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Abstract: A further investigation aiming to generate new potential antitumor agents led us to 
synthesize a new series of twenty-two compounds characterized by the presence of the 7-(3′,4′,5′-
trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidine pharmacophore modified at its 2-position. 
Among the synthesized compounds, three were significantly more active than the others. These 
bore the substituents p-toluidino (3d), p-ethylanilino (3h) and 3′,4′-dimethylanilino (3f), and these 
compounds had IC50 values of 30–43, 160–240 and 67–160 nM, respectively, on HeLa, A549 and HT-
29 cancer cells. The p-toluidino derivative 3d was the most potent inhibitor of tubulin 
polymerization (IC50: 0.45 µM) and strongly inhibited the binding of colchicine to tubulin (72% 
inhibition), with antiproliferative activity superior to CA-4 against A549 and HeLa cancer cell lines. 
In vitro investigation showed that compound 3d was able to block treated cells in the G2/M phase 
of the cell cycle and to induce apoptosis following the intrinsic pathway, further confirmed by 
mitochondrial depolarization and caspase-9 activation. In vivo experiments conducted on the 
zebrafish model showed good activity of 3d in reducing the mass of a HeLa cell xenograft. These 
effects occurred at nontoxic concentrations to the animal, indicating that 3d merits further 
developmental studies. 

Keywords: colchicine binding site; antitumor activity; [1,2,4]triazolo[1,5-a]pyrimidine; apoptosis; 
microtubule-targeting agents 
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1. Introduction 

Eukaryotic cells possess a complex cytoskeletal system. One of its major components 
is the microtubule network, composed of polymeric protein structures formed by the 
assembly of αβ-tubulin heterodimers, which are in a dynamic equilibrium with the 
microtubules. These are critical for several fundamental cellular functions, including cell 
division, where microtubules form the mitotic spindle required for proper chromosomal 
separation [1–4]. Since microtubules are critical in the proliferation of cancer cells, the 
design of new and improved molecules that exert their effects by interfering with 
microtubule dynamics continues to receive substantial attention [5–7].  

Among the seven distinct classes of tubulin-binding agents that have been identified 
on the basis of their different mechanisms of action and binding sites on tubulin, only 
three groups of antimitotic agents are used clinically for cancer treatment [8,9]. First are 
the vinca alkaloids, typified by vinblastine, vincristine, vinorelbine and vinflunine, that 
destabilize microtubules by inhibiting polymerization of tubulin into microtubules [10–
12]. Second is the halichondrin B analogue eribulin, which also inhibits tubulin 
polymerization. Third, are compounds that bind in the taxoid site and stabilize 
microtubules. This group includes paclitaxel, the structurally related compounds 
docetaxel and cabazitaxel and the epothilone analogue ixabepilone [13–15]. These drugs 
are in clinical use to treat both adult and pediatric cancers [16–19]. Taxoid site compounds, 
eribulin and vinca alkaloids all interact with β-tubulin, but at different binding sites 
[12,14]. Nevertheless, the clinical success of these three classes of compounds has 
stimulated intensive research aimed at discovering additional microtubule-targeting 
drugs with clinical potential [20–23].  

The colchicine site agents that inhibit tubulin assembly belong to another important 
class of tubulin interactive compounds, due to the discovery of numerous natural 
products and synthetic compounds with wide structural heterogeneity that target this site 
[24–27]. The colchicine site is located on β-tubulin at its interface with α-tubulin and is 
distinct from the vinca and eribulin sites [25,26]. One of the most notable of these 
compounds, both for its potency and structural simplicity, is the naturally occurring 
polymethoxylated cis-stilbene derivative combretastatin A-4 (CA-4, 1a, Figure 1) [28,29]. 
Moreover, several studies have documented that this compound also acts as a powerful 
vascular disrupting agent [30], particularly for the neovasculature of tumors. To improve 
its water solubility, the corresponding phosphate derivative of combretastatin A-4 (CA-
4P, also known as fosbretabulin disodium, 1b) was synthesized as a water-soluble pro-
drug of CA-4 [31]. The European Medicines Agency (EMA) approved combretastatin CA-
4P as an orphan drug for the treatment of anaplastic thyroid cancer and ovarian cancer, 
and CA-4P is in phase III clinical trials in combination with bevacizumab for recurrent 
ovarian cancer or with everolimus in neuroendocrine tumors [32,33]. 

While the vinca alkaloids and the taxoids have achieved notable success in the 
treatment of human cancers, no colchicine site inhibitor has yet been approved for cancer 
chemotherapy in human patients [34–36]. KXO1 (tirbanibulin or KX2–391), a dual Src and 
tubulin polymerization inhibitor acting at the colchicine site of β-tubulin [37], was 
approved by the FDA in December 2020 for the topical treatment of actinic or solar 
keratosis, the most common chronic and precancerous skin disease that occurs on skin 
damaged by long-term exposure to ultraviolet radiation [38]. 

Emerging multidrug resistance (MDR) due to the overexpression of membrane-
bound drug efflux proteins, such as ATP binding cassette (ABC) transporters, along with 
aberrant expression of the βIII-tubulin isoform, has limited the use of taxoids and vinca 
alkaloids in clinical practice [39–42]. Resistance to different types of microtubule-targeting 
agents was recently suggested to be related to their binding sites and that βIII-tubulin-
mediated drug resistance might be circumvented by colchicine site inhibitors [43–47]. 
These observations emphasize the need to discover novel scaffolds active at the colchicine 
site and amenable to rapid derivatization because such compounds could be readily 
prepared by rapid and concise synthetic procedures [48,49]. In addition, several colchicine 
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site binders have been shown to be effective against p53-mutant cell lines and to 
circumvent P-glycoprotein-mediated multidrug resistance. This lack of susceptibility to 
MDR pumps further emphasizes the importance of novel inhibitors of tubulin assembly 
that have activity against drug-resistant tumors [50–52]. 

 
Figure 1. Structures of CA-4 (1a), CA-4P (1b), tirbanibulin, general structure (2) of 1-(3′,4′,5′-
trimethoxybenzoyl)-5-amino-1,2,4-triazoles and [1,2,4]triazolo[1,5-a]pyrimidines reported in this 
manuscript (3) and reported in the literature (4 and 5). 

In a previous article, we designed and synthesized a new class of antimitotic agents 
with general structure 2 based on the 3-arylamino-5-amino-1,2,4 triazole moiety [53]. The 
structure–activity relationship study was carried out on the phenyl ring of the anilino 
moiety present on the C-3 position of a triazole scaffold. Compound 2a, with a para-
methyl substitution on the phenyl ring, exhibited potent antiproliferative effects in the 
low nanomolar range on several cancer cell lines. This compound was almost twice as 
potent as CA-4 against inhibition of tubulin polymerization, displaying an IC50 value of 
0.75 µM. The X-ray crystal structure of compound 2a showed the formation of an 
intramolecular hydrogen bond between the carbonyl oxygen of the 3′,4′,5′-
trimethoxybenzoyl function and the hydrogen of the amino moiety at the 1- and 5-
position, respectively, of the 1,2,4-triazole ring. In the present study, a cyclization 
approach was adopted to form an additional six-membered fused pyrimidine ring that 
incorporated these elements, the carbonyl moiety and the amino group, to obtain the 
bicyclic [1,2,4]triazolo[1,5-a]pyrimidine framework 3. This scaffold hopping approach 
strategy [54,55] also revealed a potential bioisosteric relationship between the 1-(3′,4′,5′-
trimethoxybenzoyl)-5-amino-1,2,4-triazole structure and the 7-(3′,4′,5′-
trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidine system. In addition, several studies 
have shown that the carbonyl moiety is a metabolically labile site and that carbonyl 
reduction to a secondary alcohol is one of the major metabolic processes used by liver 
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microsomes [56]. A promising approach to overcome this metabolic instability is by 
incorporating the carbonyl moiety into a five- or six-membered heterocyclic ring [57–60]. 

The [1,2,4]triazolo [1,5-a]pyrimidine scaffold incorporating the 1,2,4-triazole nucleus 
(Figure 1) was previously identified by us and others as a promising nucleus for the design 
of new microtubule-destabilizing agents [61–65]. Two different series of compounds that 
retain the 3,4,5-trimethoxyphenyl ring at the 7-position of the triazolopyrimidine core 
variably functionalized at its 2-position were evaluated for their antitumor activity [62–
64].  

Yang et al. reported a novel series of 2,7-diaryl-[1,2,4]triazolo[1,5-a]pyrimidine 
derivatives substituted at the 2- and 7-positions as tubulin polymerization inhibitors 
[62,63]. By inversion of the C-2/C-7 substituents on the triazolopyrimidine ring, 
compound 4, characterized by the presence of 4′-methoxy-3′-hydroxyphenyl and 3′,4′,5′-
trimethoxyphenyl moieties at the 2- and 7-positions, respectively, of the 
triazolopyrimidine scaffold display potent and selective antiproliferative activity (IC50: 60 
nM) against HeLa cells [63]. The same compound showed reduced inhibitory activity 
against a panel of four cancer cell lines with IC50 values of 3–18 µM. Mechanism studies 
indicate that 4 exerts antiproliferative effects by inhibition of tubulin assembly, with 3-
fold greater potency than CA-4, and these data, together with data obtained with 
compound 5 recently identified by Mohamed et al. [64], confirm that the 3′,4′,5′-
trimethoxyphenyl ring located at the 7-position of the triazolopyrimidine system 
contributes to maximal activity. This latter derivative, as an analogue of 4 where the aryl 
ring was moved from the 2- to the 5-position of the 7-(3′,4′,5′-trimethoxyphenyl) 
triazolopyrimidine scaffold and replaced by an amino group, exhibits significant 
antiproliferative activity (IC50: 0.53 µM) against the HCT-116 cancer cell line, with four-
fold less activity than CA-4 as a tubulin polymerization inhibitor (IC50: 3.84 and 1.1 µM, 
respectively) [64]. 

Thus, once the 7-(3′,4′,5′-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidine motif 
was identified as the minimum structural requirement for antimitotic activity, in the new 
class of designed compounds 3a-v reported in this article, modifications were focused on 
varying the substituent at the 2-position of the triazolopyrimidine ring to maximize 
activity against cancer cell lines (Figure 2). For the anilino derivative 3a, we evaluated the 
replacement of phenyl with a bioisosteric pyrimidin-2-yl ring, to yield 3b. For compounds 
3c-o, characterized by the presence of aromatic amines at the 2-position of the 
triazolopyrimidine scaffold, modifications were focused on varying the substituents on 
the phenyl ring of the anilino moiety, by introduction electron-withdrawing (F) or 
electron-releasing (alkyl or alkoxy) groups.  

We also investigated a further structural modification by the synthesis of compounds 
3p-v, characterized by the presence of a methylene (-CH2)-), ethylene (-CH2CH2-) or 
propylene (-(CH2)3-) spacer between the nitrogen at the 2-position of the 
triazolopyrimidine scaffold and the phenyl ring, to furnish compounds 3p-t, 3u and 3v, 
respectively. By the preparation of this latter small series, we evaluated if an increased 
flexibility of the substituent at the 2-position of the triazolopyrimidine scaffold was 
correlated with further enhancement of antiproliferative activity. The design of the linker 
chain in derivatives 3p-t was based on preserving flexibility similar to that of a series of 
compounds with general structure 6 previously published by us [65], characterized by a 
common 7-(3′,4′,5′-trimethoxyanilino)-[1,2,4]triazolo[1,5-a]pyrimidine scaffold and 
modified at its 2-position. Three benzylamino derivatives, 6a (4′-Cl), 6b (4′-Me) and 6c 
(3′,4′-methylendioxy), along with the 3′-phenylpropylamino derivative 6d, were the most 
active compounds identified in this series.  
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Figure 2. Chemical structures of newly synthesized compounds 3a-v based on the 7-(3′,4′,5′-
trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidine scaffold and general molecular formula 6a-d of 
triazolopyrimidines published by us (ref. [65]). 

2. Results and Discussion 

2.1. Chemistry 

The 2-substituted-7-(3′,4′,5′-trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimidines 3a-v 
were synthesized using a three-step synthetic procedure described in Scheme 1. The 
condensation of dimethyl cyanodithioimidocarbonate 7 with the appropriate amine 
(aniline or substituted aniline, benzylamine or substituted benzylamine, 2′-
phenylethylamine or 3′-phenylpropylamine) resulted in the formation of imidates 8a-v, 
which were cyclized into the corresponding 3-substituted 5-amino-1H-[1,2,4]-triazole 
derivatives 9a-v in the presence of hydrazine hydrate in refluxing methanol.  

 
Scheme 1. Reagents. a: Appropriate ArNH2, i-PrOH, reflux, 18 h for the preparation of compounds 
8a-o or appropriate ArCH2NH2/C6H5(CH2)2NH2/C6H5(CH2)3NH2, i-PrOH, room temperature, 18 h 
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for the synthesis of derivatives 8p-v, 75–92%; b: NH2NH2.H2O, MeOH, reflux, 18 h, 68–93%; c: 
AcOH, 80 °C, 2 h, 47–66%. 

Finally, the cyclization reaction of compounds 9a-v with enaminone 10 in glacial 
acetic acid at 80 °C for 2 h resulted in 2-substituted-7-(3′,4′,5′-trimethoxyphenyl)-[1,2,4]tri-
azolo[1,5-a]pyrimidine derivatives 3a-v in good yield. As reported in the literature, enam-
inone 10 was obtained by the condensation of 3′,4′,5′-trimethoxyacetophenone with dime-
thylformamide dimethyl acetal (DMF-DMA) as the solvent/reagent at 120 °C for 6 h [66]. 
The 1H NMR and 13C NMR spectra of derivatives 3a-v are presented in the Supplementary 
Materials. 

2.2. Biological Activity and Molecular Docking Studies 

2.2.1. In Vitro Antiproliferative Activities 

The series of 2-substituted 7-(3′,4′,5′-trimethoxyphenyl)[1,2,4]triazolo[1,5-a]pyrimi-
dine derivatives 3a-v was screened for antiproliferative activity against a panel of four 
different human cancer cell lines and compared with the reference compound CA-4 (1a) 
(Table 1). The cell lines used were a breast cancer cell (MDA-MB-231), a cervix carcinoma 
(HeLa), a non-small cell lung carcinoma (A549) and a colon adenocarcinoma (HT-29). CA-
4 had single-digit nanomolar activity (IC50: 4–5 nM) against MDA-MB-231 and HeLa can-
cer cell lines, while A549 and HT-29 cells were more resistant to CA-4, with IC50 values of 
180 and 3100 nM, respectively. Eight of twenty-two compounds were found to be more 
active than CA-4 against HT-29 cells, while only derivative 3d was more potent (4-fold) 
than CA-4 against A549 cells. The compounds were generally less active against the MDA-
MB-231 cells. 

From a structure–activity point of view, the presence of a 3,4,5-trimethoxyphenyl 
ring at position 7 of the triazolopyrimidine scaffold combined with the p-toluidino moiety 
at position 2 were important structural features for this class of compounds. The p-tolui-
dino derivative 3d was the most active compound of the series, showing similar activity 
toward the HeLa, A549 and HT29 cancer cell lines (IC50: 38, 43 and 30 nM, respectively), 
with ten-fold reduced antiproliferative activity (IC50: 0.43 µM) toward MDA-MB-231 cells. 
The activity of 3d was 4- and 100-fold greater than that of the reference compound CA-4 
against A549 and HT-29 cells, respectively, but was one and two orders of magnitude less 
potent than CA-4 against MDA-MB-231 and HeLa cells, respectively. Compound 3d was 
4–30-fold more potent as an antiproliferative agent than the corresponding 5-methyl-2-(p-
toluidino)-7-(3′,4′,5′-trimethoxyanilino)-[1,2,4]triazolo[1,5-a]pyrimidine counterpart pre-
viously published by us (IC50 0.43–0.030 µM and 0.52–1.55 µM, respectively) [65].  

While the aniline derivative 3a showed antiproliferative activity ranging from 0.80 to 
2.27 µM against the four cancer cell lines, increasing the length of the alkyl spacer between 
the phenyl ring and the nitrogen at the 2-position of the triazolopyrimidine scaffold from 
one (3p) to two (3u) to three (3v) methylene units caused a profound loss of activity com-
pared with 3a, with IC50 values generally > 10 µM.  

Replacement of the unsubstituted phenyl ring of compound 3a with the bioisosteric 
pyridin-3-yl moiety (compound 3b) also dramatically reduced antiproliferative activity 
against three of the four cancer cell lines (IC50 > 10 µM), with a 3-fold reduction in potency 
against HT-29 cells (IC50: 1.02 and 3.42 µM, respectively). 

The substitution pattern on the phenyl ring of the arylamino moiety at the 2-position 
of the [1,2,4]triazolo[1,5-a]pyrimidine nucleus ring played an important role in antiprolif-
erative activity. While the introduction of the electron-withdrawing fluorine atom at the 
para-position of the phenyl group, to furnish 3c, was detrimental for activity relative to 
the unsubstituted phenyl derivative 3a, the weak electron-releasing p-methyl group, to 
furnish compound 3d, enhanced biological activity and resulted in the most active com-
pound of the whole series. 
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Table 1. In vitro cell growth inhibitory effects of compounds 3a-av and CA-4 (1a). 

 

Compound R n IC50 (μM) a 

   MDA-MB-231 HeLa A549 HT29 

3a C6H5 0 2.27 ± 0.31 0.80 ± 0.09 1.56 ± 0.06 1.02 ± 0.67 

3b 
 

0 >10 >10 >10 3.42 ± 0.41 

3c 4′-F-C6H4 0 >10 5.44 ± 1.05 >10 >10 
3d 4′-CH3-C6H4 0 0.43 ± 0.11 0.038 ± 0.009 0.043 ± 0.024 0.030 ± 0.003 
3e 3′-CH3-C6H4 0 >10 0.39 ± 0.02 1.87 ± 0.17 1.38 ± 0.09 
3f 3′,4′-(CH3)2-C6H3 0 >10 0.067 ± 0.0023 0.16 ± 0.045 0.16 ± 0.041 
3g 3′,5′-(CH3)2-C6H3 0 >10 >10 >10 >10 
3h 4′-C2H5-C6H4 0 >10 0.24 ± 0.074 0.2 ± 0.044 0.16 ± 0.033 
3i 4′-n-C3H7-C6H4 0 >10 >10 >10 >10 
3j 4′-i-C3H7-C6H4 0 >10 4.7 ± 0.59 >10 >10 
3k 4′-OCH3-C6H4 0 5.2 ± 1.8 1.27 ± 0.08 5.32 ± 1.43 2.8 ± 0.20 
3l 3′-OCH3-C6H4 0 1.76 ± 0.9 0.44 ± 0.08 0.76 ± 0.18 0.76 ± 0.18 

3m 4′-OC2H5-C6H4 0 >10 >10 >10 6.16 ± 0.97 

3n 0 6.1 ± 1.72 0.84 ± 0,19 1.44 ± 0.26 1.39 ± 0.06 

3o 
 

0 >10 0.29 ± 0.031 2.42 ± 0.12 0.67 ± 0.12 

3p C6H5 1 9.3 ± 0.22 >10 >10 >10 
3q 4′-Cl-C6H4 1 >10 >10 >10 >10 
3r 4′-CH3-C6H4 1 >10 >10 >10 >10 
3s 4′-OCH3-C6H4 1 >10 >10 >10 >10 

3t 
 

1 >10 >10 >10 >10 

3u C6H5 2 8.7 ± 1.1 >10 >10 6.74 ± 0.50 
3v C6H5 3 >10 >10 >10 >10 

CA-4 (1a) - - 0.005 ± 0.002 0.004 ± 0.001 0.18 ± 0.05 3.10 ± 0.03 
a IC50 = compound concentration required to inhibit tumor cell proliferation by 50% determined by 
a resazurin viability assay. Values are the mean ± SE from the dose–response curves of at least three 
independent experiments carried out in triplicate. 

The position of the methyl on the phenyl ring was critical for the antiproliferative 
activity of 3d. Significant loss in activity (10–46-fold) occurred when the methyl group 
was moved from the para- to the meta-position, to obtain the isomeric derivative 3e. The 
reduction in potency was most dramatic against MDA-MB-231 cells (IC50 > 10 µM). 

Relative to the activity of the p-toluidino derivative 3d, the insertion of an additional 
methyl group at the meta-position of the p-tolyl moiety, to furnish the m,p-xylyl derivative 
3f, reduced antiproliferative activity 2–5-fold on three cancer cells, and the reduction in 
potency was most pronounced against MDA-MB-231 cells (IC50 >10 µM), while the iso-
meric m,m′-xylyl analogue 3g was completely inactive (IC50 > 10 µM). Lengthening the 
alkyl chain from methyl (3d) to ethyl (3h) resulted in a 5–7-fold reduction in antiprolifer-
ative activity, most pronounced with the MDA-MB-231 cells (IC50 > 10 µM).  



Pharmaceuticals 2022, 15, 1031 8 of 29 
 

 

The data showed that the homologation of the alkyl chain from ethyl to n-propyl or 
isopropyl (compounds 3i and 3j, respectively) at the para-position of the phenyl ring was 
not tolerated and provided a strong reduction in activity against all four cancer cell lines. 

For the p-toluidine derivative 3d, replacement of the methyl moiety by the stronger 
electron-releasing methoxy group, to furnish the p-anisidino analogue 3k, was detri-
mental for antiproliferative activity, which was reduced 12–124-fold as compared to 3d. 
In contrast to the two isomeric toluidine derivatives 3d and 3e, comparing the biological 
activities of the para- and meta-anisidino derivatives 3k and 3l, respectively, the highest 
antiproliferative activity was observed with the methoxy moiety at the meta-position of 
the phenyl ring. As observed for the p-toluidino derivative 3d, with the p-anisidino 3k, 
homologation of the alkyl chain from methoxy to ethoxy (compound 3m) was detrimental 
for antiproliferative activity against all four cancer cell lines (IC50 > 10 µM). 

Replacement of the p-methoxy with a 3′,4′-methylendioxy moiety (compounds 3k 
and 3n, respectively) produced a 1.5- to 4-fold increase in antiproliferative activity against 
three of the four cancer cell lines, while 3k and 3n were equipotent against MDA-MB-231 
cells. For derivative 3n, the introduction of an additional methylene unit between the two 
oxygens, to yield the 3′,4′-ethylenedioxy homologue 3o, had contrasting effects, produc-
ing a reduction in potency against MDA-MB-231 and A549 cells, while 3o was 2- and 3-
fold more active than 3n against HT-29 and HeLa cancer cells, respectively. 

With the anilino derivatives 3a (phenyl), 3d (p-tolyl), 3k (p-methoxyphenyl) and 3n 

(3′,4′-methylendioxyphenyl), the corresponding benzylamino analogues 3p, 3r, 3s and 3t, 
respectively, showed a dramatic drop in potency (IC50 > 10 µM).  

In conclusion, SAR studies have underlined that the presence of small substituents 
such as methyl or ethyl at the para-position as well as two methyl groups at the meta- and 
para-positions (compounds 3d, 3h and 3f, respectively) on the phenyl ring of the aniline 
moiety are critical for optimal antiproliferative activity. Electron-releasing substituents at 
the para-position of the phenyl ring showed antiproliferative activity in the order of Me > 
Et > OMe >> OEt = n-C3H7 = i-C3H7. 

2.2.2. In Vitro Inhibition of Tubulin Polymerization and Colchicine Binding 

To investigate whether the antiproliferative activities of tested compounds derived 
from an interaction with microtubules, the most active molecules 3d, 3f, 3h and 3l were 
selected to determine their inhibition of tubulin polymerization and for effects on the 
binding of [3H]colchicine to tubulin (Table 2). For comparison, CA-4 was examined in 
contemporaneous experiments. 

In the assembly assay, compound 3d was found to be the most active (IC50: 0.45 µM), 
and it was almost twice as potent as CA-4 (IC50: 0.75 µM), while 3f was equipotent to CA-
4. When comparing the inhibition of tubulin polymerization versus the growth inhibitory 
effect, we found that compound 3d, although it was 2-fold more active than CA-4 as an 
inhibitor of tubulin assembly, was 10- and 100-fold less potent than CA-4 as an antiprolif-
erative agent against HeLa and MDA-MB-231 cells, respectively. The reduced potency of 
3d on these two cancer cell lines can possibly be rationalized by any mechanism limiting 
the accessibility of this molecule to the cellular tubulin. Compounds 3h and 3l showed 
weak antitubulin polymerization activity (IC50: 1.9 and 2.2 µM, respectively), which is con-
sistent with their low antiproliferative activities. 

In competition experiments, in reaction mixtures containing 0.5 µM tubulin and 5.0 
µM [3H]colchicine, compound 3d strongly inhibited the binding of [3H]colchicine to tubu-
lin, with 72% inhibition occurring when 3d and the radiolabeled drug were both at 5.0 µM 
in the reaction mixture. Compound 3d was less potent than CA-4, which in these experi-
ments inhibited colchicine binding by 98%, while 3f, 3h and 3l inhibited colchicine bind-
ing by only 21, 18 and 39%, respectively.  

In this small series of four compounds, the results obtained demonstrated that the 
antiproliferative activity was correlated with the inhibition of tubulin polymerization. 
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Moreover, inhibition of tubulin assembly was correlated more closely with antiprolifera-
tive activity than with inhibition of [3H]colchicine binding. 

Table 2. Inhibition of tubulin polymerization and colchicine binding by compounds 3d, 3f, 3h, 3l 
and CA-4 (1a). 

Compounds 
Tubulin Assembly a 

IC50 ± SD (μM) 

Colchicine Binding b 

% Inhibition ± SD 

3d 0.45 ± 0.1 72 ± 5 
3f 0.80 ± 0.1 18 ± 5 
3h 1.9 ± 0.2 21 ± 0.9 
3l 2.2 ± 0.2 39 ± 5 

CA-4 (1a) 0.75 ± 0.06 98 ± 2 
a Inhibition of tubulin polymerization. Tubulin was at 10 µM. b Inhibition of [3H]colchicine binding. 
Tubulin, [3H]colchicine and tested compound were at 0.5, 5 and 5 µM concentrations, respectively. 

2.2.3. Molecular Modeling Studies 

To rationalize the experimental data obtained for compounds 3d, 3f, 3h and 3l, a se-
ries of molecular docking simulations were performed.  

The four derivatives occupy the tubulin colchicine site in a similar manner, mimick-
ing the binding of the co-crystallized colchicine (Figure 3A–E), with the [1,2,4]triazolo[1,5-
a]pyrimidine core lying on the central part of the binding site, the trimethoxyphenyl ring 
in position 7 placed in proximity of βCys241 and the differently substituted phenyl rings 
in position 2 sited at the interface between the two tubulin subunits, pointing toward a 
loop in the α-subunit (αSer178-αThr179).  

According to this binding site occupation prediction, the four derivatives would bind 
in this area of tubulin in a similar manner. Analyzing in more detail the interactions and 
any potential clash between the four molecules and the tubulin structure, some interesting 
observations were made. 

The trimethoxyphenyl ring of 3d presented two main interactions with βCys241 (Fig-
ure 3B), forming an important key contact point for inhibition of tubulin polymerization, 
and established different anchoring contacts with the surrounding residues (βLys254, 
βLeu255, βMet259, βLys352, αAla180), and these contacts further stabilized the com-
pound–protein complex. Moreover, no clashes between the compound and the protein 
were present, indicating that 3d had an optimal occupation of the colchicine site. This 
could then translate to 3d being the best compound of the series in inhibiting tubulin 
polymerization and competing for the colchicine site.  

Introduction of a second methyl group in the m,p-xylyl derivative 3f did not seem to 
affect the interactions with the tubulin residues, including interaction with βCys241 (Fig-
ure 3C), but the additional methyl group at the meta-position did present a possible steri-
cal clash with βAsn249, and this could affect the compound–protein complex, reducing 
its stability. Moreover, to accommodate the second methyl group, 3f had a slightly differ-
ent binding orientation as compared with compound 3d, and this caused other possible 
steric clashes with the surrounding residues (βAsn249, βLys352, αAla180). The presence 
of these potential issues suggests that 3f could not have an optimal occupation of the col-
chicine site, hence a reduced affinity towards tubulin, and therefore a detrimental effect 
in the inhibition of tubulin polymerization.  

A similar effect was also observed for 3h (p-ethyl, Figure 3D) and 3l (m-methoxy, 
Figure 3E), where the longer ethyl chain in position 4′ and the presence of the methoxy 
groups in position 3′ for compounds 3h and 3l, respectively, caused some potential steric 
clashes with αGln11 and with αGln11/αTyr224, respectively. These negative structural 
features forced the compounds to adjust their binding, possibly reducing compound–pro-
tein complex stability. This could suggest a lower affinity for the binding site, negatively 
affecting the inhibition of tubulin polymerization.  



Pharmaceuticals 2022, 15, 1031 10 of 29 
 

 

 
Figure 3. Colchicine binding conformation (A) and proposed binding for compounds 3d (B), 3f (C), 
3h (D) and 3l (E) in the colchicine site. All the derivatives presented the trimethoxyphenyl ring in 
proximity to βCys241, while the substituted phenyl group at position 2 of the central core was sited 
at the interface between the two tubulin subunits, pointing toward a loop in the α-subunit (αSer178-
αThr179). Compound 3d presented two main interactions with βCys241, different anchoring con-
tacts with the surrounding residues and no clashes with the tubulin structure. The rest of the com-
pounds, even if conserving different interactions, including the important interaction with βCys241, 
presented different clashes with the surrounding residues, suggesting a non-optimal occupation of 
the colchicine site and indicating a reduced affinity for tubulin. The carbon atoms of the tubulin α 
unit residues are shown in lilac, while the carbon atoms of the β unit residues are represented in 
teal. Hydrogen bonds are shown as orange dashed lines, hydrophobic interactions as green dashed 
lines and distance clashes as red dashed lines. 

2.2.4. Compound 3d Induced G2/M Arrest of the Cell Cycle 

With the aim of evaluating the effects of compound 3d on the cell cycle, we analyzed 
HeLa cells after treatment for 24 h at 10, 25 or 50 nM. As shown in Figure 4A, compound 
3d caused a significant G2/M arrest in a concentration-dependent manner. The increase in 
G2/M cells was evident at 25 nM and accompanied by a concomitant reduction in both G1 
and S phase cells. 
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Figure 4. (Panel (A)) Quantitative analysis of cell cycle phase distribution in HeLa cells after a 24 h 
treatment with 3d, at the concentrations of 10, 25 or 50 nM. Cells were stained with PI to analyze the 
DNA content by flow cytometry. Data are presented as means of three independent experiments ± 
SEM. (Panel (B)) Effects of compound 3d on cell cycle regulatory proteins and DNA damage check-
point proteins. HeLa cells were treated for 24 h with the indicated concentration of 3d, and expres-
sion of ATR, cdc2 (Y15) and cyclin B was detected by Western blot analysis. 

We then evaluated by Western blot analysis the effects of 3d on the expression of 
several proteins regulating the mitotic checkpoint. When damage to the mitotic spindle 
occurs, the mitotic spindle assembly checkpoint is activated, causing an accumulation of 
cyclin B and the dephosphorylation of cdc2 [67,68]. We found (Figure 4B) that treatment 
with 3d induced an increase in cyclin B expression and, at the same time, a significant 
reduction in cdc2 phosphorylation (Y15).  

The prolonged arrest in metaphase induces the activation of a DNA damage signal 
cascade that involves primarily ATR kinase, which becomes phosphorylated at Ser428. As 
shown in Figure 4B, we found a considerable increase in ATR phosphorylation (Ser428) 
[69], suggesting that 3d induced the activation of the DNA damage signaling response 
with consequent accumulation of cyclin B and a block of cells in the G2/M phase. 

2.2.5. Compound 3d Induced Apoptosis in HeLa Cells through Mitochondrial Depolari-
zation 

With the aim of evaluating the type of cell death induced by the treatment of com-
pound 3d, we treated HeLa cells with different concentrations of 3d, and, after 24 or 48 h, 
we labeled the cells with both annexin-V conjugated with FITC and propidium iodide 
(PI). The cells were then subjected to flow cytometric analysis, and the results are shown 
in Figure 5. Compound 3d induced, in a concentration- and time-dependent manner, 
apoptosis in the treated cells. The effect was evident at 25 nM and stronger still at 50 nM. 
With 3d at 50 nM and at long incubation times, a fair percentage of cells (about 25%) be-
came necrotic, being positive only for PI (A−/PI+). 
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Figure 5. Apoptotic effects caused by 3d. HeLa cells were treated with the indicated concentrations 
of 3d for either 24 or 48 h and then were analyzed by flow cytometry after double staining with 
annexin-V-FITC and PI. A-/PI- Alive cells; A+/PI-  Early apoptotic cells; A+/PI+ Late apoptotic cells; 
A-/PI+ Necrotic cells. In the histograms, data are represented as mean ± SEM of three independent 
experiments. 

Since many drugs acting as inhibitors of tubulin polymerization induce apoptosis 
through mitochondrial depolarization [70–74], we wanted to investigate whether 3d-in-
duced apoptosis was accompanied by a reduction in mitochondrial potential. To do this, 
we treated the Hela cells with the compound, and after 24 or 48 h we labeled the cells with 
the fluorescent dye JC-1. 

In physiological conditions, JC-1 aggregates and emits red fluorescence, while, in de-
polarization conditions, the dye disaggregates and forms monomers that emit green fluo-
rescence. As can be seen from Figure 6, after a 24 h treatment, a significant increase in the 
percentage of monomers was observed, and this percentage increased further at 48 h, in 
good agreement with the appearance of apoptotic cells described above. 
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Figure 6. Assessment of mitochondrial depolarization after treatment with 3d. HeLa cells were 
treated with the indicated concentrations of compound for 24 or 48 h. Data are represented as mean 
± SEM of three independent experiments (** p < 0.01, *** p < 0.001). 

2.2.6. Compound 3d Induces Caspase-9 Activation and Causes a Decrease in the Expres-
sion of Bcl-2 Protein 

To further study the 3d-induced apoptosis process we evaluated the expression of 
caspase-9. As shown in Figure 7, we observed at both 25 and 50 nM 3d the appearance of 
the cleaved fragment of caspase-9. In this context, many studies have demonstrated that 
activation of initiator pro-caspase-9 causes a decrease in Bcl-2 expression, thus indicating 
the occurrence of apoptosis [75]. 

Western blot analysis showed that treatment with 3d induced a reduction in Bcl-2 
expression starting at 10 nM and, at higher concentrations, we also observed the appear-
ance of the phosphorylated form of Bcl-2, a phenomenon frequently observed with anti-
mitotic drugs and probably linked to mitotic death [76,77]. 

 
Figure 7. Western blot analysis of Caspase-9 (D330) (Cleaved form) and Bcl-2 levels. HeLa cells were 
treated for 24 h with 3d at the indicated concentrations. 

2.2.7. Effects of 3d Treatments on Zebrafish Embryos 



Pharmaceuticals 2022, 15, 1031 14 of 29 
 

 

To evaluate the toxicity of 3d in vivo, wild-type embryos were exposed to 3d diluted 
in fish water to 30 and 300 nM. Three replicates were performed, and, for each one, 20 
embryos were used per drug concentration (60 embryos in total). The embryos were ex-
posed to chemicals from the shield stage (6 h post-fertilization (hpf)) to larval stage (72 
hpf), and phenotypical observations were recorded every 24 h. As shown in Figure 8A, no 
morphological abnormalities or embryonic lethality were observed in embryos treated 
with the 30 nM dose. The compound at 300 nM generated a small yolk sac edema in the 
majority of 48 hpf embryos (red arrow), and the edema was completely re-absorbed 
within the next 24 h in all treated animals, suggesting that 3d was well tolerated by the 
embryos.  

 
Figure 8. Effects of 3d treatment on the zebrafish xenotransplantation model (A). Compound 3d did 
not induce abnormal phenotypes or developmental anomalies in zebrafish embryos after 24, 48 and 
72 h of incubation. DMSO-treated embryos were used as control. (B) Representative images of 
Tg(fli1:EGFP) zebrafish embryos (blood vessels shown in white) transplanted with DiI + HeLa cells 
(red). The embryos were treated with the indicated concentrations of 3d for 24 h and then the fluo-
rescence intensity was quantified as depicted in panel (C). Data are expressed as mean ± SD (**** p 
< 0.001). Scale bar, 200 µm. Effects of 3d treatment on zebrafish embryos. No abnormal phenotypes 
or developmental defects were seen in comparison to DMSO-treated embryos (as a normal control) 
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after 24, 48 and 72 h. (B) Effects of 3d treatment on the zebrafish xenotransplantation model. Repre-
sentative images of Tg(fli1:EGFP) zebrafish embryos (blood vessels shown in white) transplanted 
with DiI + HeLa cells (red). Embryos were treated for 24 h with DMSO (control group), 30 nM 3d or 
300 nM 3d. (C) Histograms represent the fluorescence intensity of the tumor xenografts, indicating 
total HeLa cells present in each embryo after a 24 h treatment with 3d at the indicated concentra-
tions. Data are expressed as mean ± SD (**** p < 0.001). Scale bar, 200 µm. 

2.2.8. In Vivo Antitumor Activity of Compound 3d in a Zebrafish Xenograft Model 

To evaluate the effects of 3d on tumor maintenance and dissemination in vivo, we 
took advantage of a zebrafish xenograft model. About 200 DiI-labeled HeLa cells were 
injected within the duct of Cuvier of 48 hpf zebrafish embryos. After xenotransplantation, 
the animals were treated with 3d at 30 or 300 nM and circulating tumor cells were visual-
ized and quantified in real time through fluorescence microscopy. 

Upon 24 h treatment, HeLa cells were engrafted into the trunk and tail regions of 
DMSO-treated zebrafish embryos (controls). Interestingly, 3d significantly reduced the 
number of disseminated cancer cells (Figure 8B), in agreement with in vitro cytotoxic ef-
fects of this compound on HeLa cancer cells. Notably, as shown in Figure 8C, the fluores-
cence intensity decreased in a dose-dependent manner, reaching statistical significance at 
300 nM, indicating the effectiveness of 3d in eradicating DiI-positive tumor cells. 

3. Materials and Methods 

3.1. Chemistry 

The 1H and 13C NMR spectra were recorded on a Varian 400 Mercury Plus spectrom-
eter. Chemical shifts (δ) are given in ppm upfield, and the spectra were recorded in ap-
propriate deuterated solvents, as indicated. Mass spectra were recorded by an ESI single 
quadrupole mass spectrometer (Waters ZQ 2000; Waters Instruments, UK), and the values 
are expressed as [M+1]+. Melting points (mp) were determined on a Buchi-Tottoli appa-
ratus and are uncorrected. All products reported showed 1H and 13C NMR spectra in 
agreement with the assigned structures. The purity of tested compounds was determined 
by combustion elemental analyses conducted by the Microanalytical Laboratory of the 
Chemistry Department of the University of Ferrara with a Yanagimoto MT-5 CHN record-
ing elemental analyzer. All tested compounds yielded data consistent with a purity of at 
least 95% as compared with the theoretical values. Reaction courses and product mixtures 
were routinely monitored by TLC on silica gel (precoated F254 Merck plates), and com-
pounds were visualized with aqueous KMnO4. Flash chromatography was performed us-
ing 230–400 mesh silica gel and the indicated solvent system. Organic solutions were dried 
over anhydrous Na2SO4. 

3.1.1. General Procedure A for the Synthesis of Compounds 8a-v 

To a solution of dimethyl cyanodithioimidocarbonate 7 (292 mg, 2 mmol) in isopro-
propanol (10 mL) was added the appropriate amine (2 mmol, 1 equiv.), and the mixture 
was refluxed for 18 h for the synthesis of compounds 8a-o, while the mixture was stirred 
at room temperature (18 h) for the preparation of compounds 8p-v. After this time, the 
solvent was removed under reduced pressure, the resulting residue was washed with di-
ethyl ether (10 mL) and filtered to furnish the final compound 8a-v used for the next reac-
tion without any purification. For the characterization of compounds 8a, 8c-f, 8h and 8j-n 
see reference [53]. The characterization of compounds 8p-v was described previously [78]. 

(Z)-Methyl N′-Cyano-N-(pyridin-3-yl)carbamimidothioate (8b) 

Following general procedure A, compound 8b was obtained as a white solid, yield 
89%, mp 188–190 °C; 1H-NMR (DMSO-d6) δ: 2.62 (s, 3H), 7.10 (d, J = 8.0 Hz, 1H), 7.26 (m, 
1H), 7.69 (s, 1H), 8.62 (d, J = 8.0 Hz, 1H), 10.0 (s, 1H). MS (ESI): [M+1]+ = 193.2. 

(Z)-Methyl N′-Cyano-N-(3,5-dimethylphenyl)carbamimidothioate (8g) 
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Following general procedure A, compound 8g was obtained as a white solid, yield 
78%, mp 142–144 °C; 1H-NMR (DMSO-d6) δ: 2.22 (s, 6H), 2.44 (s, 3H), 6.36 (s, 1H), 7.10 (s, 
2H), 10.0 (bs, 1H). MS (ESI): [M+1]+ = 220.3. 

(Z)-Methyl N-(4-n-Propylphenyl)-N′-cyanocarbamimidothioate (8i) 

Following general procedure A, compound 8i was obtained as a white solid, yield 
84%, mp 154–156 °C; 1H-NMR (DMSO-d6) δ: 0.93 (t, J = 7.2 Hz, 3H), 1.60 (m, 2H), 2.53 (s, 
3H), 2.62 (t, J = 7.2 Hz, 2H), 7.20 (d, J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 10.1 (bs, 1H). 
MS (ESI): [M+1]+ = 234.3. 

(Z)-Methyl N′-Cyano-N-(2,3-dihydrobenzo[b][1,4]dioxin-6-yl)carbamimidothioate (8o) 

Following general procedure A, compound 8o was obtained as a white solid, yield 
92%, mp 202–204 °C; 1H-NMR (DMSO-d6) δ: 2.48 (s, 3H), 4.2 (s, 4H), 7.10 (d, J = 8.0 Hz, 
1H), 6.84 (s, 2H), 6.94 (s, 1H), 10.0 (s, 1H). MS (ESI): [M+1]+ = 250.2 

3.1.2. General Procedure B for the Synthesis of Compounds 9a-v 

To a stirred suspension of compound 8a-v (2 mmol) in methanol (10 mL) was added 
hydrazine monohydrate (0.2 mL, 4 mmol, 2 equiv.), and the mixture was heated under 
reflux for 18 h. After this time, the volatiles were removed, and the residue suspended 
with diethyl ether (10 mL) was sonicated for 10 min. The resultant solid was collected by 
filtration and then used for the next reaction without any purification. For the characteri-
zation of compounds 9a, 9c-f, 9h and 9j-n see reference [53]. 

N3-(Pyridin-3-yl)-1H-1,2,4-triazole-3,5-diamine (9b) 

Following general procedure B, compound 9b was obtained as a grey solid. Yield 
68%, mp 178–179 °C; 1H-NMR (d6-DMSO) δ: 5.76 (bs, 2H), 7.31 (dd, J = 7.7 and 4.8 Hz, 1H), 
7.71 (dt, J = 7.8 and 1.8 Hz, 1H), 8.12–8.21 (m. 1H), 8.33 (s, 1H), 8.52 (d, J = 1.8 Hz. 1H), 11.0 
(br. s., 1H). MS (ESI): [M+1]+ = 177.2. 

N3-(3,5-Dimethylphenyl)-1H-1,2,4-triazole-3,5-diamine (9g) 

Following general procedure B, compound 9g was obtained as a white solid. Yield 
88%, mp 188–190 °C; 1H-NMR (d6-DMSO) δ: 2.15 (s, 6H), 5.76 (bs, 2H), 6.34 (s, 1H), 7.09 (s, 
2H), 8.40 (s, 1H), 11.0 (bs, 1H). MS (ESI): [M+1]+ = 204.3. 

N3-(4-n-Propylphenyl)-1H-1,2,4-triazole-3,5-diamine (9i) 

Following general procedure B, compound 9i was obtained as a white solid. Yield 
82%, mp 186–188 °C; 1H-NMR (d6-DMSO) δ: 0.88 (t, J = 7.0 Hz, 3H), 1.48 (m, 2H), 2.41 (t, J 
= 7.6 Hz, 2H), 5.80 (bs, 2H), 6.94 (d, J = 8.2 Hz, 2H), 7.36 (d, J = 8.2 Hz, 2H), 8.43 (bs, 1H), 
11.1 (bs, 1H). MS (ESI): [M+1]+ = 218.3. 

N3-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-1H-1,2,4-triazole-3,5-diamine (9o) 

Following general procedure B, compound 9o was obtained as a white solid. Yield 
82%, mp 202–204 °C; 1H-NMR (d6-DMSO) δ: 4.10–4.16 (m, 4H), 5.73 (bs, 2H), 6.60 (d, J = 
8.8 Hz, 1H), 6.82 (dd, J = 8.8 and 2.4 Hz, 1H), 7.15 (d, J = 2.4 Hz, 1H), 8.31 (s, 1H), 10.8 (bs, 
1H). MS (ESI): [M+1]+ = 234.2. 

N3-Benzyl-1H-1,2,4-triazole-3,5-diamine (9p) 

Following general procedure B, compound 9p was obtained as a white solid. Yield 
75%, mp 203–205 °C; 1H-NMR (d6-DMSO) δ: 4.21 (d, J = 6.4 Hz, 2H), 5.32 (bs, 2H), 6.12 (t, J 
= 6.4 Hz, 1H), 7.18–7.20 (m, 1H), 7.27–7.30 (m, 4H), 10.6 (bs, 1H). MS (ESI): [M+1]+ = 190.2. 

N3-(4-Chlorobenzyl)-1H-1,2,4-triazole-3,5-diamine (9q) 
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Following general procedure B, compound 9q was obtained as a white solid. Yield 
88%, mp 176–178 °C; 1H-NMR (d6-DMSO) δ: 4.20 (d, J = 6.4 Hz, 2H), 5.30 (bs, 2H), 5.86 (t, J 
= 6.4 Hz, 1H), 7.29-7.38 (m, 4H), 10.8 (bs, 1H). MS (ESI): [M+1]+ = 224.7. 

N3-(4-Methylbenzyl)-1H-1,2,4-triazole-3,5-diamine (9r) 

Following general procedure B, compound 9r was obtained as a white solid. Yield 
87%, mp 188–190 °C; 1H-NMR (d6-DMSO) δ: 2.25 (s, 3H), 4.14 (d, J = 6.2 Hz, 2H), 5.27 (bs, 
2H), 5.85 (t, J = 6.2 Hz, 1H), 7.05 (d, J = 8.0 Hz, 2H), 7.16 (d, J = 8.0 Hz, 2H), 10.7 (bs, 1H). 
MS (ESI): [M+1]+ = 203.9. 

N3-(4-Methoxybenzyl)-1H-1,2,4-triazole-3,5-diamine (9s) 

Following general procedure B, compound 9s was obtained as a white solid. Yield 
88%, mp 198–200 °C; 1H-NMR (d6-DMSO) δ: 3.71 (s, 3H), 4.11 (d, J = 6.4 Hz, 2H), 5.28 (bs, 
2H), 5.92 (t, J = 6.4 Hz, 1H), 6.82 (d, J = 8.6 Hz, 2H), 7.20 (d, J = 8.6 Hz, 2H), 10.8 (bs, 1H). 
MS (ESI): [M+1]+ = 220.2. 

N3-(Benzo[d][1,3]dioxol-5-ylmethyl)-1H-1,2,4-triazole-3,5-diamine (9t) 

Following general procedure B, compound 9t was obtained as a white solid. Yield 
93%, mp 204–206 °C; 1H-NMR (d6-DMSO) δ: 4.12 (d, J = 6.4 Hz, 2H), 4,24 (bs, 1H), 5.38 (bs, 
2H), 5.97 (s, 2H), 6.74 (dd, J = 8.2 and 2.2 Hz, 1H), 6.80 (d, J = 8.2 Hz, 1H), 6.88 (d, J = 2.2 
Hz, 1H), 10.8 (bs, 1H). MS (ESI): [M+1]+ = 234.2. 

N3-(2-Phenylethyl)-1H-1,2,4-triazole-3,5-diamine (9u) 

Following general procedure B, compound 9u was obtained as a white solid. Yield 
90%, mp 206–208 °C; 1H-NMR (d6-DMSO) δ: 2.82 (t, J = 7.2 Hz, 2H), 3.35–3.37 (m, 2H), 5.30 
(bs, 2H), 6.22 (t, J = 6.4 Hz, 1H), 7.19–7.22 (m, 2H), 7.27–7.30 (m, 3H), 10.6 (bs, 1H). MS 
(ESI): [M+1]+ = 204.2. 

N3-(3-Phenylpropyl)-1H-1,2,4-triazole-3,5-diamine (9v) 

Following general procedure B, compound 9v was obtained as a white solid. Yield 
92%, mp 188–190 °C; 1H-NMR (d6-DMSO) δ: 1.74 (m, 2H), 2.55 (t, J = 7.2 Hz, 2H), 2.95–2.99 
(m, 2H), 5.32 (bs, 2H), 6.14 (bs, 1H), 7.14–7.18 (m, 3H), 7.22–7.25 (m, 2H), 10.6 (bs, 1H). MS 
(ESI): [M+1]+ = 218.3. 

3.1.3. General Procedure C for the Synthesis of Compounds 3a-v 

To a solution of (E)-3-(dimethylamino)-1-(3,4,5-trimethoxyphenyl)prop-2-en-1-one 
10 (132 mg, 0.5 mmol) in glacial acetic acid (3 mL) was added the appropriate 3-substituted 
5-amino-1,2,4-triazole 9a-v (0.75 mmol, 1.5 equiv.), and the resulting mixtures were stirred 
for 2 h at 80 °C and then evaporated to dryness in vacuo. The residue was portioned be-
tween dichloromethane and a 2 M solution of Na2CO3 in water, the organic phase was 
separated, washed with brine, dried over sodium sulfate, filtered and concentrated. The 
crude residue was subjected to column chromatography on silica gel using a mixture of 
ethyl acetate–methanol as eluent or recrystallized from diethyl ether, yielding the appro-
priate 2-substituted-7-(3′,4′5′-trimethoxyphenyl) [1,2,4]triazolo[1,5-a]pyrimidines 3a-v.  

N-Phenyl-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3a) 

Following general procedure C, the crude residue was purified by crystallization 
with diethyl ether to furnish 3a as a yellow solid. Yield: 49%, mp 235–236 °C; 1H-NMR 
(DMSO-d6) δ: 3.79 (s, 3H), 3.91 (s, 6H), 6.94 (t, J = 8.4 Hz, 1H), 7.27 (t, J = 8.4 Hz, 2H), 7.52 
(d, J = 4.8 Hz, 1H), 7.71 (s, 2H), 7.73 (t, J = 8.4 Hz, 2H), 8.66 (d, J = 4.8 Hz, 1H), 9.89 (s, 1H); 
13C-NMR (DMSO-d6) δ: 56.60 (2C), 60.71, 107.70 (2C), 108.21, 117.39 (2C), 121.15, 125.36, 
129.17 (2C), 140.69, 141.18, 145.52, 153.17 (2C), 153.36, 155.71, 163.57. MS (ESI): [M+1]+ = 
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378.4. Anal. calcd for C20H19N5O3. C, 63.65; H, 5.07; N, 18.56; found: C, 63.48; H, 4.88; N, 
18.34. 

N-(Pyridin-3-yl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3b) 

Following general procedure C, the crude residue was purified by crystallization 
with diethyl ether to furnish 3b as a brown solid. Yield: 47%, mp 172–174 °C; 1H-NMR 
(DMSO-d6) δ: 3.79 (s, 3H), 3.81 (s, 6H), 7.31 (dd, J = 8.4 and 8.0 Hz, 1H), 7.55 (d, J = 4.8 Hz, 
1H), 7.56 (s, 2H), 8.08–8.09 (m, 1H), 8.10–8.14 (m, 1H), 8.70 (d, J = 4.8 Hz, 1H), 8.97 (d, J = 
2.8 Hz, 1H), 10.1 (s, 1H); 13C-NMR (DMSO-d6) δ: 56.62 (2C), 60.72, 107.69 (2C), 108.54, 
123.78, 123.94, 125.27, 137.88, 139.51, 140.72, 142.18, 145.77, 153.19 (2C), 153.66, 155.75, 
163.23. MS (ESI): [M+1]+ = 379.3. Anal. calcd for C19H18N6O3. C, 60.31; H, 4.79; N, 22.21; 
found: C, 60.12; H, 4.67; N, 22.03. 

N-(4-Fluorophenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3c) 

Following general procedure C, the crude residue was purified by crystallization 
with diethyl ether to furnish 3c as a white solid. Yield: 58%, mp 234–235 °C; 1H-NMR 
(DMSO-d6) δ: 3.78 (s, 3H), 3.90 (s, 6H), 7.12 (t, J = 8.8 Hz, 2H), 7.50 (d, J = 4.8 Hz, 1H), 7.66 
(s, 2H), 7.66–7.73 (m, 2H), 8.66 (d, J = 4.8 Hz, 1H), 9.91 (s, 1H); 13C-NMR (DMSO-d6) δ: 56.62 
(2C), 60.71, 107.66 (2C), 108.30, 115.60 and 115.82 (J2CF = 22.1 Hz, 2C), 118.75 and 118.82 (J3CF 
= 6.9 Hz, 2C), 125.35, 137.67, 140.67, 145.57, 153.19 (2C), 153.36, 155.74, 155.95 and 158.31 
(J1CF = 236 Hz, 1C), 163.54. MS (ESI): [M+1]+ = 396.2. Anal. calcd for C20H18FN5O3. C, 60.75; 
H, 4.59; N, 17.71; found: C, 60.56; H, 4.43; N, 17.48. 

N-(p-Tolyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3d) 

Following general procedure C, the crude residue was crystallized with diethyl ether 
to furnish 3d as a yellow solid. Yield: 58%, mp 208–209 °C; 1H-NMR (DMSO-d6) δ: 2.23 (s, 
3H), 3.79 (s, 3H), 3.91 (s, 6H), 7.06 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 4.8 Hz, 1H), 7.59 (d, J = 8.4 
Hz, 2H), 7.68 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.57 (s, 1H); 13C-NMR (DMSO-d6) δ: 20.77, 
56.60 (2C), 60.71, 107.68 (2C), 108.09, 117.43 (2C), 125.39, 129.56 (2C), 129.90, 138.69, 140.66, 
145.42, 153.16 (2C), 153.23, 155.74, 163.81. MS (ESI): [M+1]+ = 392.4. Anal. calcd for 
C21H21N5O3. C, 64.44; H, 5.41; N, 17.89; found: C, 64.31; H, 5.18; N, 17.77. 

N-(m-Tolyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3e) 

Following general procedure C, the crude residue was purified by crystallization 
with diethyl ether to furnish 3e as a yellow solid. Yield: 62%, mp 229–230 °C; 1H-NMR 
(DMSO-d6) δ: 2.26 (s, 3H), 3.78 (s, 3H), 3.89 (s, 6H), 6.74 (d, J = 8.0 Hz, 1H), 7.14 (t, J = 8.0 
Hz, 1H), 7.46 (d, J = 2.0 Hz, 1H), 7.48 (d, J = 4.8 Hz, 1H), 7.60 (d, J = 8.0 Hz, 1H), 7.65 (s, 2H), 
8.66 (d, J = 4.8 Hz, 1H), 9.81 (s, 1H); 13C-NMR (DMSO-d6) δ: 21.79, 56.65 (2C), 60.71, 107.64 
(2C), 108.22, 114.57, 117.97, 121.94, 125.44, 128.98, 138.32, 140.65, 141.14, 145.58, 153.17 (2C), 
153.31, 155.67, 163.61. MS (ESI): [M+1]+ = 392.6. Anal. calcd for C21H21N5O3. C, 64.44; H, 
5.41; N, 17.89; found: C, 64.23; H, 5.31; N, 17.69. 

N-(3,4-Dimethylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3f) 

Following general procedure C, the crude residue was crystallized with diethyl ether 
to furnish 3f as a yellow solid. Yield: 54%, mp 189–190 °C; 1H-NMR (DMSO-d6) δ: 2.14 (s, 
3H), 2.16 (s, 3H), 3.78 (s, 3H), 3.89 (s, 6H), 7.02 (d, J = 8.4 Hz, 1H), 7.41 (d, J = 1.2 Hz, 1H), 
7.47 (d, J = 4.8 Hz, 1H), 7.54 (dd, J = 8.4 and 1.2 Hz, 1H), 7.65 (s, 2H), 8.64 (d, J = 4.8 Hz, 
1H), 9.68 (s, 1H); 13C-NMR (DMSO-d6) δ: 19.08, 20.24, 56.64 (2C), 60.70, 107.73 (2C), 108.08, 
114.86, 118.81, 125.47, 128.72, 130.01, 138.74, 138.97, 140.62, 145.47, 153.17 (2C), 155.71, 
158.64, 163.73. MS (ESI): [M+1]+ = 406.4. Anal. calcd for C22H23N5O3. C, 65.17; H, 5.72; N, 
17.27; found: C, 64.92; H, 5.53; N, 17.05. 
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N-(3,5-Dimethylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3g) 

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate as eluent, to furnish 3g as a yellow solid. Yield: 58%, mp 228–
230 °C; 1H-NMR (DMSO-d6) δ: 2.21 (s, 6H), 3.77 (s, 3H), 3.87 (s, 6H), 6.55 (s, 1H), 7.32 (s, 
2H), 7.44 (d, J = 4.8 Hz, 1H), 7.60 (s, 2H), 8.65 (d, J = 4.8 Hz, 1H), 9.72 (s, 1H); 13C-NMR 
(DMSO-d6) δ: 21.15 (2C), 56.13 (2C), 60.13, 107.22 (2C), 107.86, 114.64 (2C), 122.27, 124.98, 
137.51 (2C), 140.01, 140.53, 145.10, 152.61 (2C), 152.71, 155.06, 163.07. MS (ESI): [M+1]+ = 
406.4. Anal. calcd for C22H23N5O3. C, 65.17; H, 5.72; N, 17.27; found: C, 64.97; H, 5.52; N, 
17.11. 

N-(4-Ethylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3h) 

Following general procedure C, the crude residue crystallized with diethyl ether fur-
nished 3h as a yellow solid. Yield: 63%, mp 199–200 °C; 1H-NMR (DMSO-d6) δ: 1.14 (t, J = 
8.4 Hz, 3H), 2.52 (q, J = 8.4 Hz, 2H), 3.79 (s, 3H), 3.91 (s, 6H), 7.09 (d, J = 8.4 Hz, 2H), 7.50 
(d, J = 4.8 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.69 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.77 (s, 1H); 
13C-NMR (DMSO-d6) δ: 16.34, 27.93, 56.59 (2C), 60.72, 107.68 (2C), 108.09, 117.56 (2C), 
125.38, 128.16, 128.36 (2C), 136.52, 138.89, 140.66, 145.41, 153.16 (2C), 155.75, 163.71. MS 
(ESI): [M+1]+ = 406.3. Anal. calcd for C22H23N5O3. C, 65.17; H, 5.72; N, 17.27; found: C, 64.91; 
H, 5.54; N, 17.12. 

N-(4-Propylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3i) 

Following general procedure C, the crude residue crystallized with diethyl ether fur-
nished 3i as a yellow solid. Yield: 64%, mp 185–187 °C; 1H-NMR (DMSO-d6) δ: 0.86 (t, J = 
7.2 Hz, 3H), 1.52–1.55 (m, 2H), 2.52 (q, J = 7.2 Hz, 2H), 3.78 (s, 3H), 3.91 (s, 6H), 7.07 (d, J = 
8.4 Hz, 2H), 7.50 (d, J = 4.8 Hz, 1H), 7.60 (d, J = 8.4 Hz, 2H), 7.69 (s, 2H), 8.64 (d, J = 4.8 Hz, 
1H), 9.77 (s, 1H); 13C-NMR (DMSO-d6) δ: 14.04, 24.75, 37.05, 56.59 (2C), 60.71, 107.68 (2C), 
108.08, 117.50 (2C), 125.38, 128.95 (2C), 134.88, 138.90, 140.66, 145.40, 147.92, 153.16 (2C), 
155.75, 163.71. MS (ESI): [M+1]+ = 420.4. Anal. calcd for C23H25N5O3. C, 65.85; H, 6.01; N, 
16.70; found: C, 65.69; H, 5.88; N, 16.52. 

N-(4-Isopropylphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3j)  

Following general procedure C, the crude residue crystallized with diethyl ether fur-
nished 3j as a yellow solid. Yield: 53%, mp 212–214 °C; 1H-NMR (DMSO-d6) δ: 1.12 (d, J = 
6.8 Hz, 6H), 2.46–2.48 (m, 1H), 3.79 (s, 3H), 3.91 (s, 6H), 7.12 (d, J = 8.4 Hz, 2H), 7.50 (d, J = 
4.8 Hz, 1H), 7.61 (d, J = 8.4 Hz, 2H), 7.69 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.76 (s, 1H); 13C-
NMR (DMSO-d6) δ: 24.52 (2C), 33.17, 56.59 (2C), 60.71, 107.69 (2C), 108.08, 115.95, 117.63 
(2C), 125.38, 126.84 (2C), 138.95, 140.65, 141.25, 145.38, 153.16 (2C), 155.77, 163.73. MS (ESI): 
[M+1]+ = 420.5. Anal. calcd for C23H25N5O3. C, 65.85; H, 6.01; N, 16.70; found: C, 65.70; H, 
5.88; N, 16.51. 

N-(4-Methoxyphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3k) 

Following general procedure C, the crude residue was purified by crystallization 
with diethyl ether to furnish 3k as a yellow solid. Yield: 62%, mp 213–215 °C; 1H-NMR 
(DMSO-d6) δ: 3.70 (s, 3H), 3.78 (s, 3H), 3.90 (s, 6H), 7.48 (d, J = 4.8 Hz, 1H), 6.85 (d, J = 8.8 
Hz, 2H), 7.61 (d, J = 8.8 Hz, 2H), 7.68 (s, 2H), 8.62 (d, J = 4.8 Hz, 1H), 9.65 (s, 1H); 13C-NMR 
(DMSO-d6) δ: 55.69, 56.60 (2C), 60.71, 107.65 (2C), 107.98, 114.45 (2C), 118.90 (2C), 125.40, 
134.54, 140.63, 145.30, 153.08, 153.16 (2C), 154.15, 155.82, 163.85. MS (ESI): [M+1]+ = 408.4. 
Anal. calcd for C21H21N5O4. C, 61.91; H, 5.20; N, 17.19; found: C, 61.77; H, 5.02; N, 17.01. 
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N-(3-Methoxyphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-
amine (3l)  

Following general procedure C, the crude residue was purified by crystallization 
with diethyl ether to furnish 3l as a yellow solid. Yield: 54%, mp 165–166 °C; 1H-NMR 
(DMSO-d6) δ: 3.70 (s, 3H), 3.78 (s, 3H), 3.90 (s, 6H), 6.54 (dd, J = 8.0 and 2.0 Hz, 1H), 7.19 (t, 
J = 8.4 Hz, 1H), 7.24 (dd, J = 8.0 and 2.0 Hz, 1H), 7.40 (d, J = 2.0 Hz, 1H), 7.49 (d, J = 4.8 Hz, 
1H), 7.65 (s, 2H), 8.66 (d, J = 4.8 Hz, 1H), 9.88 (s, 1H); 13C-NMR (DMSO-d6) δ: 55.35, 56.59 
(2C), 60.70, 103.88, 105.92, 107.69 (2C), 108.31, 110.17, 125.42, 129.92, 140.66, 142.29, 145.69, 
153.19 (2C), 153.43, 155.61, 160.33, 163.48. MS (ESI): [M+1]+ = 408.3. Anal. calcd for 
C21H21N5O4. C, 61.91; H, 5.20; N, 17.19; found: C, 61.72; H, 5.10; N, 17.02. 

N-(4-Ethoxyphenyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3m) 

Following general procedure C, the crude residue was purified by crystallization 
with diethyl ether to furnish 3m as a yellow solid. Yield: 61%, mp 205–207 °C; 1H-NMR 
(DMSO-d6) δ: 1.28 (t, J = 6.8 Hz, 3H), 3.78 (s, 3H), 3.90 (s, 6H), 3.96 (q, J = 6.8 Hz, 2H), 6.83 
(d, J = 9.2 Hz, 2H), 7.48 (d, J = 4.8 Hz, 1H), 7.60 (d, J = 8.8 Hz, 2H), 7.68 (s, 2H), 8.62 (d, J = 
4.8 Hz, 1H), 9.65 (s, 1H); 13C-NMR (DMSO-d6) δ: 15.28, 56.59 (2C), 60.70, 63.60, 107.65 (2C), 
107.97, 114.92, 115.03, 117.04, 118.88 (2C), 125.41, 134.45, 140.63, 145.29, 153.08, 153.16, 
153.39, 155.82, 163.85. MS (ESI): [M+1]+ = 422.4. Anal. calcd for C22H23N5O4. C, 62.70; H, 
5.50; N, 16.62; found: C, 62.58; H, 5.38; N, 16.49. 

N-(Benzo[d][1,3]dioxol-5-yl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-
2-amine (3n) 

Following general procedure C, the crude residue purified by crystallization with 
diethyl ether furnished 3n as a white solid. Yield: 63%, mp 234–236 °C; 1H-NMR (DMSO-
d6) δ: 3.78 (s, 3H), 3.90 (s, 6H), 5.95 (s, 2H), 6.82 (d, J = 8.4 Hz, 1H), 7.03 (dd, J = 8.4 and 2.0 
Hz, 1H), 7.48-7.50 (m, 2H), 7.66 (s, 2H), 8.64 (d, J = 4.8 Hz, 1H), 9.76 (s, 1H); 13C-NMR 
(DMSO-d6) δ: 56.62 (2C), 60.70, 99.91, 101.24, 107.64 (2C), 108.11, 108.65, 109.97, 125.37, 
135.89, 140.65, 141.62, 145.44, 147.78, 153.17 (2C), 153.27, 155.71, 163.64. MS (ESI): [M+1]+ = 
422.4. Anal. calcd for C21H19N5O3. C, 59.85; H, 4.54; N, 16.62; found: C, 59.72; H, 4.33; N, 
16.48. 

N-(2,3-Dihydrobenzo[b][1,4]dioxin-6-yl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-
a]pyrimidin-2-amine (3o) 

Following general procedure C, the crude residue purified by crystallization with 
diethyl ether furnished 3o as a white solid. Yield: 58%, mp 212–214 °C; 1H-NMR (DMSO-
d6) δ: 3.78 (s, 3H), 3.91 (s, 6H), 4.16–4.22 (m, 4H), 6.74 (d, J = 8.4 Hz, 1H), 7.02 (dd, J = 8.4 
and 2.4 Hz, 1H), 7.39 (d, J = 2.8 Hz, 1H), 7.48 (d, J = 4.8 Hz, 1H), 7.66 (s, 2H), 8.63 (d, J = 4.8 
Hz, 1H), 9.67 (s, 1H); 13C-NMR (DMSO-d6) δ: 56.58 (2C), 60.69, 64.32, 64.74, 86.40, 106.42, 
107.59 (2C), 108.06, 110.89, 117.31, 125.42, 135.04, 138.01, 140.62, 143.63, 145.44, 153.19 (2C), 
155.71, 163.63. MS (ESI): [M+1]+ = 436.4. Anal. calcd for C22H21N5O5. C, 60.68; H, 4.86; N, 
16.08; found: C, 60.54; H, 4.72; N, 15.98.  

N-Benzyl-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3p) 

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9.5:0.5 as eluent, to furnish 3p as a white solid. Yield: 
58%, mp 144–146 °C; 1H-NMR (DMSO-d6) δ: 3.73 (s, 3H), 3.76 (s, 6H), 4.48 (d, J = 6.0 Hz, 
2H), 7.22 (t, J = 8.4 Hz, 1H), 7.29 (t, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 5.2 
Hz, 1H), 7.59 (s, 2H), 7.61 (t, J = 6.4 Hz, 1H), 8.51 (d, J = 5.2 Hz, 1H); 13C-NMR (DMSO-d6) 
δ: 45.85, 56.49 (2C), 60.63, 107.38, 107.64 (2C), 125.45, 127.03, 127.29 (2C), 128.66 (2C), 
140.44, 140.64, 144.61, 152.04, 153.02 (2C), 156.73, 167.43. MS (ESI): [M+1]+ = 392.4. Anal. 
calcd for C21H21N5O3. C, 64.44; H, 5.41; N, 17.89; found: C, 64.24; H, 5.16; N, 17.67. 
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N-(4-Chlorobenzyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3q) 

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9:1 as eluent, to furnish compound 3q as a yellow 
solid. Yield: 58%, mp 171–173 °C; 1H-NMR (DMSO-d6) δ: 3.76 (s, 6H), 3.81 (s, 3H), 4.47 (d, 
J = 6.4 Hz, 2H), 7.33–7.35 (m, 4H), 7.38 (d, J = 5.2 Hz, 1H), 7.57 (s, 2H), 7.68 (t, J = 6.4 Hz, 
1H), 8.52 (d, J = 5.2 Hz, 1H); 13C-NMR (DMSO-d6) δ: 45.22, 56.48 (2C), 60.64, 107.48, 107.64 
(2C), 125.42, 128.60 (2C), 129.14 (2C), 131.55, 139.73, 140,12, 144.70, 152.13 (2C), 153.03, 
156.72, 167.30. MS (ESI): [M+1]+ = 426.4. Anal. calcd for C21H20ClN5O3. C, 59.23; H, 4.73; N, 
16.44; found: C, 59.11; H, 4.60; N, 16.33. 

N-(4-Methylbenzyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3r) 

Following general procedure C, using ethyl acetate:methanol 9.5:0.5 as eluent, com-
pound 3r was obtained as a white solid. Yield: 61%, mp 156–158 °C; 1H-NMR (DMSO-d6) 
δ: 2.23 (s, 3H), 3.74 (s, 3H), 3.77 (s, 6H), 4.43 (d, J = 6.0 Hz, 2H), 7.07 (d, J = 8.0 Hz, 2H), 7.21 
(d, J = 8.0 Hz, 2H), 7.38 (d, J = 4.8 Hz, 1H), 7.54 (t, J = 6.4 Hz, 1H), 7.59 (s, 2H), 8.51 (d, J = 
4.8 Hz, 1H); 13C-NMR (DMSO-d6) δ: 20.61, 45.15, 56.02 (2C), 60.17, 106.88, 107.17 (2C), 
125.00, 126.83 (2C), 128.72 (2C), 135.56, 137.09, 139.96, 144.11, 151.54, 152.57 (2C), 156.25, 
166.95. MS (ESI): [M+1]+ = 406.3. Anal. calcd for C22H23N5O3. C, 65.17; H, 5.72; N, 17.27; 
found: C, 65.03; H, 5.58; N, 17.18. 

N-(4-Methoxybenzyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3s) 

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9.5:0.5 as eluent, to furnish 3s as a white solid. Yield: 
66%, mp 190–192 °C; 1H-NMR (DMSO-d6) δ: 3.69 (s, 3H), 3.74 (s, 3H), 3.79 (s, 6H), 4.40 (d, 
J = 6.4 Hz, 2H), 6.83 (d, J = 8.4 Hz, 2H), 7.26 (d, J = 8.4 Hz, 2H), 7.38 (d, J = 4.8 Hz, 1H), 7.53 
(t, J = 6.4 Hz, 1H), 7.61 (s, 2H), 8.30 (d, J = 4.8 Hz, 1H); 13C-NMR (DMSO-d6) δ: 45.33, 55.46, 
56.52 (2C), 60.64, 107.35, 107.67 (2C), 114.06 (2C), 125.48, 128.65 (2C), 132.53, 140.44, 144.57, 
151.98, 153.03 (2C), 156.71, 158.56, 167.41. MS (ESI): [M+1]+ = 422.4. Anal. calcd for 
C22H23N5O4. C, 62.70; H, 5.50; N, 16.62; found: C, 62.55; H, 5.36; N, 16.44. 

N-(Benzo[d][1,3]dioxol-5-ylmethyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]py-
rimidin-2-amine (3t) 

Following general procedure C, the crude residue purified by flash chromatography, 
using ethyl acetate:methanol 9.5:0.5 as eluent, furnished 3t as a white solid. Yield: 61%, 
mp 233–235 °C; 1H-NMR (DMSO-d6) δ: 3.74 (s, 3H), 3.79 (s, 6H), 4.38 (d, J = 6.0 Hz, 2H), 
5.94 (s, 2H), 6.81 (s, 2H), 6.92 (s, 1H), 7.37 (d, J = 5.2 Hz, 1H), 7.57 (t, J = 8.4 Hz, 1H), 7.60 (s, 
2H), 8.51 (d, J = 5.2 Hz, 1H); 13C-NMR (DMSO-d6) δ: 45.68, 56.51 (2C), 60.64, 101.19, 107.42, 
107.65 (2C), 108.02, 108.41, 120.44, 125.49, 134.59, 140.45, 144.64, 146.37, 147.62, 152.03, 
153.04 (2C), 156.70, 167.33. MS (ESI): [M+1]+ = 436.4. Anal. calcd for C22H21N5O5. C, 60.68; 
H, 4.86; N, 16.08; found: C, 60.60; H, 4.77; N, 15.88. 

N-Phenethyl-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine (3u) 

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9.5:0.5 as eluent, to furnish 3u as a white solid. Yield: 
59%, mp 138–139 °C; 1H-NMR (DMSO-d6) δ: 2.44 (t, J = 7.6 Hz, 2H), 3.42-3.46 (m, 2H), 3.76 
(s, 3H), 3.84 (s, 6H), 7.14 (t, J = 8.4 Hz, 1H), 7.23–7.27 (m, 5H), 7.38 (d, J = 4.8 Hz, 1H), 7.66 
(s, 2H), 8.51 (d, J = 4.8 Hz, 1H); 13C-NMR (DMSO-d6) δ: 35.60, 44.23, 56.56 (2C), 60.66, 107.28, 
107.73 (2C), 125.56, 126.48, 128.72 (2C), 129.07 (2C), 140.16, 144.61, 147.72, 151.96, 153.06 
(2C), 156.83, 167.26. MS (ESI): [M+1]+ = 406.3. Anal. calcd for C22H23N5O3. C, 65.17; H, 5.72; 
N, 17.27; found: C, 64.98; H, 5.59; N, 17.11. 
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N-(3-Phenylpropyl)-7-(3,4,5-trimethoxyphenyl)-[1,2,4]triazolo[1,5-a]pyrimidin-2-amine 
(3v) 

Following general procedure C, the crude residue was purified by flash chromatog-
raphy, using ethyl acetate:methanol 9:1 as eluent, to furnish 3v as a light yellow solid. 
Yield: 58%, mp 98–100 °C; 1H-NMR (DMSO-d6) δ: 1.86–1.92 (m, 2H), 2.64 (t, J = 7.6 Hz, 2H), 
3.25–3.30 (m, 2H), 3.75 (s, 3H), 3.83 (s, 6H), 7.09 (t, J = 8.4 Hz, 1H), 7.12–7.14 (m, 1H), 7.18-
7.24 (m, 4H), 7.37 (d, J = 5.2 Hz, 1H), 7.64 (s, 2H), 8.50 (d, J = 5.2 Hz, 1H); 13C-NMR (DMSO-
d6) δ: 31.27, 32.99, 42.12, 56.53 (2C), 60.64, 107.20, 107.65 (2C), 125.57, 126.15 (2C), 128.70 
(2C), 128.74, 140.39, 142.22, 144.53, 151.89, 153.04 (2C), 156.69, 167.45. MS (ESI): [M+1]+ = 
419.9. Anal. calcd for C23H25N5O3. C, 65.85; H, 6.01; N, 16.70; found: C, 65.72; H, 5.89; N, 
16.60.  

3.2. Biological Assays and Computational Studies 

3.2.1. Cell Cultures and Viability Assay 

All the cell lines used in this paper were of human origin and purchased from the 
American Type Culture Collection (ATCC, Manassas, VA, USA). Colon adenocarcinoma 
(HT-29), non-small cell lung carcinoma (A549), cervix carcinoma (HeLa) and breast ade-
nocarcinoma (MDA-MB-231) cells were grown in RPMI (HT29) or DMEM (A549, HeLa, 
MDA-MB-231) medium (Gibco, Milano, Italy). Both media were supplemented with 115 
units/mL of penicillin G (Gibco, Milano, Italy), 115 µg/mL of streptomycin (Invitrogen, 
Milano, Italy) and 10% fetal bovine serum (Invitrogen, Milano, Italy). All cell lines were 
grown at 37 °C in a humidified 5% CO2 atmosphere. The cells were grown in 2 mL of 
complete medium. 

Stock solutions were prepared for each compound by dissolving in DMSO at the final 
concentration of 10 mM. 

The cells were seeded in 96-well plates at the appropriate density for each cell line. 
The respective cell line densities used for the antiproliferative assay were HeLa and HT29 
5000 cells/well, A549 4000 cells/well and MDA-MB-231 7000 cells/well. The total volume 
of medium was 100 µL. After 24 h, the cells were treated by performing serial 5-fold dilu-
tions of the tested compounds starting from a concentration of 10 µM. All experimental 
conditions were tested in triplicate for statistical analysis. After 72 h of incubation, 10 µL 
of 100 µg/mL resazurin solution was added to each well and the plate was re-incubated 
for 3–4 h. The fluorescence of the wells in each plate was monitored using a Spark 10M 
spectrophotometer (Tecan Group Ltd., Mannedorf, Switzerland) with a 535 nm excitation 
wavelength and a 600 nm emission wavelength. 

The IC50 was defined as the compound concentration required to inhibit cell prolifer-
ation by 50%, in comparison with cells treated with the maximum amount of DMSO 
(0.25%), which was considered 100% viability. 

3.2.2. Effects on Tubulin Polymerization and on Colchicine Binding to Tubulin 

Bovine brain tubulin was purified as described previously [79]. To evaluate the ef-
fects of the compounds on tubulin assembly in vitro [80], varying concentrations were 
preincubated with 10 µM tubulin in 0.8 M monosodium glutamate (pH 6.6) at 30 °C and 
the reaction mixtures then cooled to 0 °C. After addition of GTP, the mixtures were trans-
ferred to 0 °C cuvettes in Beckman Coulter (Brea, CA) DU-7400/DU-7500 recording spec-
trophotometers equipped with electronic temperature controllers and warmed to 30 °C, 
and the assembly of tubulin was observed turbidimetrically. The IC50 was defined as the 
compound concentration that inhibited the extent of assembly by 50% after a 20 min in-
cubation. Inhibition of colchicine binding to tubulin was measured as described before 
[81], except that the reaction mixtures contained 0.5 µM tubulin and 5 µM each of [3H]col-
chicine and test compound. Only one DEAE-cellulose filter was used per sample, and fil-
tration was by gravity.  
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Bovine brain tubulin (see ref. [79] for details of purification) was used to examine 
effects on tubulin polymerization [80] and colchicine binding [81]. Briefly, in the polymer-
ization experiments, different compound concentrations were preincubated with 10 µM 
tubulin for 15 min at 30 °C and cooled on ice. After GTP was added to each reaction mix-
ture, the samples were transferred to 0 °C cuvettes in recording spectrophotometers with 
electronic temperature controllers. The temperature was raised to 30 °C over about 30 s, 
and turbidity development was followed for 20 min at 350 nm. The IC50 was the com-
pound concentration that inhibited net assembly by 50%. In the current studies, [3H]col-
chicine (from American Radiolabeled Corp., St. Louis, MO) binding was measured after 
10 min at 37 °C. Reaction mixtures contained 0.5 µM tubulin and 5.0 µM each of the 
[3H]colchicine and the potential inhibitor, and a single DEAE-cellulose filter was used for 
each sample, with gravity filtration. 

3.2.3. Molecular Modeling 

All molecular docking studies were performed on a Viglen Genie Intel®CoreTM i7-
3770 vPro CPU@ 3.40 GHz x 8 running Ubuntu 18.04. Molecular Operating Environment 
(MOE) 2022.02 [82] and Maestro (Schrödinger Release 2022-2) [83] were used as molecular 
modeling software. The tubulin structure was downloaded from the protein data bank, 
(http://www.rcsb.org/, accessed on 1 July 2022; PDB code 4O2B) and then the dimeric tu-
bulin structure was prepared using the Schrödinger Protein Preparation Wizard by as-
signing bond orders, adding hydrogens and performing a restrained energy minimization 
of the added hydrogens using the OPLS_2005 force field. Compounds to be docked were 
built with MOE and then prepared using the Maestro LigPrep tool by energy minimizing 
the structures (OPLS_2005 force filed), generating possible ionization states at pH 7 ± 2, 
tautomers and low-energy ring conformers. A 16 Å docking grid (inner-box 10 Å and 
outer-box 26 Å) was prepared using as centroid the co-crystallized colchicine. Glide SP 
precision was adopted for molecular docking studies, using the default parameters, and 
including 15 output poses per input ligand in the solution. The docking output database 
was saved as a mol2 file. The docking poses were visually inspected to evaluate their abil-
ity to bind in the colchicine binding site. Ligand–protein interactions and ligand–protein 
clashes were calculated using the MOE contacts tool. 

3.2.4. Analysis of Cell Cycle by Flow Cytometry 

For these experiments, HeLa cells were used, which were seeded in 6-well plates at 
a concentration of 5 × 105/well in a final volume of 2 mL culture medium. The cells were 
then treated with the test compounds for 24 h at the indicated concentrations. After this 
incubation period, the cells were detached with trypsin-EDTA and harvested by centrifu-
gation. The pellet thus obtained was fixed in 70% ice-cold ethanol. 

After this incubation period, the cells were detached with trypsin-EDTA and har-
vested by centrifugation. The pellet thus obtained was fixed in 70% ice-cold ethanol for at 
least 1 h. The cells thus fixed were treated with a 0.1% v/v solution of Triton_X-100 in 
phosphate buffered saline (PBS) containing RNAseA and propidium iodide (PI) at the 
final concentration of 0.02 mg/mL. The cells were incubated at room temperature for 30 
min and then analyzed on a Cytomic FC500 flow cytometer (Beckman Coulter) in the FL3 
channel. DNA histograms were analyzed using MultiCycle for Windows (Phoenix Flow 
Systems). 

3.2.5. Apoptosis Assay 

The quantification of the apoptosis induced by the test compounds was carried out 
by flow cytometric analysis using the Annexin-V Fluos kit (Roche Diagnostics) following 
the manufacturer’s instructions. The HeLa cells treated with the test compounds for dif-
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ferent incubation times and at the indicated concentrations were then labeled with an-
nexin V/FITC and PI and analyzed with Coulter Cytomics FC500 (Beckman Coulter) in 
the FL1 and FL3 channel, respectively. 

3.2.6. Analysis of Mitochondrial Potential 

The analysis of the mitochondrial potential was carried out by flow cytometric anal-
ysis. Briefly, the cells treated with the test compound were labeled with the JC-1 dye as 
previously described [53]. The labeled cells were analyzed using the Coulter Cytomics 
FC500 (Beckman Coulter) in the FL1 and FL2 channel, respectively. 

3.2.7. Western Blot Analysis 

Hela cells treated with the test compounds were harvested by centrifugation and 
then lysed with 0.1% (v/v) Triton X-100 containing RNase A at 0 °C. The protein content 
of the solutions was measured and analyzed as described previously [65]. The antibodies 
directed against cyclin B, cdc2 (Y15), ATR,Bcl-2, cleaved caspase-9 (D330) and actin were 
purchased from Cell Signaling. The membranes were visualized using ECL select (GE 
Healthcare), and images were acquired using an Uvitec-Alliance imaging system. 

3.2.8. In Vivo Experiments on Zebrafish Model 

Husbandry and Maintenance 

Zebrafish (Danio rerio) were obtained, staged and raised as described previously [65] 
and maintained according to the OPBA of the Istituto di Ricerca Pediatrica guidelines. All 
procedures were conducted following the recommendations and the guidelines of the An-
imal Use Ethics Committee concerning the protection of animals used for scientific pur-
poses. 

Drug Toxicity Assessment on Zebrafish Embryos 

Wild-type AB zebrafish embryos were treated with chemicals from shield stage (6 
hpf) to larval stage (72 hpf) in a 12-well plate, by adding 20 larvae/well for each experi-
mental condition. The zebrafish embryos were treated with compound 3d at the concen-
tration of 30 nm and 300 nM. These concentrations were selected on the basis of the IC50 
found above in HeLa cells. The drugs were added directly to the fish water diluted di-
rectly from the stock solution in DMSO. Embryos treated with the highest dose of DMSO 
were used as negative controls and to confirm that this dose of vehicle does not cause any 
adverse effects towards zebrafish. Subsequently, the treated embryos were kept at a con-
stant temperature (28.5 °C). Embryos are monitored daily through a stereo microscope 
(Nikon SMZ745T; Nikon, Japan) and the morphological changes as well as the number of 
dead embryos were evaluated and recorded. 

Xenograft Model: Injection and Treatment 

Prior to microinjections into Tg zebrafish embryos (fli1: EGFP) [84], HeLa tumor cells 
were labeled with the VybrantTM DiI dye (Invitrogen, ThermoFisher, Carlsbad, CA, 
USA). The fluorescent cells were loaded into borosilicate glass capillary needles (OD/ID: 
1.00/0.75 mm, World Precision Instruments (WPI, Friedberg, Germany) and injected (200 
cells), through a pneumatic picopump, into the Cuvier duct of 48 hpf embryos previously 
anesthetized with tricaine (0.02%, Sigma-Aldrich, Milan, Italy). 

After injection, the xenograft-harboring larvae were incubated to recover at 34° C in 
fish water containing phenylthiourea (PTU) to inhibit the pigmentation process. After 2 h 
from the injection, the embryos were examined to ensure homogeneity of the xenografts. 
For drug treatments, only successfully injected xenograft larvae were selected, with ap-
proximately 200 HeLa fluorescent cells scattered around the caudal area.  
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The injected xenografts were exposed to the doses of 3d used above with DMSO as 
control. 

For cancer cell imaging and fluorescence quantification, anesthetized embryos were 
distributed to 96-well plates with one embryo/well. Initially (time 0 h, pre-treatment) and 
after one-day post-treatment, the tumors were photographed with a Zeiss AxioObserver 
microscope for live-cell imaging.  

4. Conclusions 

A series of twenty-two compounds, based on different amines at the 2-position of the 
7-(3′,4′,5′-trimethoxyphenyl) [1,2,4]triazolo[1,5-a]pyrimidine pharmacophore, was syn-
thesized by a facile and efficient three-step procedure. The modifications were focused at 
the 2-position of the triazolopyrimidine scaffold by using aromatic amines or arylalkyl 
amines such as benzylamines, 2-phenylethylamine and 3-phenylpropylamine, with the 
phenyl ring decorated with electron-releasing or electron-withdrawing groups. 

Three of the synthesized aniline derivatives, 3d (p-Me), 3f (m,p-diMe) and 3h (p-Et), 
had the best antiproliferative activities against the HeLa, A549 and HT-29 cell lines. Com-
pounds 3d and 3f strongly inhibited tubulin assembly, with inhibitor potency superior to 
(3d) or comparable with (3f) that of CA-4. The p-toluidino derivative 3d was the most 
potent inhibitor of tubulin polymerization and of colchicine binding (IC50 = 0.45 µM for 
assembly, 72% inhibition of the binding of 5 µM colchicine, with tubulin and the inhibitor 
at 0.5 and 5 µM, respectively), and the antiproliferative activity of this molecule in terms 
of IC50s ranged from 30 to 430 nM in the four tumor cell lines examined, superior to the 
IC50 obtained with CA-4 against the A549 and HeLa lines.  

In comparison with the 1-(3′,4′,5′-trimethoxybenzoyl)-5-amino-1,2,4-triazole 2a, com-
pound 3d was almost 2-fold more potent as an inhibitor of tubulin assembly but about 1-
2-fold less active as an antiproliferative agent against HeLa, HT-29 and A549 cells, sug-
gesting that the previously published derivative 2a may exert its potent antiproliferative 
effect by a mechanism other than inhibition of tubulin polymerization. Alternatively, the 
reduced potency of 3d with respect to 2a on the panel of cancer cell lines can possibly be 
rationalized by a limited penetration into the cells or any other mechanism limiting the 
accessibility of this molecule to the cellular tubulin. As a result, the 7-(3′,4′,5′-trimethoxy-
phenyl)[1,2,4]triazolo[1,5-a]pyrimidine nucleus can be regarded as the same pharmaco-
phore skeleton as the 1-(3′,4′,5′-trimethoxybenzoyl)-5-amino-1,2,4-triazole system. 

In agreement with this consideration, we found, as expected, that 3d in vitro led to 
cell cycle arrest in the G2/M phase. Immunoblot analysis also showed that treatment of 
HeLa cells induced the activation of ATR signaling, with the consequent increased expres-
sion of cyclin B and a reduction in cdc2 phosphorylation. Compound 3d induced apopto-
sis associated with the loss of mitochondrial membrane potential. Moreover, we also 
demonstrated caspase-9 activation and phosphorylation of the anti-apoptotic Bcl-2 pro-
tein, two crucial events in the apoptotic cascade induced by antimitotic compounds. 

In vivo experiments carried out in the zebrafish model showed that 3d had significa-
tive anticancer activity because it reduced HeLa cell growth in xenografts implanted in 
zebrafish embryos and, more importantly, this effect occurred at concentrations that did 
not cause developmental toxicity. 

Supplementary Materials: The following supporting information can be downloaded at: 
https://www.mdpi.com/article/10.3390/ph15081031/s1. 1H-NMR and 13C-NMR spectra of com-
pounds 3a-v. Supplementary data associated with this article can be found in the online version. 
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