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Abstract: Many clinically used agents active in cancer chemotherapy exert their activity 

through the induction of cell death (apoptosis) by targeting microtubules, altering protein 

function or inhibiting DNA synthesis. The benzo[b]thiophene scaffold holds a pivotal place as 

a pharmacophore for the development of anticancer agents, and, in addition, this scaffold has 

many pharmacological activities. We have developed a flexible method for the construction of 

a new series of 2-aryl-3-(3,4,5-trimethoxyanilino)-6-methoxybenzo[b]thiophenes as potent 

antiproliferative agents, giving access to a wide range of substitution patterns at the 2-position 

of the 6-methoxybenzo[b]thiophene common intermediate. In the present study, all the 

synthesized compounds retained the 3-(3,4,5-trimethoxyanilino)-6-methoxybenzo[b]thiophene 

moiety, and the structure-activity relationship was examined by modification of the aryl group 

at its 2-position with electron-withdrawing (F) or electron-releasing (alkyl and alkoxy) groups. 

We found that small substituents, such as fluorine or methyl, could be placed in the para-

position of the 2-phenyl ring, and these modifications only slightly reduced antiproliferative 

activity relative to the unsubstituted 2-phenyl analogue. Compounds 3a and 3b, bearing the 

phenyl and para-fluorophenyl at the 2-position of the 6-methoxybenzo[b]thiophene nucleus, 

respectively, exhibited the greatest antiproliferative activity among the tested compounds. The 

treatment of both Caco2 (not metastatic) and HCT-116 (metastatic) colon carcinoma cells with 

3a or 3b triggered a significant induction of apoptosis as demonstrated by the increased 

expression of cleaved-poly(ADP-ribose) polymerase (PARP), receptor-interacting protein 

(RIP) and caspase-3 proteins. The same effect was not observed with non-transformed colon 

841 CoN cells. A potential additional effect during mitosis for 3a in metastatic cells and for 3b 

in non-metastatic cells was also observed.  

Keywords. Microtubules, benzo[b]thiophene, apoptosis, alteration of mitochondrial function.  

 

1. Introduction  
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Among different strategies used for cancer chemotherapy, the identification of compounds that 

induce apoptosis (programmed cell death) in cancer cells is recognized as an important 

approach for the discovery of new anti-cancer agents [1-3]. Molecules that interfere with the 

microtubule system usually cause a major increase in apoptosis in cancer cells sensitive to these 

agents [4-7]. 

Microtubules are cylindrical structures of great length formed by the polymerization of -

tubulin heterodimers [8], and these structures are dynamic components of the cytoskeleton of 

eukaryotic cells [9]. Functions of microtubules include the formation of the mitotic spindle, 

required for separation of duplicated chromosomes before cell division, determination and 

maintenance of cell shape, regulation of motility and signaling, secretion and organelle 

transport inside the cell [10]. The microtubule spindle of dividing cells is especially remarkable 

in that it forms and disappears rapidly during the 10-15 min of the M phase of the cell cycle. 

The biological importance of microtubules makes them an interesting target for the 

development of anticancer drugs [11-14]. 

Numerous chemically diverse substances disrupt the formation of the mitotic spindle, and these 

can be divided into microtubule stabilizing and destabilizing agents [15, 16]. While both groups 

cause mitotic arrest and subsequent apoptosis, the destabilizing agents specifically inhibit 

tubulin assembly into microtubules and can cause the disassembly of pre-existing microtubules 

[17, 18].  

Among the natural microtubule depolymerizing agents, combretastatin A-4 (CA-4, 1a, Figure 

1) is one of the more studied antimitotic agents [19]. CA-4, isolated from the bark of the South 

African tree Combretum caffrum, strongly and reversibly inhibits the polymerization of tubulin 

through a strong interaction with the colchicine site of tubulin [20].  

Despite the synthesis of many tubulin inhibitors, there remains a need to identify novel small 

molecules that target microtubules [21-23]. Limited examples of tubulin polymerization 

inhibitors (TPIs) based on the chemical structure of the benzo[b]thiophene molecular structure 



 

 4  

have been reported. Among them, Pinney and co-workers reported several TPIs with general 

structure 2 characterized by the presence of the 2-aryl-3-substituted-6-

methoxybenzo[b]thiophene structural motif as its core structure [24].  

 

Figure 1. Chemical structure of CA-4 (1) and representative examples of benzo[b]thiophene 

derivatives (2a-e).  

Compound 2a, based on the 2-(4-methoxyphenyl)-3-(3,4,5-trimethoxybenzoyl)-

benzo[b]thiophene ring system, has unusual inhibitory effects on tubulin polymerization, with 

inhibition of the rate of assembly up to about 3-4 M and a partial effect on tubulin 

polymerization at a concentration of 40 M. At a concentration of 50 M, this derivative shows 

a modest inhibition (28%) of the binding of [3H]colchicine to tubulin. Replacing the carbonyl 

moiety of the 3,4,5-trimethoxybenzoyl group of the compound 2a with an oxygen atom 

furnished derivative 2b. This compound was evaluated against the NCI 60 cell line panel and 

has an average IC50 value of 0.49 M and an IC50 of 0.88 M in the tubulin polymerization 

assay [25]. Compound 2c, an analogue of derivative 2a, is characterized by the presence of the 
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4’-methoxy-3’-hydroxyphenyl nucleus (corresponding to the B-ring of CA-4) at the 2-position 

of 3-(3,4,5-trimethoxybenzoyl)-benzo[b]thiophene skeleton [26]. While compound 2a is a 

weak TPI, with IC50>40 M, derivative 2c is able to inhibit tubulin assembly with a IC50 of 3.5 

M. The two compounds 2a and 2c are also equipotent in inhibiting the growth of MCF-7 

human breast carcinoma cells, with IC50 values of 0.64 and 0.52 M, respectively, while 

compound 2c is four-fold more potent than 2a against human Burkitt lymphoma CA46 cells 

(IC50=0.5 and 2.0 M, respectively). As with 2a, derivative 2c shows a modest inhibition (21%) 

of the binding of [3H]colchicine to tubulin at a concentration of 5 M. The activity of 

compounds 2a-c appears to be highly dependent upon the presence of the 6-methoxy group on 

the benzo[b]thiophene ring.  

In our work on anticancer agents based on the benzo[b]thiophene skeleton, we described a 

series of compounds based on the 2-alkoxycarbonyl-3-(3,4.5-trimethoxyanilino)-

benzo[b]thiophene system, with 2-methoxy and 2-ethoxycarbonyl-3-(3,4,5-trimethoxyanilino)-

6-methoxybenzo[b]thiophenes derivatives 2d and 2e, respectively. Both compounds display 

potent antiproliferative activity in the nanomolar range as inhibitors of the growth of cancer 

cell lines [27]. These compounds interact strongly with tubulin by binding to the colchicine site 

with activity comparable with that of CA-4. Although the presence of an ester function at the 

2-position of the 3-(3,4,5-trimethoxyanilino)-6-methoxybenzo[b]thiophene system plays a 

pivotal role for potent antitumor activity, it represents a point of metabolic instability. Such 

esters can be degraded by human liver microsomes, arguing against the potential of this class 

of compounds as chemotherapeutic agents. This suggested the preparation of a new series of 

derivatives obtained by replacing the 2-alkoxycarbonyl group of compounds 2d-e with the 

potentially more stable phenyl ring to overcome this potential metabolic instability.  

We were intrigued by the idea of replacing the bridged carbonyl moiety of the 3,4,5-

trimethoxybenzoyl group at the 3-position of the benzo[b]thiophene derivatives 2a and 2c with 

an anilinic nitrogen (NH) moiety to furnish a new series of 2-aryl-3-(3,4,5-trimethoxyanilino)-
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6-methoxybenzo[b]thiophene analogues with general structure 3 prepared by a flexible method, 

giving access to a wide range of substitution patterns at the 2-position of the 6-

methoxybenzo[b]thiophene common intermediate (Figure 2).  

 

Figure 2. Design strategy for conjugates 3a-p obtained by the combination of 

pharmacophores of compounds 2a and 2c-e.  

In the present study, all the synthesized compounds were characterized by a common 3-(3,4,5-

trimethoxyanilino)-6-methoxybenzo[b]thiophene moiety, which characterized compounds 2d 

and 2e, and the modifications were focused on variation of the substituents on the phenyl ring 

located at the 2-position of the 3-(3,4,5-trimethoxybenzoyl/phenoxy)-6-
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methoxybenzo[b]thiophene derivatives 2a-c (Figure 2). Thus, once the 3-(3,4,5-

trimethoxyanilino)-6-methoxybenzo[b]thiophene scaffold of compound 3p was identified as 

the minimum structural requirement for activity in this series of compounds, our strategy for 

further development of active antimitotic agents was to perform modifications at the 2-position 

of the 6-methoxybenzo[b]thiophene ring. For compounds 3a-o, the first attempt at optimization 

included the introduction of a phenyl ring at the 2-position of the benzo[b]thiophene molecular 

skeleton (compound 3a). Modifications were also focused on varying the aryl moiety by adding 

electron-withdrawing (F) or electron-releasing (alkyl or alkoxy) groups at either the para- or 

meta-position of the 2-phenyl ring. 

2. Chemistry 

The 2-aryl-3-(3,4,5-trimethoxyanilino)-6-methoxybenzo[b]thiophene derivatives 3a-o were 

synthesized by a three-step procedure shown in Scheme 1, starting from the common 

intermediate 6-methoxybenzo[b]thiophene 6. This latter compound was synthesized by a two-

step, previously reported procedure [28], starting from the commercially available 3-

methoxybenzenethiol 4, which, after S-alkylation with bromoacetaldehyde diethyl acetal to 

afford derivative 5, was cyclicized with boron trifluoride etherate. Compound 6 was subjected 

to a regioselective C-2 arylation with different substituted iodobenzene derivatives [29], 

mediated by a catalytic amount of palladium (II) acetate in the presence of silver trifluoroacetate 

and trifluoroacetic acid as additives, in mild conditions with water as solvent with the addition 

of Tween 80 (2% w/w), to furnish derivatives 7a-o.  

The subsequent chemoselective C-3 bromination of compounds 7a-o and derivative 6 with N-

bromosuccinimide (NBS) in THF furnished the 2-aryl-3-bromo-6-methoxybenzo[b]thiophene 

derivatives 8a-o and 3-bromo-6-methoxybenzo[b]thiophene 9, respectively. Finally, these 

latter compounds were submitted to the C-N Buchwald-Hartwig palladium catalyzed cross-

coupling protocol, by reaction with 3,4,5-trimethoxyaniline in the presence of 

tris(dibenzylideneacetone)dipalladium(0) (Pd2dba3), 4,5-bis(diphenylphosphino)-9,9-
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dimethylxanthene (xanthphos) and sodium tert-butoxide (t-BuONa) (as catalyst, ligand and 

base, respectively) in toluene at 100 °C, to yield the novel derivatives 3a-p.  

 

Scheme 1. Reagents and conditions. a: BrCH2CH(OEt)2, K2CO3, acetone, rt; b: BF3 Et2O, 
CH2Cl2, rt; c: ArI, Pd(OAc)2 (5 mol%), CF3COOAg, CF3COOH, Tween 80/H2O (2% w/w), rt, 
48 h; d: NBS, THF; e: 3,4,5-trimethoxyaniline, Pd2dba3, xanthphos, sodium t-butoxide, toluene, 
100 °C. 

3. Biological Results and Discussion 

3.1. In vitro antiproliferative activities against human HeLa and HT-29 cell lines. 
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In Table 1, we summarize the growth inhibitory effects of the sixteen novel 3-(3,4,5-

trimethoxyanilino)benzo[b]thiophene derivatives 3a-p against the human cervix carcinoma 

(HeLa) and colon adenocarcinoma (HT-29) tumor cell lines, with CA-4 (1) as reference 

compound.  

Table 1. In vitro inhibitory effects of compounds 3a-p and reference derivative CA-4 (1) on 

proliferation of HeLa and HT-29 human tumor cell lines. 

Compound IC50 (M) 

 HeLa HT-29 

3a 0.23±0.05 0.06±0.03 

3b 0.5±0.05 0.4±0.05 

3c 0.5±0.04 1.4±0.7 

3d 21.5±3.1 12.0±2.0 

3e 11.0±2.3 9.2±2.7 

3f 26.7±0.9 25.7±1.2 

3g 14.1±3.2 5.6±1.1 

3h 1.5±0.05 1.7±07 

3i 8.2±2.1 6.2±0.7 

3j 1.8±03 1.0±0.2 

3k 30.1±1.2 36.0±2.6 

3l 37.1±3.3 16.6±0.5 

3m 18.9±2.3 7.9±05 

3n 28.3±2.2 21.0±0.7 

3o 22.9±3.6 12.9±5.0 

3p 1.7±0.2 6.2±0.9 

CA-4 (1) 0.004 ± 0.001 3.1 ± 0.1 
aIC50=compound concentration required to inhibit tumor cell proliferation by 50%. Data are expressed as the 
mean ± SE from the dose-response curves of at least three independent experiments carried out in triplicate. 

Compound 3a, characterized by the presence of a phenyl ring at the 2-position of the 3-(3,4,5-

trimethoxyanilino)-6-methoxybenzo[b]thiophene skeleton, was the most active compound of 

the series, with IC50 values of 0.23 and 0.06 M against HeLa and HT-29 cancer cells, 

respectively. Although this derivative was less active than CA-4 against HeLa cells, it was very 

potent against the HT-29 cell line, which is resistant to CA-4, with an IC50 value of 60 nM. 
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Along with compound 3a, derivatives 3b (p-F), 3c (p-Me), 3h (p-OMe) and 3j (p-OEt) were 

also more active than CA-4 against the HT-29 cell line. All the tested compounds were much 

less active than CA-4 against the HeLa cell line.  

The substitution pattern on the phenyl moiety at the 2-position of the benzo[b]thiophene ring 

played an important role for antiproliferative activity. The introduction of the electron-

withdrawing fluorine atom at the para-position of the 2-phenyl ring (3b) led to a 2- and 7-fold 

reduction in activity against HeLa and HT-29 cells, respectively, in comparison with the parent 

unsubstituted 2-phenyl analogue 3a. Derivative 3b, with IC50 values of 0.5 and 0.4 M, against 

HeLa and HT-29 cells, respectively, along with compound 3a, were the only compounds of the 

series active at sub-micromolar concentrations against both cancer cell lines. Replacing fluorine 

with the weak-electron releasing methyl group, to furnish derivative 3c, yielded a compound 

that maintained activity against HeLa cells but that had 3.5-fold reduced potency against HT-

29 cells. Moving the methyl group from the para- to the meta-position had a negative effect in 

maintaining antiproliferative activities, with the meta-tolyl derivative 3d 43- and 9-fold less 

active than the isomeric para-tolyl 3c against HeLa and HT-29 cells, respectively. Replacement 

of the methyl moiety of 3d with the strong electron-withdrawing trifluoromethyl group, to 

furnish derivative 3f, maintained the antiproliferative activity on HeLa cells and caused a 2-

fold reduction in potency on HT-29 cells. Starting from compound 3c, homologation of the 

alkyl chain from methyl to ethyl (to yield derivative 3g) had a detrimental effect on activity, 

with a 28- and 4-fold reduction of potency relative to 3c on HeLa and HT-29 cells, respectively. 

A similar reduction in activity was observed with an additional methyl group at the meta-

position of para-tolyl derivative 3c, to furnish the meta, para-xylyl analogue 3e.  

Replacing the weak electron-releasing methyl with the stronger methoxy group at the para 

position of the 2’-phenyl group (to furnish compound 3h) caused a 3-fold reduction in activity 

against HeLa cells, while the two compounds had similar potency against HT-29 cells. Moving 

the methoxy group from the para- to the meta-position (compounds 3h and 3i, respectively) 
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caused a 5- and 4-fold reduction in activity against HeLa and HT-29 cells, respectively, a 

reduction that was less dramatic than that observed for the two isomeric para- and meta-tolyl 

derivatives 3c and 3d.  

Unlike what was observed for the para-methyl and ethyl homologues 3c and 3g, respectively, 

increasing the length of the alkoxy chain from para-methoxy (3i) to ethoxy (3j) resulted in a 2-

fold increase in antiproliferative activity against HT-29 cells, while the two compounds were 

equipotent against HeLa cells. A dramatic drop of activity (17- and 36-fold against HeLa and 

HT-29 cells, respectively) was observed by moving the ethoxy group from the para- to the 

meta-position (derivatives 3j and 3k, respectively). Starting from para-ethoxy derivative 3j, a 

further homologation of the alkyl chain of the alkoxy moiety from ethyl to n-propyl (3l) to n-

butyl (3m) to end with n-pentyl (3n) or the presence of branched isopropyl chain (3o) at the 

para-position of the phenyl ring was not tolerated, being detrimental for antiproliferative 

activity, with 10-20- and 8-36-fold reduction of activity against HeLa and HT-29 cells, 

respectively, relative to compound 3j. These compounds thus revealed the importance of the 

steric effect of the substituent at the para-position of the 2’-phenyl on antiproliferative activity 

Finally, removing the 2-phenyl group of compound 3a, to furnish derivative 3p, caused a 7- 

and 100-fold reduction of activity against HeLa and HT-29 cells, respectively, thus 

demonstrating that the presence at the 2-position of the 3-(3,4,5-trimethoxyanilino)-6-

methoxybenzo[b]thiophene molecular skeleton of a phenyl group without substituents or with 

a small electronegative fluorine atom at its para-position (derivatives 3a and 3b, respectively) 

was essential for potent antiproliferative activity, while the introduction of electron-releasing 

alkyl or alkoxy substituents was not as well tolerated and reduced potency. Moreover, the 

position of the substituent on the phenyl ring influenced antiproliferative activity, with the p-

substituted phenyl derivatives 3c (methyl), 3h (methoxy) and 3j (ethoxy) being more potent 

than the isomeric m-substituted phenyl analogues 3d, 3i and 3k, respectively.  

3.2. Molecular modeling studies. 
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To evaluate the influence of the new structural modifications that characterize compounds with 

general structure 3 on binding in the colchicine site of -tubulin, preliminary docking studies 

were performed. There was significant overlap with the co-crystallized colchicine, with the 

trimethoxyphenyl ring in proximity to Cys241, a key interaction point for tubulin 

polymerization inhibition (Figure 3A, 2-(4-fluorophenyl)-3-(3,4,5-trimethoxyanilino)-6-

methoxybenzo[b]thiophene derivative 3b). The benzo[b]thiophene portion pointed towards the 

tubulin -subunit, with the sulfur atom interacting with Lys352 and at an optimal distance of 

3.1 Å, permitting an interaction with atoms of the polypeptide backbone of Thr179. The 

differently para-substituted phenyl rings could be tolerated and are placed in a small 

hydrophobic area near Met259, where the colchicine methoxy group is positioned, and the 

latter is involved in different interactions than the former with the surrounding residues. 

Interestingly, all the docked derivatives occupy the colchicine site in a comparable manner 

(Figure 3B, 2-(4-ethoxyphenyl)-3-(3,4,5-trimethoxyanilino)-6-methoxybenzo[b]thiophene 

derivative 3j). The potential binding mode for this new family of compounds, as determined in 

molecular modeling studies, was consistent with an interaction at the colchicine site. To prove 

this hypothesis, selected compounds were tested for their in vitro inhibitory activities both of 

tubulin assembly and colchicine binding to tubulin. 

 

Figure 3. A) Proposed binding for compound 3b in the colchicine site. The trimethoxyphenyl 

ring is in proximity to Cys241, while the benzo[b]thiophene portion is pointing towards the 

tubulin -subunit. The p-fluoro phenyl ring is placed in a small hydrophobic area near 
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Met259. B) Proposed binding mode for 3j. In both panels, co-crystallized colchicine is shown 

in cyan, and the carbon atoms of -tubulin residues are shown in blue, those of the -subunit 

are in dark green. 

3.3. In vitro inhibition of tubulin polymerization and colchicine binding. 

To investigate whether the antiproliferative activities of the most potent compounds of the 

series derived from an interaction with microtubules, derivatives 3a-c, 3h and 3j were selected 

to determine their ability to inhibit tubulin polymerization and for effects on the binding of 

[3H]colchicine to tubulin. For comparison, CA-4 was examined in contemporaneous 

experiments and strongly inhibited tubulin polymerization with an IC50 value of 0.54 M. In 

contrast to the molecular modeling studies reported in the introduction section that predicted 

that these compounds should be characterized by an excellent affinity in the binding site of 

colchicine in tubulin, none of the compounds examined significantly affected tubulin assembly, 

as all had an IC50>20 M. Moreover, in the colchicine binding studies, only modest inhibition 

(30%) of the binding of [3H]colchicine to tubulin was observed with 5 M compound 3b, in 

comparison with CA-4, which in these experiments inhibited colchicine binding by 97%. 

Inhibition of colchicine binding by derivatives 3a, 3c, 3h and 3j was even lower (7-24% 

inhibition was observed with these agents). 

The results of the in vitro inhibition of tubulin polymerization and colchicine-binding assays 

did not support the preliminary data of the computational-based docking studies reported in the 

previous section and are consistent with the conclusion that the tested compounds may exert 

their antiproliferative effects by mechanisms other than inhibition of tubulin assembly at the 

colchicine site. In this regard, replacing the sp2 centre of the carbonyl in the 3,4,5-

trimethoxybenzoyl moiety of derivatives 2a and 2c with an anilinic nitrogen (NH) reduced 

antitubulin activity.  

3.4. Antitumoral properties of compounds 3a and 3b in colorectal cancer cells. 
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Because of their initial activity in HT-29 colon cancer cells, we examined the effects of 3a and 

3b in other colon cell lines. This seemed pertinent because of the major impact of colorectal 

cancer on human health. In 2019, the Global Cancer Observatory (GLOBOCAN) reported 

colorectal cancer as the second most deadly and the third most common cancer diagnosed in 

the world [30]. For this reason, and taking into consideration the promising antiproliferative 

activities of compounds 3a and 3b in HT-29 cells, we undertook an in-depth analysis of their 

in vitro effects on three different types of colon cells: Caco2 (not metastatic), HCT-116 

(metastatic) and 841 CoN (non-tumor cells), all with epithelial-like morphology. In most of the 

following studies, we used the IC50 values obtained with the HT-29 cells (60 nM for 3a and 

400 nM for 3b). 

3.4.1. Derivatives 3a and 3b trigger apoptotic cell death. 

First, we investigated the ability of compounds 3a and 3b to induce apoptotic cell death, as 

cancer cells are significantly more resistant to apoptotic stimuli than are non-transformed cells 

[31]. The three cell lines (Caco2, HCT-116 and 841 CoN) were treated with 60 nM 3a or 400 

nM 3b for 48 h, and these treatments triggered a significant induction of apoptosis as suggested 

by the increased expression of cleaved poly(ADP-ribose) polymerase (PARP), receptor-

interacting protein (RIP) and caspase 3 proteins and by the intensity of annexin-V staining in 

both metastatic and non-metastatic cells (Figure 4A and 4B). Not to be underestimated in 

anticancer strategies are the side effects of drugs in the “healthy” cells surrounding the cancer 

cells [32]. Thus, the same analyses were performed on non-transformed 841 CoN cells. These 

cells showed no differences between vehicle and 3a and 3b treatments, highlighting the absence 

of apoptotic effects on normal cells following a therapeutic treatment with compound 3a or 3b 

(Figure 4A and 4B). 
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Figure 4. (A) Cleaved PARP, RIP and caspase 3 protein expression evaluated to determine the 

extent of cell death occurring in the Caco2 and HCT-116 cell lines, but not in 841 CoN cells, 

following treatment with 3a or 3b. (B) Detection of apoptosis by annexin-V staining 

quantification in 841 CoN, Caco2 and HCT-116 cell lines following 3a (grey bar) or 3b (black 

bar) treatment at 60 or 400 nM, respectively. N.s. = not significant; *** = p< 0.001. 

3.4.2. Compounds 3a and 3b induce cell cycle arrest. 

Cancer cells almost always display abnormalities in the control of cell cycle checkpoints, and 

thus strategies able to affect this process are crucial for counteracting tumor growth [33]. To 

investigate whether compounds 3a and 3b affected cell cycle progression, and thus 

proliferation, two important assays were performed. First, we measured the percentages of cells 

in the G0/G1, S and G2/M phases, via fluorescence and propidium iodide (PI) incorporation 

(which quantifies cellular DNA content); the second and more specific assay explored the 

expression of key proteins involved in the cell cycle, such as cyclins (Cyc.), p27 (marker of G1 

phase) and pHH3 (marker of mitosis). The first method unveiled a strong effect of 3a and 3b 

in Caco2 and HCT-116 cells concerning cell accumulation in the G0/G1 phase, but not the 

G2/M phase, without any appreciable effects on 841 CoN cells (Figure 5A). The second assay 

confirmed the preliminary data obtained in Figure 5A, showing increased expression of G1 

phase markers (in accord with the cell accumulation in G1), such as Cyc. D1 and p27 for both 

the compounds in HCT-116 and Caco2 cells, and a concomitant decrease of proteins involved 

in the S (Cyc. A) and G2/M (Cyc. B1 and F) phases (Figure 5B). The cell cycle marker 

evaluation revealed also a significant accumulation of pHH3 in Caco2 following 3b 

administration and in HCT-116 for 3a, not detected by the previous method. These findings not 
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only confirmed cell cycle arrest in G1 phase, but also indicated a potential additional effect 

during mitosis for 3a in metastatic cells and for 3b in non-metastatic cells (Figure 5B). Also, in 

this case, no effects were detected in the 841 CoN control cells. 

 

Figure 5. (A) Calculation in percentage of the amount of 841 CoN, Caco2 and HCT-116 cells 

in G0/G1, S and G2/M phases in basal condition and after 3a (grey bar) or 3b (black bar) 

treatments at 60 or 400 nM, respectively, on the basis of the PI uptake. (B) Cell cycle marker 

investigation under the same conditions as were used in Panel A by using selective antibodies 

against markers of the cell cycle: Cyc. D1 and p27 for G1 phase; Cyc. A for S phase; Cyc. F 

and B1 for G2/M; pHH3 for mitosis. Cyc. = Cyclin; n.s. = not significant; *** = p < 0.001.   

3.4.3. Derivatives 3a and 3b impact mitochondrial morphology and mitochondrial dynamics.  

Mitochondria, organelles of bacterial origin and responsible for producing energy for the whole 

body, are physically and functionally associated with the intrinsic apoptotic pathway that often 

is disrupted during cancer cell transformation [34, 35]. Therefore, we evaluated several 

mitochondrial parameters that might have been altered as a consequence of the apoptotic 

process. 

Current opinion is that mitochondrial fragmentation occurs during apoptosis, yielding an 

increased number of smaller and dysfunctional mitochondria [36]. To determine whether 3a 

and 3b caused this effect while they induced apoptosis, we examined mitochondrial 

morphology with the mitochondria-targeted red fluorescent protein mtDsRed, which was 

transfected into cells in the same manner in all experimental conditions. Cells were treated with 

3a or 3b at 60 or 400 nM, respectively, and images of treated, living cells (HCT-116 and Caco2) 

demonstrated increased numbers of mitochondria (designated as n° of objects), without changes 
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in the total mitochondrial network (Figure 6A) when compared to untreated cells. As a 

consequence, mitochondria appeared smaller following compound treatment, in terms of the 

volume of an individual mitochondrion. In nontumoral cells, no appreciable changes were 

detected. Taken together, these findings indicated a significant organelle fragmentation 

following 3a or 3b treatment without changes in the overall mitochondrial mass.  

Moreover, mitochondria are dynamic structures that fuse and divide continuously [36, 37]. This 

phenomenon is ensured by a pool of GTPase proteins with a prevalent mitochondrial 

localization. In humans, these proteins include Mfn1, Mfn2 and Opa1, and they are involved in 

mitochondrial fusion events. To understand the cause of mitochondrial fragmentation, we tested 

OPA1, MFN1 and MFN2 expression levels before and after treatments with 3a or 3b (Figure 

6B). In agreement with the morphology findings, the 841 CoN colon cells did not show any 

change in protein expression, in contrast to the two colon cancer cell lines, where their 

expression was reduced (Figure 6B). These data demonstrated that 3a and 3b induced 

mitochondrial fragmentation by reducing expression of proteins that ensure mitochondrial 

fusion. 
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Figure 6. (A) Mitochondrial morphology investigation.  Representative images in 841 CoN, 

Caco2 and HCT-116 cells using the mtDSRed plasmid. Number of objects index shows the 

number of mitochondria inside cells in each experimental condition, and the volume of the total 

mitochondrial network is quantitated in terms of µ3. (B) Evaluation of the expression of proteins 

involved in mitochondria fusion (OPA1, MFN1 and MFN2). Reaction conditions were as used 

in the experiments shown in Panel A. For Panel A: n.s. = not significant; * = p < 0.05; ** = p 

< 0.01; *** = p < 0.001.  

3.4.4. Derivatives 3a and 3b impact mitochondrial membrane potential.  

Dissipation of mitochondrial membrane potential is an early event of apoptosis, and we 

therefore measured it by the tetramethylrhodamine methyl ester (TMRM) probe. Treatment of 

cells with 3a or 3b led to a significant reduction of mitochondrial potential when compared to 

the untreated condition (Figure 7A). In the control 841 CoN cells, compound 3a did not affect 

mitochondrial membrane potential, but 3b showed a negative effect (Figure 7A). 

3.4.5. Mitochondrial calcium handling. 

Mitochondria are organelles that exert most of their functions by controlling intracellular 

calcium, which is derived either from such internal stores as the endoplasmic reticulum or from 

the extracellular milieu [34, 38]. Increased mitochondrial calcium uptake may be a signal for 

cell death via the intrinsic pathway [39]. We therefore measured mitochondrial calcium 

homeostasis using a specific organelle-target aequorin (AEQ) probe, one targeted to 

mitochondria (mtAEQ). First, we transfected mtAEQ into 841 CoN, Caco2 and HCT-116 cells, 

and, second, we treated them with vehicle or compound 3a or 3b. Under all conditions we 

investigated, the ATP agonist caused a significant increase in calcium uptake only in the 

metastatic HCT-116 cell line following 3a or 3b treatment. No differences were detected in the 

control 841 CoN or non-metastatic Caco2 cells (Figure 7B). 
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Figure 7. (A) Mitochondrial membrane potential in 841 CoN, Caco2 and HCT-116 cells 

measured by using the TMRM probe. Values on the ordinate are expressed as arbitrary 

fluorescence ratio between TMRM fluorescence in basal conditions and upon FCCP 

administration. (B) Mitochondrial calcium uptake upon agonist (ATP) administration measured 

by transfecting cells with the luminescent mitochondria-targeted aequorin. Reaction conditions 

were the same as used in the experiments shown in Panel A. n.s. = not significant; * = p < 0.05; 

** = p < 0.01; *** = p < 0.001.  

4. Conclusions 

Previously [27], we discovered a new class of structurally simple synthetic inhibitors of tubulin 

polymerization, based on the 3-(3,4,5-trimethoxyanilino)-6-methoxybenzo[b]thiophene moiety 

of compounds with general structure 2d-e. Here, we have synthesized a new series of related 

compounds in a concise three-step synthetic procedure starting from a 6-

methoxybenzo[b]thiophene common intermediate. Modifications were focused on varying the 

aryl moiety at the C-2 position of the 6-methoxybenzo[b]thiophene nucleus by adding electron-

withdrawing (F) or electron-releasing (Me, Et and alkoxy) groups The 2-phenyl-3-(3,4’5-

trimethoxyanilino)-6-methoxybenzo[b]thiophene derivative 3a displayed the greatest 

antiproliferative activity among the new compounds, with IC50 values of 0.23 and 0.06 mM 

against HeLa and HT-29 cells, respectively. We observed that the insertion of a substituent at 

the para-position of the phenyl at the 2-position of the 6-methoxybenzo[b]thiophene nucleus 

reduced antiproliferative activity in comparison with the unsubstituted phenyl analogue 3a. 

This effect was less pronounced by the introduction of an electron-withdrawing fluorine atom 
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(compound 3b), and it was more evident for electron releasing alkyl and alkoxy groups, 

suggesting that the presence of the unsubstituted phenyl moiety at the 2-position of 6-

methoxybenzo[b]thiophene nucleus was best for antiproliferative activity. Five of the 

synthesized compounds, 3a, 3b (p-F), 3c (p-Me), 3h (p-OMe) and 3j (p-OEt), had the best 

antiproliferative activities against the CA-4 resistant HT-29 cell line and were 3-50-fold more 

active than CA-4. Mechanism studies demonstrated that 3a and 3b arrested cell cycle 

progression predominantly in the G0/G1 phase and induced cell apoptosis. Although molecular 

modeling studies predicted that these compounds could act through inhibition of tubulin 

polymerization, fitting well into the colchicine site, the in vitro assays demonstrated that for the 

most active derivatives antiproliferative activity was not related to inhibition of tubulin 

assembly. This was also confirmed based on the failure to observe the usual G2/M arrest with 

either 3a or 3b. For all these reasons, we think it unlikely that tubulin plays a significant role in 

the cytotoxicity of these compounds, especially in view of their weak inhibition of colchicine 

binding.   

The good activity of several derivatives in the HT-29 colon cancer cells led us to perform a 

detailed analysis in two additional colon cancer cell lines and in a non-transformed colon cell 

line. These studies confirmed the antiproliferative properties of compounds 3a and 3b against 

colon cancer cells and showed that the compounds strongly induced cell death and cell cycle 

arrest in the G0/G1 phase. Our data demonstrated that apoptosis was a mechanism of cell death, 

but other types of cell death cannot yet be excluded. As apoptosis can be triggered by the 

intrinsic pathway, we explored the “state of health” of the mitochondrial pool by measuring the 

morphology, membrane potential and calcium homeostasis of mitochondria following 3a and 

3b treatment. Both derivatives triggered mitochondrial fragmentation by negatively modulating 

OPA1, MFN1 and MFN2, and they lowered mitochondrial membrane potential. We observed 

that these effects occurred in the two colon cancer cell lines, but not in the non-transformed 841 

CoN colon cells. Thus, based on these in vitro findings, 3a and 3b could be considered as safe 
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for the tumor-surrounding healthy tissues as they had no or limited effects on 841 CoN control 

colon cells. In these cells, our only negative finding was a loss of mitochondrial membrane 

potential with 3b treatment, perhaps indicating toxicity with prolonged treatment. A second 

issue concerns possible differential affinities towards metastatic and non-metastatic tumors. 

Derivatives 3a and 3b showed greater effectiveness for HCT-116 cells, which displayed a 

greater extent of cell death and decrease in mitochondrial membrane potential as compared with 

the non-metastatic Caco2 cells. Moreover, 3a and 3b caused increased calcium uptake in 

mitochondria, an important signal of cell death, in HCT-116 cells but not in Caco2 cells. A 

further difference between the two colon cancer cell lines was an additional block in mitosis 

caused by 3a (but not 3b) in HCT-116 cells and by 3b (but not 3a) in Caco2 cells. Further 

studies of the molecular mechanism of action of 3a and 3b are underway.  

5. Experimental protocols  

5.1. Chemistry.  

5.1.1. Materials and Methods.  

1H experiments were recorded on either a Bruker AC 200 or a Bruker Avance III 400 

spectrometer, and 13C NMR spectra were recorded on a Varian 400 Mercury Plus or a Bruker 

Avance III 400 spectrometer. Chemical shifts () are given in ppm upfield, and the spectra were 

recorded in appropriate 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 

apparatus 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 recorder elemental 

analyzer. All tested compounds yielded data consistent with a purity of at least 95% as 



 

 22  

compared with the theoretical values. Reaction courses and product mixtures were routinely 

monitored by TLC on silica gel (precoated F254 Merck plates), and compounds were visualized 

with aqueous KMnO4. Flash chromatography was performed using 230-400 mesh silica gel 

and the indicated solvent system. Organic solutions were dried over anhydrous Na2SO4. 

5.1.2. General procedure A for the synthesis of compounds 7a-o. To a suspension of 6-

methoxybenzo[b]thiophene 6 (164 mg, 1 mmol), CF3COOAg (331 mg, 1.5 mmol), 

trifluoroacetic acid (228 mg, 0.15 mL, 2 mmol), the appropriate iodobenzene derivative (2.0 

mmol) and Tween-80/H2O (2 ml, 2 wt %) was degassed under a stream of argon over 10 min. 

Pd(OAc)2 (11.2 mg, 0.05 mmol, 5 mol %) was added and the mixture degassed again for 10 

min, then stirred at room temperature for 48 h. After this time, the reaction mixture was diluted 

with EtOAc (10 mL), filtered on a pad of celite and the filtrate washed sequentially with water 

(5 mL) and brine (5 mL), dried over Na2SO4 and evaporated under reduced pressure. The crude 

residue was purified by flash column chromatography on silica gel using a mixture of ethyl 

ether and petroleum ether to afford the title compound.  

5.1.2.1. 6-Methoxy-2-phenylbenzo[b]thiophene (7a). Following general procedure A, the crude 

residue purified by flash chromatography, using Et2O:petroleum ether 0.5:9.5 (v:v) for elution, 

furnished compound 7a as a yellow oil. Yield: 75%. 1H-NMR (DMSO-d6) : 3.84 (s, 3H), 7.04 

(dd, J=9.0 and 2.4 Hz, 1H), 7.41 (dd, J=8.6 and 1.8 Hz, 1H), 7.48-7.51 (m, 1H), 7.54-7-62 (m, 

2H), 7.60-7.62 (m, 2H), 7.64 (d, J=2.4 Hz, 1H), 7.73 (d, J=9.0 Hz, 1H). MS (ESI): 

[M+1]+=241.3.  

5.1.2.2. 2-(4-Fluorophenyl)-6-methoxybenzo[b]thiophene (7b). Following general procedure 

A, the crude residue purified by flash chromatography, using petroleum ether for elution, 

furnished compound 7b as a white solid. Yield: 62%, mp 63 °C. 1H-NMR (DMSO-d6) : 3.84 

(s, 3H), 7.03 (dd, J=9.0 and 2.4 Hz, 1H), 7.29-7.39 (m, 4H), 7.59-7.66 (m, 2H), 7.69 (d, J=9.0 

Hz, 1H). MS (ESI): [M+1]+=259.3.  
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5.1.2.3. 6-Methoxy-2-(p-tolyl)benzo[b]thiophene (7c). Following general procedure A, the 

crude residue purified by flash chromatography, using Et2O:petroleum ether 0.1:9.9 (v:v) for 

elution, furnished compound 7c as a colorless oil. Yield: 85%. 1H-NMR (DMSO-d6) : 2.40 (s, 

3H), 3.82 (s, 3H), 6.97 (dd, J=8.8 and 2.4 Hz, 1H), 7.33-7.38 (m, 6H), 7.61 (d, J=2.4 Hz, 1H). 

MS (ESI): [M+1]+=255.3.  

5.1.2.4. 6-Methoxy-2-(m-tolyl)benzo[b]thiophene (7d). Following general procedure A, the 

crude residue purified by flash chromatography, using Et2O:petroleum ether 0.1:9.9 (v:v) for 

elution, furnished compound 7d as a colorless oil. Yield: 58%. 1H-NMR (DMSO-d6) : 2.39 (s, 

3H), 3.84 (s, 3H), 7.04 (dd, J=9.0 and 2.4 Hz, 1H), 7.21-7.24 (m, 2H), 7.36-7.41 (m, 2H), 7.57 

(s, 1H), 7.63 (d, J=2.4 Hz, 1H), 7.73 (d, J=8.8 Hz, 1H). MS (ESI): [M+1]+=255.3.  

5.1.2.5. 2-(3,4-Dimethylphenyl)-6-methoxybenzo[b]thiophene (7e). Following general 

procedure A, the crude residue purified by flash chromatography, using petroleum ether for 

elution, furnished compound 7e as a colorless oil. Yield: 56%. 1H-NMR (DMSO-d6) : 2.82 (s, 

3H), 2.98 (s, 3H), 3.84 (s, 3H), 7.01 (dd, J=8.8 and 2.4 Hz, 1H), 7.27-7.32 (m, 3H), 7.51 (s, 

1H), 7.62 (d, J=2.4 Hz, 1H), 7.72 (d, J=8.8 Hz, 1H). MS (ESI): [M+1]+=269.4.  

5.1.2.6. 6-Methoxy-2-(3-(trifluoromethyl)phenyl)benzo[b]thiophene (7f). Following general 

procedure A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.1:9.9 (v:v) for elution, furnished compound 7f as a colorless oil. Yield: 53%. 1H-NMR 

(DMSO-d6) : 3.85 (s, 3H), 7.11 (dd, J=8.8 and 2.4 Hz, 1H), 7.67 (d, J=2.6 Hz, 1H), 7.70 (d, 

J=8.8 Hz, 1H), 7.77-7.80 (m, 3H), 7.87-7.94 (m, 2H). MS (ESI): [M+1]+=309.3.  

5.1.2.7. 2-(4-Ethylphenyl)-6-methoxybenzo[b]thiophene (7g). Following general procedure A, 

the crude residue purified by flash chromatography, using petroleum ether for elution, furnished 

compound 7g as a colorless oil. Yield: 53%. 1H-NMR (DMSO-d6) : 1.23 (t, J=7.6 Hz, 3H), 

2.65 (q, J=7.6 Hz, 2H), 3.84 (s, 3H), 7.02 (dd, J=8.8 and 2.4 Hz, 1H), 7.32 (d, J=8.2 Hz, 2H), 
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7.48 (d, J=8.2 Hz, 2H), 7.55 (s, 1H), 7.63 (d, J=2.4 Hz, 1H), 7.73 (d, J=8.8 Hz, 1H). MS (ESI): 

[M+1]+=269.4.  

5.1.2.8. 6-Methoxy-2-(4-methoxyphenyl)benzo[b]thiophene (7h). Following general procedure 

A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.5:9.5 (v:v) 

for elution, furnished compound 7h as a colorless oil. Yield: 60%. 1H-NMR (DMSO-d6) : 3.82 

(s, 3H), 3.84 (s, 3H), 7.02 (dd, J=9.0 and 2.4 Hz, 1H), 7.06 (d, J=8.8 Hz, 2H), 7.47 (s, 1H), 7.49 

(d, J=8.8 Hz, 2H), 7.62 (d, J=2.4 Hz, 1H), 7.70 (d, J=9.0 Hz, 1H). MS (ESI): [M+1]+=271.1.  

5.1.2.9. 6-Methoxy-2-(3-methoxyphenyl)benzo[b]thiophene (7i). Following general procedure 

A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.1:9.9 (v:v) 

for elution, furnished compound 7i as a colorless oil. Yield: 54%. 1H-NMR (DMSO-d6) : 3.83 

(s, 3H), 3.84 (s, 3H), 6.97-6.99 (m, 1H), 7.00-7.17 (m, 1H), 7.04 (dd, J=8.8 and 2.2 Hz, 1H), 

7.10-7.17 (m, 1H), 7.42 (t, J=8.0 Hz, 1H), 7.62 (s, 1H), 7.63 (d, J=2.2 Hz, 1H), 7.75 (d, J=9.0 

Hz, 1H). MS (ESI): [M+1]+=271.3.  

5.1.2.10. 2-(4-Ethoxyphenyl)-6-methoxybenzo[b]thiophene (7j). Following general procedure 

A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.25:9.75 

(v:v) for elution, furnished compound 7j as a white solid. Yield: 54%, mp 82-84 °C. 1H-NMR 

(DMSO-d6) : 1.36 (t, J=7.2 Hz, 3H), 3.84 (s, 3H), 4.07 (q, J=7.2 Hz, 2H), 7.03-7.07 (m, 3H), 

7.48 (s, 1H), 7.52 (d, J=8.6 Hz, 2H), 7.62 (d, J=2.2 Hz, 1H), 7.70 (d, J=8.8 Hz, 1H). MS (ESI): 

[M+1]+=285.4.  

5.1.2.11. 2-(3-Ethoxyphenyl)-6-methoxybenzo[b]thiophene (7k). Following general procedure 

A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.1:9.99 

(v:v) for elution, furnished compound 7k as a clear oil. Yield: 61%. 1H-NMR (DMSO-d6) : 

1.35 (d, J=7.0 Hz, 3H), 3.84 (s, 3H), 4.08 (q, J=7.0 Hz, 2H), 6.96 (ddd, J=8.4, 2.6 and 0.8 Hz, 
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1H), 7.03 (d, J=2.4 Hz, 1H), 7.07-7.09 (m, 1H), 7.11 (dt, J=7.6 and 1.6 Hz, 1H), 7.41 (t, J=7.6 

Hz, 1H), 7.61-7.64 (m, 2H), 7.75 (d, J=9.0 Hz, 1H). MS (ESI): [M+1]+=285.4.  

5.1.2.12. 6-Methoxy-2-(4-propoxyphenyl)benzo[b]thiophene (7l). Following general procedure 

A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.5:9.5 (v:v) 

for elution, furnished compound 7l as a clear oil. Yield: 50%. 1H-NMR (DMSO-d6) : 1.04 (t, 

J=7.4 Hz, 3H), 1.72-1.78 (m, 2H), 3.84 (s, 3H), 4.02 (q, J=7.2 Hz, 2H), 7.03-7.08 (m, 3H), 7.48 

(s, 1H), 7.49 (d, J=7.6 Hz, 2H), 7.62 (d, J=2.2 Hz, 1H), 7.70 (d, J=8.8 Hz, 1H). MS (ESI): 

[M+1]+=299.4.  

5.1.2.13. 2-(4-Butoxyphenyl)-6-methoxybenzo[b]thiophene (7m). Following general procedure 

A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.25:9.75 

(v:v) for elution, furnished compound 7m as a clear oil. Yield: 58%. 1H-NMR (DMSO-d6) : 

0.95 (t, J=7.4 Hz, 3H), 1.44-1.48 (m, 2H), 1.69-1.74 (m, 2H), 3.84 (s, 3H), 4.03 (t, J=6.6 Hz, 

2H), 7.02-7.08 (m, 3H), 7.49-7.52 (m, 3H), 7.62 (d, J=2.2 Hz, 1H), 7.70 (d, J=8.8 Hz, 1H). MS 

(ESI): [M+1]+=313.4.  

5.1.2.14. 6-Methoxy-2-(4-(pentyloxy)phenyl)benzo[b]thiophene (7n). Following general 

procedure A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.25:9.75 (v:v) for elution, furnished compound 7n as a clear oil. Yield: 51%. 1H-NMR 

(DMSO-d6) : 0.88 (t, J=7.2 Hz, 3H), 1.33-1.40 (m, 4H), 1.71-1.74 (m, 2H), 3.80 (s, 3H), 3.99 

(t, J=6.4 Hz, 2H), 7.01-7.04 (m, 3H), 7.46-7.49 (m, 3H), 7.60 (d, J=2.4 Hz, 1H), 7.69 (d, J=9.2 

Hz, 1H). MS (ESI): [M+1]+=327.2.  

5.1.2.15. 2-(4-Isopropoxyphenyl)-6-methoxybenzo[b]thiophene (7o). Following general 

procedure A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.5:9.5 (v:v) for elution, furnished compound 7o as a white solid. Yield: 57%, mp 93-94 °C. 

1H-NMR (DMSO-d6) : 1.29 (d, J=5.8 Hz, 6H), 3.84 (s, 3H), 4.63-4.67 (m, 1H), 7.06-7.07 (m, 
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3H), 7.46-7.51 (m, 3H), 7.61 (d, J=2.2 Hz, 1H), 7.71 (d, J=9.0 Hz, 1H). MS (ESI): 

[M+1]+=299.4.  

5.1.3. General procedure B for the preparation of compounds 8a-o and 9. To a solution of 6-

methoxybenzo[b]thiophene 6 or the appropriate 6-methoxy-2-arylbenzo[b]thiophene 7a-o (1 

mmol) in THF (5 mL) was added NBS (0.196 g, 1.1 mmol) in small portions at 0 °C. After 1 h 

at 0 °C, the reaction mixture was allowed to warm to room temperature and stirred for an 

additional 1 h. The reaction mixture was quenched with 10% aqueous sodium thiosulfate 

solution at 0 °C (10 mL). The resulting solution was extracted with dichloromethane (3x10 

mL), and the combined organic solvent was washed with brine (10 mL), dried and evaporated. 

The residue was purified by column chromatography on silica gel. 

5.1.3.1. 3-Bromo-6-methoxy-2-phenylbenzo[b]thiophene (8a). Following general procedure B, 

the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.25:9.75 (v:v) 

for elution, furnished compound 8a as a clear oil. Yield: 67%. 1H-NMR (DMSO-d6) : 3.84 (s, 

3H), 7.04 (dd, J=8.8 and 2.4 Hz, 1H), 7.38 (dd, J=8.6 and 1.8 Hz, 1H), 7.45-7.50 (m, 1H), 7.54-

7-60 (m, 1H), 7.61-7.64 (m, 2H), 7.62 (d, J=1.8 Hz, 1H), 7.75 (d, J=9.0 Hz, 1H). MS (ESI): 

[M]+=318.7, [M+2]+=320.9. 

5.1.3.2. 3-Bromo-2-(4-fluorophenyl)-6-methoxybenzo[b]thiophene (8b). Following general 

procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.25:9.75 (v:v) for elution, furnished compound 8b as a white solid. Yield: 92%, mp 97-98 °C. 

1H-NMR (DMSO-d6) : 3.82 (s, 3H), 6.99 (dd, J=8.8 and 2.4 Hz, 1H), 7.32 (s, 1H), 7.34-7.40 

(m, 2H), 7.43-7.55 (m, 2H), 7.62 (d, J=2.4 Hz, 1H). MS (ESI): [M]+=337.2, [M+2]+=339.4.  

5.1.3.3. 3-Bromo-6-methoxy-2-(p-tolyl)benzo[b]thiophene (8c). Following general procedure 

B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.1:9.9 (v:v) 
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for elution, furnished compound 8c as a pale yellow oil. Yield: 63%. 1H-NMR (DMSO-d6) : 

2.38 (s, 3H), 3.84 (s, 3H), 6.92 (dd, J=8.2 and 2.4 Hz, 1H), 7.34-7.38 (m, 5H), 7.60 (d, J=2.2 

Hz, 1H). MS (ESI): [M]+=333.3, [M+2]+=335.4.  

5.1.3.4. 3-Bromo-6-methoxy-2-(m-tolyl)benzo[b]thiophene (8d). Following general procedure 

B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 0.1:9.9 (v:v) 

for elution, furnished compound 8d as a colorless oil. Yield: >95%. 1H-NMR (DMSO-d6) : 

2.40 (s, 3H), 3.82 (s, 3H), 6.98 (dd, J=9.0 and 2.4 Hz, 1H), 7.23-7.27 (m, 2H), 7.33-7.39 (m, 

3H), 7.61 (d, J=2.6 Hz, 1H). MS (ESI): [M]+=333.3, [M+2]+=335.4.  

5.1.3.5. 3-Bromo-2-(3,4-dimethylphenyl)-6-methoxybenzo[b]thiophene (8e). Following 

general procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum 

ether 2.5:7.5 (v/v) for elution, furnished compound 8e as a colorless oil. Yield: 89%. 1H-NMR 

(DMSO-d6) : 2.30 (s, 6H), 3.82 (s, 3H), 6.98 (dd, J=8.8 and 2.4 Hz, 1H), 7.14-7.22 (m, 2H), 

7.28-7.37 (m, 2H), 7.59 (d, J=2.2 Hz, 1H). MS (ESI): [M]+=347.3, [M+2]+=349.4.  

5.1.3.6. 3-Bromo-6-methoxy-2-(3-(trifluoromethyl)phenyl)benzo[b]thiophene (8f). Following 

general procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum 

ether 0.1:9.9 (v:v) for elution, furnished compound 8f as a colorless oil. Yield: 91%. 1H-NMR 

(DMSO-d6) : 3.83 (s, 3H), 7.00 (dd, J=9.0 and 2.4 Hz, 1H), 7.53 (d, J=8.8 Hz, 1H), 7.65 (d, 

J=2.6 Hz, 1H), 7.79-7.82 (m, 3H), 7.86-7.92 (m, 1H). MS (ESI): [M]+=387.3, [M+2]+=389.4.  

5.1.3.7. 3-Bromo-2-(4-ethylphenyl)-6-methoxybenzo[b]thiophene (8g). Following general 

procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.25-9.75 (v/v) for elution, furnished compound 8g as a pale yellow oil. Yield: 92%. 1H-NMR 

(DMSO-d6) : 1.26 (t, J=7.6 Hz, 3H), 2.68 (q, J=7.6 Hz, 2H), 3.82 (s, 3H), 6.97 (dd, J=8.8 and 

2.4 Hz, 1H), 7.35 (m, 5H), 7.63 (d, J=2.4 Hz, 1H). MS (ESI): [M]+=347.3, [M+2]+=349.4.  
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5.1.3.8. 3-Bromo-6-methoxy-2-(4-methoxyphenyl)benzo[b]thiophene (8h). Following general 

procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.25:9.75 (v:v) for elution, furnished compound 8h as a white solid. Yield: 67%, mp 114-116 

°C. 1H-NMR (DMSO-d6) : 3.80 (s, 3H), 3.83 (s, 3H), 7.00 (dd, J=9.0 and 2.4 Hz, 1H), 7.04 

(d, J=8.8 Hz, 2H), 7.51 (d, J=8.8 Hz, 2H), 7.60 (d, J=2.4 Hz, 1H), 7.72 (d, J=9.0 Hz, 1H). MS 

(ESI): [M]+=348.8, [M+2]+=350.7.  

5.1.3.9. 3-Bromo-6-methoxy-2-(3-methoxyphenyl)benzo[b]thiophene (8i). Following general 

procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.5:9.5 (v:v) for elution, furnished compound 8i as a colorless oil. Yield: 94%. 1H-NMR 

(DMSO-d6) : 3.81 (s, 3H), 3.82 (s, 3H), 6.98-7.05 (m, 3H), 7.06-7.19 (m, 1H), 7.37 (d, J=8.6 

Hz, 1H), 7.43 (t, J=8.6 Hz, 1H), 7.61 (d, J=2.4 Hz, 1H). MS (ESI): [M]+=349.3, [M+2]+=351.4.  

5.1.3.10. 3-Bromo-2-(4-ethoxyphenyl)-6-methoxybenzo[b]thiophene (8j). Following general 

procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.5:9.5 (v:v) for elution, furnished compound 8j as a white solid. Yield: 95%, mp 91-93 °C. 

1H-NMR (DMSO-d6) : 1.37 (t, J=6.8 Hz, 3H), 3.82 (s, 3H), 4.09 (q, J=6.8 Hz, 2H), 6.97 (dd, 

J=9.0 and 2.4 Hz, 1H), 7.06 (J=9.0 Hz, 2H), 7.48 (s, 1H), 7.34 (dd, J=8.8 and 2.0 Hz, 2H), 7.59 

(d, J=2.2 Hz, 1H). MS (ESI): [M]+=363.3, [M+2]+=365.4.  

5.1.3.11. 3-Bromo-2-(3-ethoxyphenyl)-6-methoxybenzo[b]thiophene (8k). Following general 

procedure A, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.25:9.75 (v:v) for elution, furnished compound 8k as a clear oil. Yield: 86%. 1H-NMR 

(DMSO-d6) : 1.35 (d, J=6.8 Hz, 3H), 3.82 (s, 3H), 4.06 (q, J=6.8 Hz, 2H), 6.95-6.99 (m, 4H), 

7.37-7.43 (m, 2H), 7.61 (d, J=9.0 Hz, 1H). MS (ESI): [M]+=363.3, [M+2]+=365.4.  
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5.1.3.12. 3-Bromo-6-methoxy-2-(4-propoxyphenyl)benzo[b]thiophene (8l). Following general 

procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.25:9.75 (v:v) for elution, furnished compound 8l as a clear oil. Yield: 75%. 1H-NMR (DMSO-

d6) : 1.01 (t, J=7.4 Hz, 3H), 1.72-1.76 (m, 2H), 3.82 (s, 3H), 3.98 (q, J=7.2 Hz, 2H), 6.97 (dd, 

J=8.8 and 2.4 Hz, 1H), 7.07 (d, J=8.8 Hz, 2H), 7.35-7.39 (m, 3H), 7.61 (d, J=2.2 Hz, 1H). MS 

(ESI): [M]+=377.3, [M+2]+=379.4.  

5.1.3.13. 3-Bromo-2-(4-butoxyphenyl)-6-methoxybenzo[b]thiophene (8m). Following general 

procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum ether 

0.2:9.8 (v:v) for elution, furnished compound 8m as a clear oil. Yield: 86%. 1H-NMR (DMSO-

d6) : 0.96 (t, J=7.4 Hz, 3H), 1.45-1.49 (m, 2H), 1.67-1.73 (m, 2H), 3.82 (s, 3H), 4.02 (t, J=6.4 

Hz, 2H), 7.02 (dd, J=8.8 and 2.4 Hz, 1H), 7.07 (d, J=8.8 Hz, 2H), 7.35-7.39 (m, 3H), 7.59 (d, 

J=2.4 Hz, 1H). MS (ESI): [M]+=391.3, [M+2]+=393.3.  

5.1.3.14. 3-Bromo-6-methoxy-2-(4-(pentyloxy)phenyl)benzo[b]thiophene (8n). Following 

general procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum 

ether 0.25:9.75 (v:v) for elution, furnished compound 8n as a clear oil. Yield: 85%. 1H-NMR 

(DMSO-d6) : 0.89 (t, J=7.2 Hz, 3H), 1.34-1.41 (m, 4H), 1.72-1.75 (m, 2H), 3.83 (s, 3H), 3.99 

(t, J=6.4 Hz, 2H), 6.96 (dd, J=8.8 and 2.4 Hz, 1H), 7.06 (dd, J=6.4 and 2.0 Hz, 2H), 7.33-7.36 

(m, 3H), 7.58 (d, J=2.0 Hz, 1H), 7.69 (d, J=9.2 Hz, 1H). MS (ESI): [M]+=405.3, [M+2]+=407.3.  

5.1.3.15. 3-Bromo-2-(4-isopropoxyphenyl)-6-methoxybenzo[b]thiophene (8o). Following 

general procedure B, the crude residue purified by flash chromatography, using Et2O:petroleum 

ether 0.25:9.75 (v:v) for elution, furnished compound 8o as a white solid. Yield: 75%, mp 83-

85 °C. 1H-NMR (DMSO-d6) : 1.32 (d, J=5.8 Hz, 6H), 3.82 (s, 3H), 4.67-4.72 (m, 1H), 6.97 

(dd, J=8.6 and 2.4 Hz, 1H), 7.05 (d, J=8.8 Hz, 1H), 7.34-7.38 (m, 3H), 7.59 (d, J=2.2 Hz, 1H). 

MS (ESI): [M]+=377.3, [M+2]+=379.4.  
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5.1.3.16. 3-Bromo-6-methoxybenzo[b]thiophene (9). Following general procedure B, the crude 

residue purified by flash chromatography, using Et2O:petroleum ether 0.2:9.8 (v:v) for elution, 

furnished compound 9 as a clear oil. Yield: 65%. 1H-NMR (DMSO-d6) : 3.80 (s, 3H), 6.97 

(dd, J=8.8 and 2.4 Hz, 1H), 7.51 (s, 1H), 7.54 (d, J=2.4 Hz, 1H), 7.66 (d, J=8.8 Hz, 1H). MS 

(ESI): [M]+=242.0, [M+2]+=244.1. 

5.1.4. General procedure C for the preparation of compounds 3a-p. In a dry glass pressure 

vessel charged with Ar, a mixture of the appropriate 3-bromo-6-methoxy-2-aryl[b]thiophene 

derivative 8a-o (1 mmol) or 3-bromo-6-methoxybenzo[b]thiophene 9 (243 mg, 1 mmol), 3,4,5-

trimethoxyaniline (220 mg, 1.2 mmol, 1.2 equiv.), xanthphos (23 mg, 0.04 mmol, 4 mol%, 30 

mg), sodium tert-butoxide (0.134 g, 1.40 mmol), and Pd2dba3 (18.2 mg, 0.02 mmol, 2 mol%) 

in dry toluene (5 mL) were added under Ar, and the mixture was heated with stirring at 100 °C 

for 18 h. After cooling to room temperature, EtOAc was added (5 mL), the mixture was filtered 

through celite under vacuum and the filtrate diluted with EtOAc (10 mL) and water (5 mL). 

The aqueous phase was separated and extracted with ethyl acetate (5 mL). The combined 

organic phases were washed with brine (5 mL), dried over Na2SO4 and concentrated under 

reduced pressure to give a residue, which was purified by chromatography on silica gel.  

5.1.4.1. 6-Methoxy-2-phenyl-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-amine (3a). 

Following general procedure C, the crude residue was purified by flash chromatography, using 

ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3a as a yellow solid. Yield: 57%, 

mp 112-114 °C. 1H-NMR (DMSO-d6) : 3.55 (s, 3H), 3.62 (s, 6H), 3.81 (s, 3H), 6.17 (s, 2H), 

6.94 (dd, J=8.8 and 2.4 Hz, 1H), 7.22-7.28 (m, 2H), 7.39 (d, J=8.8 Hz, 1H), 7.47-7.49 (m, 4H), 

8.05 (s, 1H). 13C-NMR (DMSO-d6) : 55.44 (3C), 60.02, 92.12 (2C), 105.71, 113.91, 122.18, 

126.02, 127.11, 128.57 (2C), 129.28 (2C), 130.42, 131.66, 134.07, 135.83, 139.12, 142.26, 

153.21 (2C), 156.73. MS (ESI): [M+1]+=422.0. Anal. calcd for C24H23NO4S: C, 68.39; H, 5.50; 

N, 3.32; found: C, 68.04; H, 5.26; N, 3.21. 
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5.1.4.2. 2-(4-Fluorophenyl)-6-methoxy-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-amine 

(3b). Following general procedure C, the crude residue was purified by flash chromatography, 

using ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3b as a yellow solid. Yield: 

69%, mp 143-145 °C. 1H-NMR (DMSO-d6) : 3.53 (s, 3H), 3.62 (s, 6H), 3.79 (s, 3H), 6.15 (s, 

2H), 6.93 (dd, J=8.8 and 2.4 Hz, 1H), 7.26-7.30 (m, 2H), 7.35 (d, J=9.0 Hz, 1H), 7.37-7.49 (m, 

3H), 8.04 (s, 1H). 13C-NMR (DMSO-d6) : 55.53 (3C), 60.11, 92.32 (2C), 105.83, 114.02, 

115.45, 115.66, 122.09, 124.79, 130.41, 130.62, 131.33, 131.40, 131.67, 135.78, 139.46, 

142.17, 153.30 (2C), 156.83, 160.07 and 162.50 (1JC-F=243 Hz). MS (ESI): [M+1]+=440.4. 

Anal. calcd for C24H22FNO4S: C, 65.59; H, 5.05; N, 3.19; found: C, 65.38; H, 4.89; N, 3.02.  

5.1.4.3. 6-Methoxy-2-(p-tolyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-amine (3c). 

Following general procedure C, the crude residue was purified by flash chromatography, using 

ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3c as a yellow solid. Yield: 78%, 

mp 76-77 °C. 1H-NMR (DMSO-d6) : 2.32 (s, 3H), 3.31 (s, 3H), 3.64 (s, 6H), 3.79 (s, 3H), 6.14 

(s, 2H), 6.91 (dd, J=8.8 and 2.4 Hz, 1H), 7.24 (d, J=7.6 Hz, 2H), 7.34-7.39 (m, 3H), 7.45 (d, 

J=2.4 Hz, 1H), 7.97 (s, 1H). 13C-NMR (DMSO-d6) : 21.30, 55.97 (3C), 60.57, 92.54 (2C), 

106.24, 114.36, 122.78, 126.70, 129.68 (4C), 130.89, 131.61, 132.27, 136.40, 136.87, 139.23, 

142.88, 153.74 (2C), 157.23. MS (ESI): [M+1]+=436.1. Anal. calcd for C25H25NO4S: C, 68.94; 

H, 5.79; N, 3.22; found: C, 68.72; H, 5.59; N, 2.98. 

5.1.4.4. 6-Methoxy-2-(m-tolyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-amine (3d). 

Following general procedure C, the crude residue was purified by flash chromatography, using 

ethyl acetate:petroleum ether 2:8 (v:v) as eluent, to furnish 3d as a yellow solid. Yield: 59%, 

mp 58-60 °C. 1H-NMR (DMSO-d6) : 2.32 (s, 3H), 3.53 (s, 3H), 3.63 (s, 6H), 3.79 (s, 3H), 6.16 

(s, 2H), 6.91 (dd, J=8.8 and 2.4 Hz, 1H), 7.14 (d, J=7.6 Hz, 1H), 7.22-7.27 (m, 1H), 7.31-7.34 

(m, 2H), 7.36 (d, J=8.8 Hz, 1H), 7.45 (d, J=2.4 Hz, 1H). 7.99 (s, 1H). 13C-NMR (DMSO-d6) : 

21.11, 55.51 (3C), 60.10, 92.37 (2C), 105.75, 113.93, 122.27, 125.83, 126.51, 127.84, 128.54, 
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129.89, 130.55, 131.89, 134.10, 135.74, 137.65, 139.18, 142.25, 153.25 (2C), 156.74. MS 

(ESI): [M+1]+=436.4. Anal. calcd for C25H25NO4S: C, 68.94; H, 5.79; N, 3.22; found: C, 68.76; 

H, 5.61; N, 3.01. 

5.1.4.5. 2-(3,4-Dimethylphenyl)-6-methoxy-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3e). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 2:8 (v:v) as eluent, to furnish 3e as a 

yellow solid. Yield: 74%, mp 73-75 °C. 1H-NMR (DMSO-d6) : 2.25 (s, 6H), 3.55 (s, 3H), 3.63 

(s, 6H), 3.80 (s, 3H), 6.17 (s, 2H), 6.93 (dd, J=9.0 and 2.0 Hz, 1H), 7.18-7.24 (m, 2H), 7.25 (s, 

1H), 7.37 (d, J=9.2 Hz, 1H), 7.46 (d, J=2.2 Hz, 1H), 7.96 (s, 1H). 13C-NMR (DMSO-d6) : 

19.06, 19.40, 55.41 (3C), 60.02, 92.14 (2C), 105.65, 113.76, 122.26, 126.06, 126.72, 129.64, 

130.26 (2C), 131.49, 131.91, 135.08, 135.72, 136.19, 138.64, 142.30, 153.18 (2C), 156.64. MS 

(ESI): [M+1]+=450.2. Anal. calcd for C26H27NO4S: C, 69.46; H, 6.05; N, 3.12; found: C, 69.27; 

H, 5.89; N, 2.97. 

5.1.4.6. 6-Methoxy-2-(3-(trifluoromethyl)phenyl)-N-(3,4,5-

trimethoxyphenyl)benzo[b]thiophen-3-amine (3f). Following general procedure C, the crude 

residue was purified by flash chromatography, using ethyl acetate:petroleum ether 2.5:7.5 (v:v) 

as eluent, to furnish 3f as a yellow solid. Yield: 73%, mp 63-64 °C. 1H-NMR (DMSO-d6) : 

3.54 (s, 3H), 3.63 (s, 6H), 3.81 (s, 3H), 6.18 (s, 2H), 6.96 (dd, J=8.8 and 2.0 Hz, 1H), 7.36 (d, 

J=8.8 Hz, 1H), 7.50 (d, J=2.0 Hz, 1H), 7.69-7.78 (m, 4H), 8.23 (s, 1H). 13C-NMR (DMSO-d6) 

: 55.42 (3C), 59.99, 92.74 (2C), 105.85, 114.12, 121.48, 122.87, 123.68, 125.62, 129.15, 

129.47, 129.72, 130.77, 131.28, 133.37, 135.20, 135.42, 140.81, 141.45, 153.18 (2C), 156.73. 

MS (ESI): [M+1]+=490.3. Anal. calcd for C25H22F3NO4S: C, 61.34; H, 4.53; N, 2.86; found: C, 

61.11; H, 4.36; N, 2.72. 

5.1.4.7. 2-(4-Ethylphenyl)-6-methoxy-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-amine 

(3g). Following general procedure C, the crude residue was purified by flash chromatography, 
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using ethyl acetate:petroleum ether 2:8 (v:v) as eluent, to furnish 3g as a yellow solid. Yield: 

69%, mp 52-54 °C. 1H-NMR (DMSO-d6) : 1.21 (t, J=7.6 Hz, 3H), 2.63 (q, J=7.6 Hz, 2H), 3.55 

(s, 3H), 3.64 (s, 6H), 3.81 (s, 3H), 6.18 (s, 2H), 6.93 (dd, J=8.8 and 2.4 Hz, 1H), 7.30 (d, J=8.0 

Hz, 2H), 7.39-7.42 (m, 3H), 7.47 (d, J=2.4 Hz, 1H), 8.01 (s, 1H). 13C-NMR (DMSO-d6) : 

15.41, 27.86, 55.38, 55.43 (2C), 60.02, 92.07 (2C), 105.69, 113.81, 122.28, 126.17, 127.95 

(2C), 129.18 (2C), 130.39, 131.34, 131.74, 135.86, 138.74, 142.39, 142.58, 153.22 (2C), 

156.70. MS (ESI): [M+1]+=450.4. Anal. calcd for C26H27NO4S: C, 69.46; H, 6.05; N, 3.12; 

found: C, 69.28; H, 5.89; N, 3.01. 

5.1.4.8. 6-Methoxy-2-(4-methoxyphenyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3h). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 3:7 (v:v) as eluent, to furnish 3h as a light 

brown solid. Yield: 78%, mp 63-65 °C. 1H-NMR (DMSO-d6) : 3.55 (s, 3H), 3.63 (s, 6H), 3.78 

(s, 3H), 3.81 (s, 3H), 6.15 (s, 2H), 6.93 (dd, J=8.8 and 2.4 Hz, 1H), 7.02 (d, J=6.4 Hz, 2H), 

7.39-7.41 (m, 3H), 7.47 (d, J=2.4 Hz, 1H), 7.96 (s, 1H). 13C-NMR (DMSO-d6) : 55.10, 55.52 

(3C), 60.12, 92.03 (2C), 105.79, 113.91, 114.12 (2C), 122.40, 126.24, 130.41, 130.52 (2C), 

131.95, 135.98, 138.40, 142.54, 153.32 (2C), 156.81, 158.41, 188.31. MS (ESI): 

[M+1]+=452.1. Anal. calcd for C25H25NO5S: C, 66.50; H, 5.58; N, 3.10; found: C, 66.36; H, 

5.32; N, 2.89. 

5.1.4.9. 6-Methoxy-2-(3-methoxyphenyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3i). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3i as a 

yellow solid. Yield: 71%, mp 58-60 °C. 1H-NMR (DMSO-d6) : 3.55 (s, 3H), 3.64 (s, 6H), 3.73 

(s, 3H), 3.81 (s, 3H), 6.17 (s, 2H), 6.94 (t, J=7.6 Hz, 1H), 6.98-7.05 (m, 2H), 7.01-7.06 (m, 1H), 

7.36-7.38 (m, 1H), 7.43 (d, J=8.6 Hz, 1H), 7.48 (d, J=1.6 Hz, 1H), 8.04 (s, 1H). 13C-NMR 

(DMSO-d6) : 54.87, 55.39, 55.44 (2C), 60.02, 92.19 (2C), 105.68, 112.59, 113.89, 114.89, 
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121.52, 122.27, 125.74, 129.57, 130.44, 131.64, 135.32, 135.75, 139.20, 142.27, 153.20 (2C), 

156.70, 159.26. MS (ESI): [M+1]+=452.1. Anal. calcd for C25H25NO5S: C, 66.50; H, 5.58; N, 

3.10; found: C, 66.40; H, 5.34; N, 2.93. 

5.1.4.10. 6-Methoxy-2-(4-ethoxyphenyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3j). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3j as a 

light brown solid. Yield: 67%, mp 158-160 °C. 1H-NMR (DMSO-d6) : 1.34 (t, J=6.8 Hz, 3H), 

3.54 (s, 3H), 3.63 (s, 6H), 3.81 (s, 3H), 4.04 (q, J=6.8 Hz, 2H), 6.15 (s, 2H), 6.93 (dd, J=8.8 and 

2.4 Hz, 1H), 7.00 (d, J=8.8 Hz, 2H), 7.37-7.41 (m, 3H), 7.47 (d, J=2.4 Hz, 1H), 7.96 (s, 1H). 

13C-NMR (DMSO-d6) : 14.61, 55.42 (3C), 60.02, 62.90, 91.93 (2C), 105.68, 109.63, 113.81, 

114.44 (2C), 122.31, 125.99, 126.21, 130.40 (2C), 131.85, 135.88, 138.26, 142.44, 153.20 (2C), 

156.71, 157.59. MS (ESI): [M+1]+=466.0. Anal. calcd for C26H27NO5S: C, 67.08; H, 5.85; N, 

3.01; found: C, 66.89; H, 5.69; N, 2.89. 

5.1.4.11. 6-Methoxy-2-(3-ethoxyphenyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3k). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3k as a 

yellow solid. Yield: 64%, mp 129-131 °C. 1H-NMR (DMSO-d6) : 1.29 (d, J=6.8 Hz, 3H), 3.55 

(s, 3H), 3.64 (s, 6H), 3.81 (s, 3H), 3.98 (q, J=6.8 Hz, 2H), 6.18 (s, 2H), 6.84-7.01 (m, 4H), 7.34 

(t, J=6.8 Hz, 1H), 7.43-7.47 (m, 4H), 8.03 (s, 1H). 13C-NMR (DMSO-d6) : 14.52, 55.39, 55.45 

(2C), 60.03, 62.82, 92.21 (2C), 105.68, 113.15, 113.89, 115.25, 121.39, 122.29, 125.83, 129.56, 

130.45, 131.66, 135.30, 139.16, 141.25, 142.29, 153.22 (2C), 156.71, 158.54. MS (ESI): 

[M+1]+=466.4. Anal. calcd for C26H29NO5S: C, 67.08; H, 5.85; N, 3.01; found: C, 66.85; H, 

5.72; N, 2.89.  

5.1.4.12. 6-Methoxy-2-(4-propoxyphenyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3l). Following general procedure C, the crude residue was purified by flash 
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chromatography, using ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3l as a 

yellow solid. Yield: 66%, mp 71-73 °C. 1H-NMR (DMSO-d6) : 0.98 (t, J=7.2 Hz, 3H), 1.74-

1.80 (m, 2H), 3.55 (s, 3H), 3.63 (s, 6H), 3.81 (s, 3H), 3.95 (q, J=7.2 Hz, 2H), 6.15 (s, 2H), 6.94 

(dd, J=8.4 and 2.4 Hz, 1H), 7.01 (d, J=8.4 Hz, 2H), 7.37-7.41 (m, 3H), 7.47 (d, J=2.4 Hz, 1H), 

7.96 (s, 1H). 13C-NMR (DMSO-d6) : 10.89, 22.50, 55.96 (3C), 60.56, 69.35, 92.49 (2C), 

106.23, 114.34, 115.03 (2C), 122.84, 126.53, 126.71, 130.94 (2C), 132.40, 136.41, 138.81, 

142.97, 141.25, 153.74 (2C), 157.24, 158.28. MS (ESI): [M+1]+=480.1. Anal. calcd for 

C27H29NO5S: C, 67.62; H, 6.09; N, 2.92; found: C, 67.45; H, 5.82; N, 2.77. 

5.1.4.13. 2-(4-Butoxyphenyl)-6-methoxy-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3m). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3m as a 

yellow solid. Yield: 56%, mp 41-42 °C. 1H-NMR (DMSO-d6) : 0.90 (t, J=7.4 Hz, 3H), 1.41-

1.44 (m, 2H), 1.67-1.70 (m, 2H), 3.52 (s, 3H), 3.61 (s, 6H), 3.79 (s, 3H), 3.96 (t, J=6.4 Hz, 2H), 

6.13 (s, 2H), 6.91 (dd, J=8.8 and 2.4 Hz, 1H), 6.98 (d, J=8.8 Hz, 2H), 7.35-7.39 (m, 3H), 7.44 

(d, J=2.4 Hz, 1H), 7.94 (s, 1H). 13C-NMR (DMSO-d6) : 13.69, 18.76, 30.76, 55.51 (3C), 60.10, 

67.09, 92.03 (2C), 105.77, 113.88, 114.56 (2C), 122.39, 126.07, 126.26, 130.48 (3C), 131.93, 

135.96, 138.35, 142.51, 153.29 (2C), 156.79, 157.84. MS (ESI): [M+1]+=494.1. Anal. calcd for 

C28H31O5S: C, 68.13; H, 6.33; N, 2.84; found: C, 68.01; H, 6.21; N, 2.58. 

5.1.4.14. 6-Methoxy-2-(4-(pentyloxy)phenyl)-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3n). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 2:8 (v:v) as eluent, to furnish 3n as a light 

brown solid. Yield: 56%, mp 117-119 °C. 1H-NMR (DMSO-d6) : 0.86 (t, J=7.2 Hz, 3H), 1.33-

1.37 (m, 4H), 1.70-1.74 (m, 2H), 3.52 (s, 3H), 3.61 (s, 6H), 3.79 (s, 3H), 3.95 (t, J=6.4 Hz, 2H), 

6.13 (s, 2H), 6.91 (dd, J=8.8 and 2.4 Hz, 1H), 6.98 (d, J=8.8 Hz, 2H), 7.35-7.39 (m, 3H), 7.45 

(d, J=2.4 Hz, 1H), 7.94 (s, 1H). 13C-NMR (DMSO-d6) : 13.94, 21.89, 27.74, 28.40, 55.51 (3C), 
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60.11, 67.39, 92.03 (2C), 105.77, 113.89, 114.56 (2C), 122.39, 126.08, 126.26, 130.48 (2C), 

131.94, 135.96, 138.35, 142.51, 153.29 (2C), 156.79, 156.80, 157.84. MS (ESI): 

[M+1]+=508.2. Anal. calcd for C29H33NO5S: C, 68.61; H, 6.55; N, 2.76; found: C, 68.46; H, 

6.35; N, 2.58. 

5.1.4.15. 2-(4-Isopropoxyphenyl)-6-methoxy-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-

amine (3o). Following general procedure C, the crude residue was purified by flash 

chromatography, using ethyl acetate:petroleum ether 2.5:7.5 (v:v) as eluent, to furnish 3o as a 

yellow solid. Yield: 73%, mp 64-65 °C. 1H-NMR (DMSO-d6) : 1.27 (d, J=6.0 Hz, 6H), 3.55 

(s, 3H), 3.63 (s, 6H), 3.81 (s, 3H), 4.62-4.65 (m, 1H), 6.16 (s, 2H), 6.93 (dd, J=8.8 and 2.4 Hz, 

1H), 6.98 (d, J=8.8 Hz, 2H), 7.36-7.42 (m, 3H), 7.46 (d, J=2.4 Hz, 1H), 7.97 (s, 1H). 13C-NMR 

(DMSO-d6) : 21.79 (2C), 55.37, 55.42 (2C), 60.01, 68.94, 91.99 (2C), 105.62, 113.78, 115.44 

(2C), 122.31, 125.82, 126.05, 130.42 (3C), 131.84, 135.85, 138.26, 142.42, 153.19 (2C), 

156.51, 156.68. MS (ESI): [M+1]+=480.2. Anal. calcd for C27H29NO5S: C, 67.62; H, 6.09; N, 

2.92; found: C, 67.39; H, 5.89; N, 2.71. 

5.1.4.16. 6-Methoxy-N-(3,4,5-trimethoxyphenyl)benzo[b]thiophen-3-amine (3p). Following 

general procedure C, the crude residue was purified by flash chromatography, using ethyl 

acetate:petroleum ether 3:7 (v:v) as eluent, to furnish 3p as a red solid. Yield: 62%, mp 68-70 

°C. 1H-NMR (DMSO-d6) : 3.54 (s, 3H), 3.80 (s, 6H), 3.82 (s, 3H), 6.20 (s, 2H), 6.98 (dd, J=8.8 

and 2.4 Hz, 1H), 7.51 (s, 1H), 7.54 (d, J=2.4 Hz, 1H), 7.66 (d, J=8.8 Hz, 1H), 8.75 (s, 1H). 13C-

NMR (DMSO-d6) : 51.83, 55.88 (3C), 94.36 (2C), 114.76, 118.91, 123.76, 125.22, 126.93, 

128.46, 131.20, 134.43, 140.25, 153.52 (2C), 162.57. MS (ESI): [M+1]+=346.1. Anal. calcd for 

C18H19NO4S: C, 62.59; H, 5.54; N, 4.06; found: C, 62.45; H, 5.38; N, 3.87.  

5.2. Biological assays and computational studies. 

5.2.1. Initial antiproliferative assays.  
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Human cervix carcinoma (HeLa) and human colorectal adenocarcinoma (HT-29) cells were 

grown in DMEM medium (Gibco, Milano, Italy). This medium was supplemented with 115 

units/mL of penicillin G (Gibco, Milano, Italy), 115 g/mL streptomycin (Invitrogen, Milano, 

Italy) and 10% fetal bovine serum (Invitrogen, Milano, Italy). Individual wells of a 96-well 

tissue culture microtiter plate were inoculated with 100 L of complete medium containing 

8x103 cells. The plates were incubated at 37 °C in a humidified 5% CO2 incubator for 18 h prior 

to the experiments. After medium removal, 100 L of the drug solution, dissolved in complete 

medium at different concentrations, was added to each well and incubated at 37 °C for 72 h. 

Cell viability was assayed by the (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium 

bromide (MTT) test as previously described [27]. The IC50 was defined as the compound 

concentration required to inhibit cell proliferation by 50%. 

5.2.2. Effects on tubulin polymerization and colchicine binding to tubulin.  

Bovine brain tubulin was purified as described previously [40]. To evaluate the effects of the 

compounds on tubulin assembly in vitro [41], varying concentrations were preincubated with 

10 M tubulin in 0.8 M monosodium glutamate (pH 6.6 with HCl in 2 M stock solution) at 30 

˚C and then cooled to 0 ̊ C. After addition of GTP, the mixtures were transferred to 0 C cuvettes 

in a recording spectrophotometer and warmed to 30 °C, and the assembly of tubulin was 

observed turbidimetrically. The IC50 value was defined as the compound concentration that 

inhibited the extent of assembly by 50% after a 20 min incubation. Inhibition of colchicine 

binding to tubulin was measured as described before [42, 43], except that the reaction mixtures 

contained 0.5 M tubulin, 5 M [3H]colchicine and 5 M test compound. Only one DEAE-

cellulose filter was used per sample, and filtration was by gravity.  

5.2.3. 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) 
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2019.10 [44] and Maestro (Schrödinger Release 2020-3) [45] were used as molecular modeling 

software. The tubulin structure was downloaded from the PDB data bank (http://www.rcsb.org/; 

PDB code 4O2B). The protein was pre-processed using the Schrödinger Protein Preparation 

Wizard by assigning bond orders, adding hydrogens and performing a restrained energy 

minimization of the added hydrogens using the OPLS_2005 force field. Ligand structures were 

built with MOE and then prepared using the Maestro LigPrep tool by energy minimizing the 

structures (OPLS_2005 force field), generating possible ionization states at pH 7±2, and 

generating tautomers and low-energy ring conformers. After isolating a tubulin dimer structure, 

a 12 Å docking grid (inner-box 10 Å and outer-box 22 Å) was prepared using as centroid the 

co-crystallized colchicine. Molecular docking studies were performed using Glide SP precision 

keeping the default parameters and setting 5 as the number of output poses per input ligand to 

include in the solution. The output database was saved as a mol2 file. The docking results were 

visually inspected for the quality of binding to the active site. 

5.2.4. Cell death and mitochondrial parameters following 3a and 3b treatments. 

In all experimental assays, 841 CoN, Caco2 and HCT-116 cells were plated onto 35-mm-well 

plates and treated for 48 h with vehicle (DMSO), 60 nM 3a or 400 nM 3b. Where transfection 

was required, it was performed before treatment with compounds. 

5.2.5. Immunoblot assay.  

For immunoblotting, cells were lysed in RIPA buffer, protein was quantified by the Lowry 

method, and 10 µg of protein was loaded into each slot of a 4–20% precast gel. After 

electrophoretic separation, proteins were transferred onto nitrocellulose membranes that were 

incubated overnight with the following primary antibodies: actin (as loading marker), cleaved 

RIP, cleaved caspase 3 and cleaved PARP (for cell death), cyclins A, F, B1 and D1, p27, pHH3 

(for cell cycle), MFN1/2 and OPA1 (for mitochondrial dynamics). Protein expression was 

assessed by specific HRP-labeled secondary antibodies, followed by detection by 

chemiluminescence using a ChemiDoc™ Touch Gel Imaging System.  
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5.2.6. Annexin-V assay.  

Cells were gently harvested, processed with buffers, and incubated with annexin V-Cy3 

solution according to the manufacturer’s protocol (Biovision, Milpitas, CA, USA). The green 

fluorescence signal was quantified under all conditions on a Tali image-based cytometer 

(Invitrogen). 

5.2.7. TALI cell cycle kit.  

Cells were harvested and centrifuged at 500 × g for 5 min. The medium was discarded and the 

cells gently resuspended in DPBS, centrifuged at 500 × g for 5 min and transferred to ice. Cells 

were fixed overnight with ice-cold 70% ethanol in distilled water. The next day, cells were 

washed, centrifuged and stained with the Tali® Cell Cycle Solution for 30 min. Finally, data 

were acquired with the Tali® Image-Based Cytometer according to the manufacturer’s 

protocol.  

5.2.8. Confocal microscopy analysis. 

Mitochondrial morphology was assessed after transfecting cells with 2 μg of mtDSred 

(excitation/emission: 556/586 nm). The mitochondrial membrane potential was assessed by 

incubating the cells with 10 nM TMRM (excitation/emission: 548/573 nm) for 20 min at 37 °C. 

Steady-state and poststimulation (FCCP 10 nM) dye intensities were quantified. All the 

experiments were evaluated with a confocal Nikon Eclipse Ti system. Fluorescent images were 

captured and analyzed using NisElements 3.2 for membrane potential and Imaris 4.0 software 

for morphology.  

5.2.9. Mitochondrial calcium uptake.  

Cells were transfected with 2 μg of mtAEQ, the coverslips were incubated with 5 μM 

coelenterazine for 1.5 h in Krebs-Ringer modified buffer (125 mM NaCl, 5 mM KCl, 1 mM 

Na3PO4, 1 mM MgSO4, 5.5 mM glucose and 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid [HEPES], pH 7.4, at 37 °C) supplemented with 1 mM CaCl2. 
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The agonist (ATP at 100 μM) was added to the same medium. The experiments were terminated 

by lysing the cells with Triton X-100 in a hypotonic Ca2+-rich solution (10 mM CaCl2 in H2O), 

thus discharging the remaining aequorin pool. The light signals were collected and calibrated 

with [Ca2+] values.  
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