOF) m/z: [M-
2N-OH] ™" Caled for C11H13N2 173.1077; Found 173.1069. HRMS (ESI/
Q-TOF) m/z: [M+Na]" Caled for C11Hi14N4ONa 241.1060, Found =
241.1057. Anal. Caled for C11H14N40: C, 60.53; H, 6.47; N, 25.67.
Found: C, 60.34; H, 6.42; N, 25.79.

4.3. General procedure for synthetize 1-aryl-1,2,3-triazole-4-carbalde-
hydes 4a-f

Compounds 4a-f were synthetized by Swern oxidation of the
respective alcohol 3a-f. In a 250 mL dry two-neck round flask, three
cycles of vacuum-N; were performed. 50 mL of dry DCM and oxalyl
chloride (1.3 eq, 13 mmol, 1.65 g) were added, the mixture was cooled
to —78 °C and then DMSO (1.33 eq, 13.3 mmol, 1.04 g) was added and
was stirred for 15 min. In other dry flask, the respective alcohol 3a-f (1
eq, 10 mmol) was dissolved in 100 mL of dry DCM and was cooled to
—78 °C under nitrogen. This solution of 3a-f was added to the reaction
flask with a Teflon cannula and the reaction mixture was stirred at
—78 °C for another 15 min, then EtsN (5 eq, 50 mmol, 5.06 g) was
added, and this mixture was stirred for 15 min at —78 °C and 24 h at r.t.
Then, 150 mL of saturated NaHCO3s(aq) solution was added, and the
reaction crude was transferred to a 500 mL extraction funnel. The crude
of reaction was extracted with DCM (3 x 100 mL), dried with MgSO4
(anh.) and the solvent was removed under reduced pressure, yielding
the desired aldehydes 4a-f (67-92%) Experimental NMR values are in
agreement with the previously reported in literature [56].
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4.4. General procedure for synthetize 2-(1-(aryl)-1H-1,2,3-triazol-4-yl)
benzo[d]thiazoles 5a-f

The aldehydes 4a-f (5 mmol), ortho-aminothiophenol (1.1 eq, 5.5
mmol, 1.09 g) and trifluoroacetic acid (0.05 eq, 0.25 mmol, 28.5 mg)
were dissolved in 100 mL of ethanol. The mixture was stirred for 24 h at
r.t. A white solid precipitate appeared. The solid was filtered, washed
with 5 mL of EtOH, and dried under vacuum, yielding the desired
products without requirement of futher purification steps.

For aldehyde 4d, a yellow solid 6d was obtained and identified as the
2,3-dihydrobenzo[d]thiazole intermediate. To obtain the desired prod-
uct 5d, the compound 6d (2 mmol, 650 mg) was dissolved in 150 mL of
DCM at 0 °C. Then, DDQ (1.1 eq, 2.2 mmol, 0.5 g) was dissolved in other
100 mL of DCM, and then was slowly added to the reaction mixture, that
was stirred for 2 h at 0 °C. Then, the organic phase was extracted with 4
x 120 mL of H20, dried with MgSO4 (anh.) and the solvent was removed
under reduced pressure. The solid was washed with 5 mL of methanol
and 2 mL of diethyl ether, yielding 5d as a white solid.

4.5. 2-(1-(p-tolyD-1H-1,2,3-triazol-4-yDbenzo[d]thiazole (5a)

5

6
(Goae
/>7—</ 15
3 TN NN 10 14
2 9

1"
12 13°CH;16

White powder. Yield = 80% (1.17 g). 'H NMR (401 MHz, CDCls):
8.66 (s, 1H, Hy), 8.06 (ddd, J = 8.2, 1.2, 0.6 Hz, 1H, Hs), 7.98 (ddd, J =
7.9, 1.3, 0.6 Hz, 1H, Hy), 7.72-7.67 (m, 2H, H1; + H;s), 7.53 (ddd, J =
8.3, 7.1, 1.3 Hz, 1H, Hy), 7.44 (ddd, J = 8.2, 7.1, 1.2 Hz, 1H, Ha),
7.40-7.34 (m, 2H, Hio + His), 2.46 (s, 3H, Hye). 1>C{'H} NMR (101
MHz, CDCl3): 159.3(C7), 153.8(C1), 144.0(Cg), 139.8(C13), 134.9(Ce),
134.5(C10), 130.6(C12 + Ci4), 126.6(Cs), 125.7(Cs), 123.1(Cs), 122.1
(C9), 120.7(Cq1 + Ci5), 120.1(Co), 21.3(C16). HRMS (ESI/Q-TOF) m/z:
[M-+H]" Caled for C16H;13N4S: 293.0855; Found 293.0866. HRMS (ESI/
Q-TOF) m/z: [M-2N + H]" Caled for Ci6H14N2S 265.0794, Found
265.0803. HRMS (ESI/Q-TOF) m/z: [M+Na]™ Caled for C;¢H;2N4SNa
315.0675, Found 315.0686. Anal. Calcd for CigH12N4S: C, 65.73; H,
4.14; N, 19.16; S, 10.97. Found: C, 65.80; H, 4.08; N, 19.00; S, 11.03.

4.6. 2-(1-(4-fluoropheny)-1H-1,2,3-triazol-4-yDbenzo[d]thiazole (5b)

6
4 S BN:,Tl
3 0 N/>7_§/N 10 15

11

14

12 13°F

White powder. Yield = 60% (889 mg). 'H NMR (600 MHz, CDCl3):
8.65 (s, 1H, Hy), 8.06 (ddd, J = 8.2, 1.2, 0.6 Hz, 1H, Hs), 7.98 (ddd, J =
8.0, 1.2, 0.6 Hz, 1H, H,), 7.82-7.77 (m, 2H, Hy; + His), 7.53 (ddd, J =
8.3, 7.2, 1.2 Hz, 1H, Hy), 7.44 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H, Hj),
7.31-7.25 (m, 2H, Hy3 + Hy4). 13C {!H} NMR (101 MHz, CDCls): 162.8
(d, Jor = 249.8 Hz, C13), 158.9(Cy), 153.7(Cy), 144.1(Cg), 134.9(Ce),
133.0(C10), 126.6(C4), 125.7(C3), 123.2(Cs), 122.8 (d, Jor = 8.9 Hz,
C11 + Ci5), 122.1(Cy), 120.3(Co), 117.2 (d, J 5 = 22.9 Hz, Ci2 + Ci4).
197 {!H} NMR (188 MHz, ACN-ds): —112.01. HRMS (ESI/Q-TOF) m/z:
[M-+H]" Caled for C15H10FN4S 297.0605; Found 297.0608. HRMS (ESI/
Q-TOF) m/z: [M-2N + H]" Caled for Ci5H;oFN2S 269.0543; Found
269.0548. HRMS (ESI/Q-TOF) m/z: [M+Na]™' Caled for C;5HgFN4SNa
319.0424; Found 319.0429. Anal. Calcd for C;5HgFN4S: C, 60.80; H,
3.06; N, 18.91; S, 10.82. Found: C, 60.36; H, 2.93; N, 18.91; S, 10.93.
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4.7. 2-(1-(4-(trifluoromethylphenyl)-1H-1,2, 3-triazol-4-yDbenzo[d]
thiazole (5¢)

5

6
77 N\ 15
3 N_10
1N 9 14

2

12 13°CF; 16

White powder. Yield = 68% (1.18 g). 'H NMR (600 MHz, CDCls):
8.75 (s, 1H, Ho), 8.06 (ddd, J = 8.2, 1.1, 0.6 Hz, 1H, Hs), 8.01-7.96 (m,
3H, Hy + Hy1 + His), 7.90-7.83 (m, 2H, Hyy + Hy), 7.53 (ddd, J = 8.3,
7.2, 1.2 Hz, 1H, Hy), 7.45 (ddd, J = 8.2, 7.2, 1.2 Hz, 1H, Hs). 13c{'H}
NMR (101 MHz, CDCls): 158.6(Cy), 153.6(C;), 144.5(Cg), 139.1(C10),
134.8(C5), 131.5 (q, JC,F =33.3 HZ, C]g), 127.5 (q, JC,F =3.2 HZ, C12 +
C14), 126.7(Cs), 125.9 (C3), 123.6 (q, Jcr = 272.4Hz, C16), 123.2 (Cs),
122.1(Cy), 120.7(C11 + C15), 119.9(Co). °F{*H} NMR (188 MHz, ACN-
ds): —63.75. HRMS (ESI/Q-TOF) m/z: [M+H]" Caled for C16Hi1oF3N4S
347.0573; Found 347.0578. HRMS (ESI/Q-TOF) m/z: [M-2N + H]*
Caled for C16H1oF3NS 319.0511; Found 319.0515. HRMS (ESI/Q-TOF)
m/z: [M+Na]™ Caled for C;6HoF3sN4SNa 369.0392; Found 369.0401.
Anal. Caled for C1gHgF3N4S: C, 55.49; H, 2.62; N, 16.18; S, 9.26. Found:
C, 55.42; H, 2.59; N, 16.05; S, 9.32.

4.8. 2-(1-(4-nitrophenyD)-1H-1,2,3-triazol-4-yl)benzo[d]thiazole (5d)

5

6

4 S. 4 N:w

3 ’ N/>7_<\/N 10 15
2 9 14

1
12 13°NO;

White powder. Yield = 63% (1.02 g). H NMR (401 MHz, DMSO-de):
9.88 (s, 1H, Hy), 8.51-8.46 (m, 2H, Hy5 + Hy4), 8.39-8.34 (m, 2H, Hy; +
Hjs), 8.21 (ddd, J = 8.0, 1.3, 0.6 Hz, 1H, H), 8.08 (dt, J = 8.1, 1.0 Hz,
1H, Hs), 7.59 (ddd, J = 8.3, 7.2, 1.2 Hz, 1H, Hy), 7.52 (ddd, J = 8.2, 7.1,
1.2 Hz, 1H, Hj). 3C {*H} NMR (101 MHz, DMSO-de): 158.2(C7), 153.2
(C1), 147.2(Cy3), 143.4(Cg), 140.5(C10), 134.0(Cg), 126.9(C4), 125.9
(C3), 125.6(C12 + C14), 122.8(Cs), 122.7(C2), 122.6(Cg), 121.2(C11 +
Ci5). HRMS (ESI/Q-TOF) m/z: [M+H]" Caled for CysH;oN502S
324.0550; Found 324.0562. HRMS (ESI/Q-TOF) m/z: [M-2N + H]"
Calcd for C15H19N305S 296.0488; Found = 296.0499. HRMS (ESI/Q-
TOF) m/z: [M+Na]™ Caled for Ci5HgN50,SNa 346.0369; Found
346.0381. Anal. Calcd for C15sHgNs0,S: C, 55.72; H, 2.81; N, 21.66; S,
9.92. Found: C, 55.63; H, 2.78; N, 21.63; S, 9.85.

4.9. 2-(1-(4-methoxyphenyl)-1H-1,2,3-triazol-4-yl)benzo[d]thiazole
(5¢)

6
4 S N:,}l
3 ’ N/>7_<\/N 10 15

2 9 14

1 16
12 13°OCH;

White powder. Yield = 75% (1.16 g). 'H NMR (401 MHz, CDCls):
8.61 (s, 1H, Ho), 8.06 (d, J = 8.4 Hz, 1H, Hs), 7.98 (d, J = 7.7 Hz, 1H,
Hy), 7.75-7.69 (m, 2H, Hiy; + Hys), 7.53 (ddd, J = 8.4, 6.8, 1.2 Hz, 1H,
Hy), 7.44 (ddd, J = 7.8, 6.8, 1.2 Hz, 1H, Hs), 7.10-7.04 (m, 2H, Hi, +
H,), 3.90 (s, 3H, Hye). °C{'H} NMR (101 MHz, CDCls): 160.4(C13),
159.3(C;), 153.8(C1), 143.9(Cg), 134.9(Ce), 130.1(Ciq), 126.6(Cy),
125.6(C3), 123.1(Cs), 122.4(C1; + Cis), 122.1(Cp), 120.2(C), 115.1
(C12 + Ci14), 55.8(C16). HRMS (ESI/Q-TOF) m/z: [M+H]" Caled for
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C16H13N40S 309.0810; Found 309.0805. HRMS (ESI/Q-TOF) m/z: [M-
2N + H]" Caled for Ci¢H13N20S 281.0743; Found 281.0729. HRMS
(ESI/Q-TOF) m/z: [M+Na]* Caled for C16H;2N40SNa 331.0624; Found
331.0615. Anal. Calcd for C1gH12N40S: C, 62.32; H, 3.92; N, 18.17; S,
10.40. Found: C, 62.35; H, 3.90; N, 18.06; S, 10.48.

4.10. 4-(4-(benzo[d]thiazol-2-yl)-1H-1,2,3-triazol-1-yl)-N,N-
dimethylaniline (5f)

6
4 S 8 N:’Tl
3 N/>7_<\/N 10 15

1 9 14

White powder. Yield = 60% (964 mg). 'H{ NMR (401 MHz, CDCl3): 6
8.58 (s, 1H, Ho), 8.05 (d, J = 8.1 Hz, 1H, Hs), 7.97 (d, J = 7.9 Hz, 1H,
Hy), 7.64 (d, J = 8.4 Hz, 2H, Hy; + His), 7.52 (m, 1H, Hy), 7.43 (m, 1H,
Hs), 6.84 (d, J = 8.5 Hz, 2H, Hyy + Hy4), 3.05 (s, 6H, Hys + Hyy). 13C
{'*H} NMR (101 MHz, CDCls): 159.7(C5), 153.7(C1), 150.8(C13), 143.6
(Cg), 134.8(Cg), 126.5(C4), 125.5(C3), 123.0(Cs), 122.08(C1; + Ci5),
122.06(Cz), 120.0(Co), 112.8(C12 + C14), 40.8(C16 + C17). HRMS (ESI/
Q-TOF) m/z: [M+H] " Caled for C17H;6N5S 322.1121; Found 322.1128.
HRMS (ESI/Q-TOF) m/z: [M-2N + H]™ Caled for C;7H;6N3S 294.1060;
Found 294.1067. HRMS (ESI/Q-TOF) m/z: [M+Na]® Caled for
C17H15NsSNa 344.0940; Found 344.0949. Anal. Calced for C;7H15N5S: C,
66.53; H, 4.70; N, 21.79; S, 9.98. Found: C, 65.84; H, 4.74; N, 21.84; S,
10.09.

4.11. 2-(1-(4-nitrophenyD)-1H-1,2,3-triazol-4-yD)-2,3-dihydrobenzo[d]
thiazole (6d)

Yellow powder. Yield = 87% (1.42 g). IH NMR (401 MHz,
DMSO-dg): 9.05 (s, 1H), 8.45-8.41 (m, 2H), 8.30-8.20 (m, 2H),
7.11-7.01 (m, 2H), 6.91 (dd, J = 7.6, 1.3 Hz, 1H), 6.70-6.58 (m, 3H).
I3 NMR (101 MHz, DMSO-dg): 151.7(C), 147.1(C), 146.8(C), 140.8(C),
125.5(CH), 124.9(CH), 121.3(CH), 121.2(CH), 120.7(CH), 119.2(CH),
109.5(CH), 60.9(CH3). HRMS (ESI/Q-TOF) m/z: [M+H]" Caled for
C15H12N505S 326.0706; Found 326.0706. HRMS (ESI/Q-TOF) m/z: [M-
2N + H]" Caled for C15H12N305S 298.0645; Found 298.0647. HRMS
(ESI/Q-TOF) m/z: [M+Na] " Calcd for C;5H11N502SNa 348.0526; Found
348.0541. Anal. Calcd for C;5H;11N505S: C, 55.38; H, 3.41; N, 21.53; S,
9.85. Found: C, 55.76; H, 3.38; N, 21.68; S, 9.87.

4.12. X-ray data collection and structure refinement

A specimen of C16HoF3N4S (5¢), approximate dimensions 0.090 mm
x 0.170 mm x 0.200 mm, was used for the X-ray crystallographic
analysis. The X-ray intensity data were measured (1 = 0.71073 A). The
integration of the data using a monoclinic unit cell yielded a total of
20733 reflections to a maximum 6 angle of 29.29° (0.73 A resolution), of
which 3821 were independent (average redundancy 5.426, complete-
ness = 98.6%, Rint = 3.52%, Rsig = 2.57%) and 3175 (83.09%) were
greater than 26(F2). The final cell constants of a = 7.369(4) A, b=5.705
(3) A, c = 33.849(19) A, p = 92.88(5) °, V = 1421.2(13) A3, are based
upon the refinement of the XYZ-centroids of reflections above 20 o(I).
The calculated minimum and maximum transmission coefficients (based
on crystal size) are 0.9480 and 0.9760. The structure was solved and
refined using the Bruker SHELXTL Software Package, the final aniso-
tropic full-matrix least-squares refinement on F2 with 217 variables
converged at Ry = 4.73%, for the observed data and wRy = 11.74% for
all data. The goodness-of-fit was 1.080. The largest peak in the final
difference electron density synthesis was 0.861 e /A% and the largest
hole was —0.793 e~ /A% with an RMS deviation of 0.080 e /A5,
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4.13. Computational details

DFT calculations have been carried out on 5a-f by using the M06-2X
functional [57], with full geometry optimization. The solvent (ACN,
DMSO or water) was implicitly considered by using the PCM method
[58]. Frequency calculations, in the normal oscillator approximation,
were carried out to check that the optimized geometries corresponded to
energy minima on the potential energy surface. TD-DFT calculations
have been performed using the same methods and models described
above, to calculate the electronic absorption spectra of the six com-
pounds 5a-f. '"H NMR chemical shift values have been calculated by
using the GIAO method [59], in ACN solvent, by subtracting the
isotropic shift of each compound hydrogen atom to the isotropic shift of
one of the twelve equivalent tetramethylsilane hydrogen atoms. All
calculations have been performed by the Gaussian16 program package
[60].

4.14. Cell culture

Hela cells were cultured in Dulbecco’s Modified Eagle Medium (1 g/
L glucose), A2780 cells were cultured in RPMI-1640 media. A549 and
CHO cells were maintained in F-12 media. All cell media were supple-
mented with fetal bovine serum (10% v/v) and 1 mM t-glutamine, and
cells were cultured in a CO4 incubator at 310 K with a subculture routine
of 2-3 times a week using an appropriate density for each cell line. Cells
were confirmed to be mycoplasma-free using a standard Hoechst
staining method.

4.15. Antiproliferative activity assays

Briefly, cells were seeded in 96-well plates at a density of 5000 cells/
well in complete medium and incubated for 24 h. Compounds were
diluted in serial using sterile DMSO as solvent and added at the final
concentrations in the range of 0-100 pM in a final volume of 100 pL per
well (final DMSO % < 0.4 v/v). After 48 h of drug exposure, treatment-
containing medium was aspirated by suction, cells washed with saline
PBS buffer and loaded with 50 pL of MTT solution (1 mg/mL) for
additional 4 h. Then the MTT was removed and 50 pL. DMSO was added
to solubilize the purple formazan crystals formed in active cells. The
absorbance was measured at 570 nm using a microplate reader
(FLUOstar Omega) and the ICsy values were calculated based on the
inhibitory rate curves using the next the equation:

I, max

Ty

Where I represent the percentage inhibition of viability observed,
Imax is the maximal inhibitory effect, ICso is the concentration that
inhibits 50% of maximal growth, C is the concentration of the treatment
and n is the slope of the semi-logarithmic dose-response sigmoidal
curves. The non-linear fitting was performed using SigmaPlot 14.0
software. All experiments were performed in three independent studies
with triplicate points per concentration level (n = 3 biologically inde-
pendent replicates).

4.16. Microscopy imaging

For contrast-phase microscopy, Zeiss Axio Observer 7 microscope
was used to capture images of A2780 and HeLa cells seeded 96-well
plates from antiproliferative assays at indicated concentrations. For
confocal microscopy imaging, HeLa cells were seeded onto Ibidi p-slide
4 well at a density of 3-10* cells/cm? and allowed to attach to cell sur-
face. Cells were treated with 5f for 1 h at indicated concentrations,
washed twice with PBS and imaged under an inverted laser scanning
confocal microscope using Aexc = 405 nm (Leica STELLARIS 8). Alter-
natively, cells were co-stained with MitoTracker Green (MTG; 100 nM)
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for 30 min after incubation with the compound.
Accession codes

CCDC 2155202 contains the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/data_request/cif, or by emailing data_request@ccdc.cam.ac.uk, or
by contacting The Cambridge Crystallographic Data Centre, 12 Union
Road, Cambridge CB2 1EZ, UK; fax: +44 1223 336033.
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